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The research object is concrete with supplementary cementitious materials
(SCMs) such as bentonite clay and quarry dust. The impact of incorporating
these SCMs on fresh concrete properties, compressive, flexural, and split
tensile strengths, and acid resistance was investigated. Microstructural analysis
using Scanning Electron Microscopy (SEM) and X-ray radiography were
used. Varying proportions of SCMs (5%–20%) were incorporated into the
concrete mix while maintaining a constant water-to-cement ratio. Key
findings reveal a 7.31% increase in compressive strength, a significant 19.7%
improvement in flexural strength, and enhanced acid resistance. Utilizing
Response Surface Methodology (RSM), the optimal mix design for achieving
superior mechanical strength was identified. The quadratic model of RSM
indicated that a combination of 10.29% bentonite clay, 7.20% quarry dust,
and 8.19% fine aggregate replacement yielded the highest strength. Predictive
and experimental results demonstrated strong agreement. Compared to the
reference concrete, the optimized samples exhibited significant increases of
18.08%, 33.60%, and 11.15% in compressive, flexural, and tensile strengths,
respectively. This research demonstrates the potential of locally available SCMs
as viable and sustainable alternatives for concrete production, offering improved
performance without compromising strength.
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1 Introduction

The world rests on concrete, the most prevalent construction material globally, serving
as the foundation for both developed and developing economies. It has been quantified
that producing one metric ton of cement yields an equivalent carbon dioxide emission,
totaling one metric ton, into the Earth’s atmosphere. It is estimated that the production
of Portland cement contributes to approximately 7% of global greenhouse gas emissions
(Althoey et al., 2023; da Silva Rego et al., 2023; Soomro et al., 2022; Sousa et al., 2023).
Cement production exhibits a growth rate of ten percent annually worldwide. Concrete
has three primary constituents: cement, aggregates (fine and coarse materials), and water
(Uratani and Griffiths, 2023). In the current production of concrete, there has been a
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GRAPHICAL ABSTRACT

remarkable production in the utilization of locally accessible raw
materials such as rice husk ash, fly ash, metakaolin, crushed
granulated blast furnace slag, waste glass powder, and foundry
sand as Supplementary Cementitious Materials (SCM) over the
preceding decades (Isaksson et al., 2023; Manjunatha et al., 2021;
Qureshi et al., 2020; Nasiru et al., 2021). Incorporating SCM
into concrete is associated with various advantages surrounding
its inherent cementitious properties, economical cost, and ready
availabilitywithin proximity.Throwing away thesematerials without
proper care is not just wasteful. It can also pollute the environment
and harm plants, animals, and ourselves (Kolawole et al., 2021;
Aprianti S, 2017; Zhang et al., 2023).

Supplementary cementitious materials are not widely available
across the globe, the global shift towards green energy has led
to the closure of coal power plants in certain regions, resulting
in a sharp decrease in fly ash production. The availability of
SCMs is uneven across different regions, and their production
is considerably lower compared to ordinary Portland cement
(OPC). As a result, SCMs cannot fully satisfy the demand for
high cement replacement in large-scale construction projects
(Arrigoni et al., 2020). Additionally, the production quantity and
quality of SCMs are impacted by changes in industrial processes,
especially within the steel and coal industries.Therefore, researchers
are exploring alternative SCMs, such as bentonite clay and quarry
dust, which could serve as partial replacements for cement to address
these challenges and promote sustainable construction practices
(Duchesne, 2021; Raza et al., 2024; Chengfang et al., 2024). A
promising alternative is bentonite clay, which is abundantly available
in regions of Asia and Africa (Javed et al., 2020).

Bentonite, a clay mineral rich in montmorillonite (a type of
hydrous aluminum silicate), forms layered deposits with varying
thicknesses, mainly composed of smectite clays. It is classified into
swelling (sodium bentonite) or non-swelling (calcium bentonite)
types based on its sodium content (Sun et al., 2022). The choice of
bentonite clay dictates the characteristics of the resulting concrete,
with swelling bentonite yielding a foamy consistency and non-
swelling bentonite resulting in a cracked appearance. Bentonite can
bind sand particles in the presence of water, forming a plastic paste
that helps create a workable concrete mix. This reaction produces
magnesium and potassium oxides, contributing to the strength and
setting of the concrete (Ahmad et al., 2022). Some types of bentonite
may expand when exposed to water due to the reaction with the
montmorillonite content, but calcium-rich bentonite has a lower

swelling capacity. Significant bentonite reserves are found in various
regions, with estimates of approximately 36 million metric tons.
Utilizing bentonite is more cost-effective than cement, with one
tonne of bentonite priced at Rs-3600 ($12) versus Rs-24000 ($80).
Enhanced concretemixtures containing bentonite exhibit prolonged
strength and resistance to acid attacks, improving durability and
reliability, crucial factors in seismic regions (Umair et al., 2023;
Ashraf et al., 2022; Masood et al., 2020; Mirza et al., 2009).

Moreover, concrete mixtures enhanced with bentonite have
demonstrated the ability tomaintain strength over extended periods
and resist acid attacks. Bentonite enhances the durability and
reliability of structural concrete from an earlier age (Xie et al.,
2018), increases mortar creep (Fadaie et al., 2019), and introduces
siliceous and aluminous compounds into concretemixtures, offering
a range of benefits (Memon et al., 2012). Seismically active areas
have experienced substantial structural damage during previous
earthquakes, largely due to the use of substandard materials.
The economic challenge wherein a significant portion of the
population faces extreme poverty renders them unable to afford
high-quality cement (Khan et al., 2019). Additionally, recent
research highlights the cement industry as the primary contributor
to carbon dioxide emissions. Consequently, advocating for the
adoption of locally available construction materials will address
economic barriers and alignwith environmental sustainability goals.
Encouraging the use of such materials not only facilitates cost-
effective construction but also promotes an eco-friendly approach
(Khan et al., 2021; Rehman et al., 2020).

The limited accessibility of conventional SCMs employed for
cement substitution presents a significant obstacle for the concrete
industry, driving the need to identify and implement alternative
cementitious binders (Snellings et al., 2023; Ndahirwa et al.,
2022). Quarry dust, a waste product from the crushing process,
presents itself as a potential SCM for partial cement substitution
in mortar and concrete formulations (Dobiszewska et al., 2023;
Sundaralingam et al., 2022). Rock dust, a byproduct generated
during the comminution of diverse geological rock formations,
exhibits potential for optimizing the particle size distribution
(PSD) and packing density within concrete composites. A
promising approach to sustainable construction involves partially
substituting rock dust for cement. It could lead to less CO2
pollution, a smaller environmental footprint, and a decrease in
resource and energy consumption (Zhao et al., 2022; Nasier, 2021;
Al-Bakri et al., 2022).
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The quarrying and crushing of large rocks into smaller
fragments culminate in producing aggregates of varying sizes,
serving as the originator for quarry dust. Projections indicate that
the global construction aggregates market is composed of growth,
with an anticipated Compound Annual Growth Rate (CAGR) of
approximately 6.7% in the coming years. It was expected to attain an
estimated value approachingUS$ 393.5 Billion in 2019 (Escavy et al.,
2020). This figure alone is compelling evidence of the escalating
trajectory within the construction industry. Quarry dust as waste,
due to dust fine particle size, has adverse environmental effects
(Ali et al., 2023; Shaheen et al., 2023). Quarry dust can be utilized
as a filler material (fine aggregate) and as a binding agent, replacing
a portion of the customary cement content in concrete mixes
(Hemalatha and Sindu, 2020; Kankam et al., 2017; Mugi, 2022).

While there is extensive global research on supplementary
cementitious materials (SCMs) as sustainable alternatives in
concrete production, most studies have predominantly focused on
conventional SCMs like fly ash and slag. However, the combined
use of waste materials such as bentonite clay and quarry dust as
partial cement replacements remains largely unexplored. To the
best of our knowledge, no existing research has comprehensively
investigated the combined effect of these two materials as concrete
binders. This study fills this knowledge gap by evaluating the
mechanical properties of concrete (compressive, flexural, and split
tensile strength) and its acid resistance when cement is partially
replaced with these SCMs. Furthermore, this work advances current
knowledge by utilizing Response Surface Methodology (RSM) to
optimize the replacement levels, providing a predictive framework
for enhancing concrete performance. The novelty lies not only in
the use of these unconventional SCMs but also in the validation of
RSM as an effective tool in designing sustainable concrete mixes,
thus offering a meaningful contribution to both academic research
and industry practice.

2 Materials and methods

2.1 Material used

Various materials are employed during experimental testing,
elucidated in the subsequent subsections.

2.1.1 Cement
In this research, ASTM Type 1“Fuji Cement,” which was free

from clumps and impurities, was utilized.This cement was ordinary
Portland cement (OPC) and confirmed to ASTM C150.The cement
underwent a physical examination to assess its smoothness and
colour. The properties of cement are detailed in Table 1.

2.1.2 Bentonite clay
The Jehangira bentonite deposits are located at 33°59′56″

latitude and 72°12′47″ longitude, as shown in Figure 1 indicated by
the Survey of Pakistan topographic sheet 43 C/1 (Karagüzel et al.,
2010). The particle size distribution of bentonite clay is shown in
Figure 3A and collected from these deposits in small pieces, as
depicted in Figures 2A, B. For finer particles, bentonite clay was
subjected to grinding in a Los Angeles abrasionmachine. Each batch
underwent 4,500 revolutions to ensure uniform fineness until fully

TABLE 1 Properties of Ordinary Portland cement.

Physical properties Value

Specific gravity, g/cm3 3.10

Mean particle size, µm 18.98

Consistency, % 29.04

Initial setting time 1 h and 21 min

Final setting time 3 h and 41 min

Fineness, cm2/g 1.76

transformed into powder. The elemental composition of bentonite
and quarry dust was determined using an Energy Dispersive X-ray
(EDX) at the Centralized Resource Laboratory (CRL), University of
Peshawar, Pakistan.

2.1.3 Quarry dust
The quarry dust was collected at the crusher facility in Margalla

Hills, Islamabad, Pakistan. Large pieces of stone were removed
from the location where they were found. The particle sizes ranged
from 4.75 mm down to dust sizes of 0.05 mm and smaller; the
gradation curve is shown in Figure 2C. Subsequently, the sample
was transferred to the laboratory for additional screening and
examination. Compared to fine aggregates, Table 2 illustrates that
quarry dust has a lower specific gravity and a higher water
absorption rate. Table 3 provides information on the chemical
characteristics of cement, bentonite, and quarry dust.

The specific gravity and water absorption rates of bentonite clay
and quarry dust influence the concrete’s mix design, density, and
workability. Their water absorption impacts hydration and particle
bonding, improving compressive strength. High SiO2 content in
both materials promotes pozzolanic reactions, increasing strength
through the formation of calcium silicate hydrate (C-S-H) gel. The
Al2O3 content in bentonite improves acid resistance, while Fe2O3
and MgO enhance binding. The loss on ignition (LOI) values reflect
the presence of volatile components that may affect durability. The
pozzolanic activity and improved particle packing, driven by these
material properties, contribute to the enhancedmechanical properties
(compressive, flexural, and tensile strength) of the concrete.

2.1.4 Aggregates
The deposits at Lawrencepur served as the source for

collecting fine aggregates. The ASTM C136-04 was employed
to determine the fineness modulus. Figure 3A illustrates
the gradation curves for fine aggregates of different sizes.
Throughout this study, coarse aggregates were sourced from
the Margalla hills, widely acknowledged as some of the best
in Pakistan (Khan M. I. et al., 2022).

2.1.5 Characterization of bentonite clay and
quarry dust

TheXRDanalysis was conducted to determine themineralogical
composition of bentonite and quarry dust, which were used as
partial replacements for cement in this study as shown in Figure 3B.
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FIGURE 1
A map of the study area to identify the sampling location. Map data ©2024 Google (Google Earth, 2024).

FIGURE 2
(A) Bentonite deposits (B) bentonite clay (C) Quarry dust deposits.

TABLE 2 Physical properties of material.

Material Specific gravity Water absorption% Fineness (cm2/gm)

Bentonite clay 2.61 1.07 2.93

Quarry dust 2.64 1.17 2.83

Fine aggregates 2.67 1.12 2.74

Coarse aggregates 2.80 3.40 —

A Panalytical Empyrean XRD instrument was employed, equipped
with Cu Kα radiation (λ = 1.5406 Å). The analysis was performed
under the following operating conditions: a voltage of 45 kV and
a current of 40 mA. The diffraction data were collected over a
scanning range of 5°–80° (2θ) with a step size of 0.02° and a scan
speed of 2°/minute. For bentonite clay, the XRD pattern reveals a
predominance ofmontmorillonite, which is characterized by its high

cation exchange capacity and swelling properties that can impact
the water retention and mechanical properties of concrete. Notable
peaks of montmorillonite are visible in the diffraction pattern,
confirming its significant presence. In addition to montmorillonite,
the XRD spectrum of bentonite also shows the presence of other
minerals such as illite and kaolinite. Illite, marked by specific peaks
in the graph, contributes to the clay’s overall plasticity and strength,
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TABLE 3 Chemical composition of materials.

Chemical
composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na K2O Moisture content Loss on ignition

Cement 18.40 5.60 3.00 66.8 1.40 2.80 0.84 0.50 — 2.00

Bentonite 51.38 20.41 3.11 12.21 3.13 0.71 0.56 2.09 2.92 4.77

Quarry dust 58.32 9.60 1.44 5.13 2.50 0.04 2.40 5.91 — 0.48

FIGURE 3
(A) Gradation curve of dry ingredients (B) XRD analysis of bentonite clay and quarry dust.

while kaolinite, indicated by its distinct peaks, is known for its
less expansive nature compared to montmorillonite but adds to the
durability when used in cementitious mixes.

Quarry dust, represented in the XRD analysis, primarily
comprises quartz, as indicated by the strong peak aligned with
the Quartz PDF #46-1045 standard, which is a common phase in
many geological materials and significantly impacts the hardness
and durability of the resulting concrete. The presence of feldspar
and minor traces of kaolinite in quarry dust is also noted,
which can influence the chemical durability and workability of
the concrete mixes. The identification of these minerals in both
bentonite clay and quarry dust is crucial for evaluating their
suitability as partial replacements in concrete. The distinct peaks
corresponding to quartz, feldspar, montmorillonite, illite, and
kaolinite provide insights into the materials’ crystallography and
structural characteristics, essential for predicting their behavior
in concrete applications. Understanding the composition and
distribution of these minerals helps in tailoring the mix designs for
enhanced performance and sustainability of the concrete products.

2.2 Casting and mixing proportion

Throughout this research, various percentages of SCM were
utilized to achieve maximum strength, improved workability,

and long-lasting characteristics; 96 specimens were created, each
representing one of 13 possible mix proportions, before RSM was
performed. For example, cement was substituted with bentonite
clay in proportions of 5%, 10%, 15%, and 20%, denoted as 5BN,
10BN, 15BN, and 20BN, respectively. The coarse and fine aggregate
proportions were kept constant across all the mixes mentioned
above. Quarry dust was categorized into two types as filler, replacing
fine aggregates and binder replacing cement. The differentiation
between these two groups lies in particle size.The filler group passed
through a sieve with a 4.75 mm opening and was retained on a sieve
with a 0.3 mm opening. The ‘as binder’ group consisted of particles
0.05 mm or smaller. Mixes falling under the ‘as filler’ category were
designated 5QDF, 10QDF, 15QDF, and 20QDF, corresponding to
5%, 10%, 15%, and 20% replacement of fine aggregate with quarry
dust. Mixes using quarry dust from the ‘as binder’ group were
labelled as 5QDB, 10QDB, 15QDB, and 20QDB, indicating 5%, 10%,
15%, and 20% replacement of cement with quarry dust. A control
mix was also prepared without adding any SCM, and a consistent
water-to-cement ratio of 0.5wasmaintained for all themixes. Table 4
outlines the concretemix proportions required to produce one cubic
meter of the final product. To validate the RSM results, nine samples
were cast according to the specified ratios generated by the statistical
analysis software.

Cylindrical specimens measuring 305 mm in length and
152 mm in diameter were employed to assess the material’s
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TABLE 4 Mix proportion of concrete mixes.

Specimen ID Cement
(Kg/m3)

Coarse
aggregate
(Kg/m3)

Fine
aggregate
(Kg/m3)

Water (Kg/m3) Bentonite
clay (Kg/m3)

Quarry dust
(Kg/m3)

CM 367 1,120 798 183.5 0 0

5BN 348.6 1,120 798 183.5 18.3 0

10BN 330.3 1,120 798 183.5 36.7 0

15BN 311.9 1,120 798 183.5 55.0 0

20 BN 293.6 1,120 798 183.5 73.4 0

5QDF 367 1,120 758.1 183.5 0 39.9

10QDF 367 1,120 718.2 183.5 0 79.8

15QDF 367 1,120 678.3 183.5 0 119.7

20QD F 367 1,120 638.4 183.5 0 159.6

5QDB 348.6 1,120 798 183.5 0 18.3

10QDB 330.3 1,120 798 183.5 0 36.7

15QDB 311.9 1,120 798 183.5 0 55.0

20QDB 293.6 1,120 798 183.5 0 73.4

compressive and split tensile strengths, respectively. Compressive
strength, following ASTM C39, was measured after curing for
7 and 28 days. Following ASTM C496, split tensile strength was
determined after the same curing periods. Flexural strength tests
confirming ASTMC78 were conducted on concrete specimens with
widths of 101 mm, depths of 101 mm, and lengths of 305 mm
after 7 and 28 days of curing. Fresh concrete properties were
evaluated using ASTM C 143, incorporating quarry dust and
bentonite clay. Additionally, 152 mm cubic concrete specimens
were immersed in separate solutions of 5% sulfuric acid and 5%
hydrochloric acid. Furthermore, it was observed that the specimens
exhibited water observation characteristics. Lastly, the Response
Surface Methodology (RSM) was employed for statistical analysis to
optimize the percentage of partial cement replacement with SCM.

3 Test results and discussion

3.1 Fresh properties

Increasing the quarry dust “as binder” group resulted in a
notable decline in theworkability of all themixtures compared to the
control mix while maintaining a constant water-cement ratio. The
graphical representation in Figure 4 shows that mix 5QDB exhibited
the most pronounced slump value among all the mixes categorized
under the “as binder group,” surpassing the performance of all other
mixes. Conversely, mix 20QDB displayed substantially reduced
workability compared to the preceding mixtures. This decrease in
workability can likely be attributed to the elevated presence of

FIGURE 4
Slump variations.

fine particles within the mix, exceeding the levels found in other
mixtures.The amplified surface area of these fine particles in quarry
dust, acting as a binder, necessitated a higher demand for water to
ensure thorough saturation of the mixtures (Passuello et al., 2015).

For compositions incorporating quarry dust in the capacity
of a filler material, the highest observed slump was 72 mm, as
recorded in mix 5QDF. Stone dust particles are characterized by
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their coarse, rough, angular morphology, and the introduction of
quarry dust into the concrete mix led to an increased proportion
of fine particles, imparting a coarse texture and angular shape to
the particles. This augmentation in inter-particle friction and the
surface area likely contributed to the unfavorable flow characteristics
observed. Furthermore, due to the higher water absorption rate of
quarry dust particles, there was a reduction in the available water
for lubricating cement particles.

The greater specific surface area of bentonite clay in the mix
enhanced the demand for water to adequately wet the particles
in the mixture. As the water added to the mix is absorbed by
the bentonite clay particles, insufficient water remains available
to lubricate the cement and bentonite particles. Consequently, the
workability diminishes for a consistent water-cement ratio as the
content of bentonite clay increases. In this context, it is important to
note that the workability was lower than that of the control mix but
higher than the mixes incorporated with quarry dust, as reported
by (Xie et al., 2018) and (Nataraja and Nalanda, 2008). While
this study focused on maintaining a constant water-cement ratio
across all mixes, future research should explore the use of water-
reducing admixtures or superplasticizers. These additives could
counterbalance the negative impact of fine particles (quarry dust and
bentonite clay) on workability without sacrificing the mechanical
strength and durability properties of the concrete mix.

3.2 Compressive strength

The compressive strength, as measured after 7 days of curing,
for the mixes containing different proportions of quarry dust filler,
namely 5QDF, 10QDF, 15QDF, and 20QDF, are as follows: 17.38,
18.78, 16.60, and 15.43 MPa, respectively. The control mix (CM)
exhibits a compressive strength of 16.77 MPa. As presented in
Figure 5, it is evident that the optimal strength performance is
achieved at the 10% quarry dust filler ratio (10QDF), resulting in
an impressive 11.9% increase in strength when compared to the
control mix. Upon extending the curing period to 28 days, the
compressive strength values for the quarry dust filler mixes are as
follows: 29.13 MPa for 5QDF, 30.11 MPa for 10QDF, 27.95 MPa
for 15QDF, and 26.19 MPa for 20QDF. In contrast, the CM
maintains a compressive strength of 28.04 MPa. Figure 5 reinforces
the observation that the 10% quarry dust filler mix (10QDF)
outperforms the CM with a notable 7.38% increase in strength
(Ho et al., 2002; Khan, 2023).

The observed trend in the compressive strength of quarry dust
mixes, whether used as a binder or filler, exhibited remarkable
similarity, except for a slight enhancement in strength. After 7 days
of curing, the compressive strengths for mix proportions of 5%
QDB, 10% QDB, 15% QDB, and 20% QDB were measured at 16.77,
17.38, 18.78, 16.60, and 15.43 MPa, respectively. These strengths
improved to 28.04, 29.13, 30.11, 27.95, and 26.19 MPa at the 28-
day mark. A similar growth and reduction pattern emerged when
comparing the “as binder” mixes to the “as filler” mixes. Notably, the
10% QDBmixes exhibited the highest strength at all ages compared
to control mixes. This enhancement could be attributed to the
early acceleration of the hydration reaction, facilitated by the finer
particles of quarry dust filling gaps and creating a denser matrix,
thus increasing load resistance. However, it is essential to note that

FIGURE 5
Compressive strength at 7 and 28 days of curing.

increasing the proportion of quarry dust led to reduced workability
and poor compaction, resulting in decreased strength (Febin et al.,
2019).This decline in strength becamemore pronounced beyond the
10% replacement threshold, possibly due to limitedwater availability
for dust particles to engage in the hydration process and an increase
in the surface area resulting from higher quarry dust concentration.

In contrast, the compressive strength values formixes containing
bentonite (5BD, 10BD, 15BD, and 20BD) showed different trends.
After 7 days of curing, these mixtures displayed strengths of
16.59, 16.63, 15.84, and 14.55 MPa, respectively. The decrease in
compressive strength in the early stages can be attributed to the
slower hydration of bentonite. However, at 28 days, the measured
strengths improved to 28.94, 29.42, 25.75, and 24.55 MPa, with
5BD and 10BD mixtures showing increases of 3.15% and 4.91%,
respectively, compared to the control sample. The rise in strength
is linked to the pozzolanic characteristic of bentonite, which
exhibits gradual improvement between 3 and 28 days and further
enhancement after 56 days. It is noteworthy that insufficient dust
particles are present in specimens with 0% and 5% bentonite content
to fill gaps and participate effectively in the hydration process,
leading to decreased compressive strength. However, increasing the
bentonite clay content beyond 10% tends to reduce the compressive
strength of specimens due to the presence of small particles, which
increases the total particle surface area (Masood et al., 2020).

3.3 Flexural strength

In flexural strength analysis, mixes containing quarry dust and
bentonite clay demonstrate a consistent strength pattern similar to
that reported for compressive strength when subjected to 7 and
28 days of curing. Specifically, at a 7-day mark, the mixture denoted
as “10QD” exhibits a notable increase in strength, registering a
rise of 19.7% compared to the control mix. Similarly, at the 28-
day juncture, it demonstrates an incremental strength gain of
7.17%. This augmentation in strength can be attributed to the rapid
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FIGURE 6
Flexural strength at 7 and 28 days.

hydration process inherent in the quarry dust mixture, which also
acts as a filler (Ramos et al., 2013).

In Figure 6 the 10BNmixtures containing bentonite clay exhibit
different behavior, at 7 days of curing, there is a modest 4.2%
increase in strength, whereas at 28 days, a more substantial boost
of 11.8% is observed. This disparity can be ascribed to bentonite
clay’s relatively sluggish hydration reaction, resulting in lower
flexural strength at the 7-day interval. This phenomenon aligns
with the observations reported in reference. As mentioned earlier,
similar dynamics regarding the increase and subsequent decrease in
strength have been discussed in the context of compressive strength.

3.4 Split tensile strength

Tensile strength for quarry dust and bentonite clay mixes was
observed at 7 days and 28 days of curing. For quarry dust mixes,
an increase of 14.6% at 7 days and 9.9% at 28 days of curing was
noted, respectively. Various researchers have established that the
optimum replacement of cement with quarry dust is 10%–15% to
increase split tensile strength. Beyond this replacement, split tensile
strength tends to decrease (Abd Elmoaty, 2013; Qian et al., 2024). It
is observed in Figure 7 that split tensile strength is affected similarly
to compressive strength.The bentonitemix shows a decrease of 6.6%
at 7 days and an increase of 3.8% at 28 days of curing compared
to the control mix, as reported by. The reduction in early-age
strength may be attributed to the slow hydration of bentonite clay
at early ages (Mirgozar Langaroudi and Mohammadi, 2022).

3.5 Acid attack

The acid resistance of concrete specimens was evaluated using
a constant pH method designed to maintain the pH consistently at
2.0 ± 0.2 throughout the testing period.This analysis was performed
using both sulfuric acid (H₂SO₄) and hydrochloric acid (HCl),

FIGURE 7
Split tensile strength at 7 and 28 days.

each diluted to a 5% concentration by volume. Concrete sections
were immersed in a solution initially comprising 12 L of water. The
necessary volume of each acid at 5% concentration was added to
achieve and maintain the solution at a pH of 2.0, with adjustments
based on the initial alkalinity of the concrete. An automatic titrator
continuously controlled and adjusted the pH in the reservoir. A
magnetic stirrer was employed to ensure the even distribution of
the acid throughout the reservoir. The acid solution was replaced
weekly for the first 28 days to ensure consistent exposure to the
acidic environment. After the immersion period, each section was
manually brushed in water to remove any loose or deteriorated
material, and then dried with adsorbent paper. The degradation of
the concrete was quantified by measuring the mass loss after the test
period, expressed in kg/m2, to facilitate comparative analysis across
different samples.

Concrete is susceptible to acid attacks in various industrial
facilities, water treatment plants, agricultural operations,
transportation infrastructure, swimming pools, battery storage
areas, food processing plants, garages, and auto repair shops.
Aggressive chemicals like H2SO4 and HCL react highly with the
cement pastematrix, consuming Ca(OH)2 and C-S-H (Castillo Lara
and Chagas Cordeiro, 2019). Consequently, the formation of
CaSO4.2H2HO (gypsum) and ettringite will increase the concrete
volume by nearly 2.2 times, leading to internal crack propagation,
strength loss, and quick deterioration. Eventually, the degradation
of specimens due to acid leads to mass loss. The performance
of acid attacks on concrete has been evaluated in terms of mass
loss by various researchers (Khan M. et al., 2022). The weight
loss absorbed by the quarry dust mix 20QD was found to be the
lowest for hydrochloric acid and sulfuric acid, with the difference in
weight loss for both specimens not being significant, i.e., 1.21%
and 1.31%. The minimal weight loss may be attributed to the
abundance of quarry dust particles, which form a compact mass,
thus reducing the permeability of the specimens (Chintalapudi
and Pannem, 2022). The mass loss due to acid attack is graphically
displayed in Figure 8.
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FIGURE 8
Mass loss due to acid attack.

For the bentonite claymix 20BN, the weight loss in hydrochloric
acid was 1.20%, and sulfuric acid was 1.25%. The resistance to
acid attack in both mixes is due to the lower production of lime
in the mix, resulting from the replacement of cement content,
where calcium hydroxide reacts with silica to form silica. Overall,
the mass loss decreases with an increase in the proportions
of SCM, with minimal variations. The highest weight loss was
observed in the control mix for both acid solutions. The presence
of free lime in the mixes increases susceptibility to acid attacks,
softening the mix, a phenomenon noted by other researchers as
well. Additionally, the chemical reaction of cement with the salt
solution leads to the disintegration of the specimens (de Siqueira and
Cordeiro, 2022; Thomas and Harilal, 2016).

3.6 X-ray radiography analysis and porosity
correlation

X-ray radiography, a non-destructive testing (NDT) method,
was employed to assess the internal structure and detect defects
such as air voids, pockets, and cracks within the concrete specimens.
This technique was crucial in evaluating the homogeneity and
bonding integrity of the control mix and mixes modified with
supplementary cementitious materials (SCMs). Specimens were
placed in a high-resolution X-ray cabinet, with the X-ray source
adjusted to 150 kV and 5 mA to ensure optimal penetration and
contrast. Each specimen was exposed for 10 s, maintaining uniform
imaging conditions across all tests. Digital detectors captured the
radiographs, facilitating a precise assessment of internal structures
at room temperature, and adhering to standardized procedures to
ensure consistency in the findings.

Figure 9A, presents an optical photograph of the concrete
mix containing 10% bentonite clay after exposure to sulfuric
acid. The surface condition shown here complements the X-ray
analysis in Figure 9B which highlights areas of reduced porosity
indicated by fewer lighter shades. This suggests effective mitigation

of acid impact through enhanced matrix density and cohesion,
indicative of bentonite clay’s protective role. X-ray radiograph of
the same mix further substantiates the visual observations from
the optical photograph by showcasing limited acid penetration and
damage. The radiograph reveals a denser structure with minimal
voids, contrasting sharplywith the controlmix’s results, pointing to a
significant enhancement in acid resistance due to the incorporation
of bentonite clay.

Figure 9C is an optical photograph of the control mix,
illustrating pronounced surface damage such as cracks and voids
from acid exposure. This damage is visually more severe compared
to the bentonite clay mix, reflecting the susceptibility of the
standardmix to chemical degradation. Figure 9D provides the X-ray
radiograph for the control mix, showing extensive lighter areas that
denote high porosity and structural weakening. The comparison of
radiographic data between the mixes visually underscores the stark
contrast in durability and integrity, highlighting the detrimental
effects of acid exposure on the control mix, which exhibits increased
material loss and degradation.

3.6.1 Porosity and mechanical strength
relationship

The porosity data obtained from the X-ray radiography was
cross-referenced with the mechanical strength results to establish
a correlation. As expected, mixes with higher porosity, such as
the control mix, exhibited a lower compressive strength after acid
exposure. In contrast, the modified mix containing bentonite clay
demonstrated a lower porosity, which translated to a higher residual
strength after acid exposure. This observation aligns with findings
from previous research, which have established that porosity is a
critical factor influencing the durability and strength of cementitious
composites (He et al., 2023; He et al., 2024).

4 Response surface methodology
(RSM) analysis

The response surface approach is a statistical technique that
maximizes an output or response affected by several input variables
or factors. A contour plot or graphical representation of the response
or output in three dimensions can be used (Ma et al., 2022;
Kursuncu et al., 2022). The response surface provides the matrix
for the ideal strength value in concrete at different percentages
of SCM. The results of the ANOVA analysis for the measured
parameters, including compressive strength (σc), flexural strength
(σf), and split tensile strength (σst), are presented in Tables 5, 6, 7.
The calculated F-values for the created model are 12.58, 8.92, and
10.26, indicating their significance.These values suggest that there is
only a 0.08%,0.06%, and 0.02% chance that such large F-values could
occur by random variation alone. Values of “Prob > F″ less than 0.08
or greater than 0.10 signify the significance or insignificance of the
model terms, respectively.

In this study, the optimization of compressive strength (σc),
flexural strength (σf) and split tensile strength (σst) was achieved
through response surface methodology (RSM) using design expert.
The analysis utilized ANOVA to evaluate the significance of
model terms, identifying the primary factors influencing the model
outcomes. The factors considered in the analysis were A (Bentonite
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FIGURE 9
(A) Optical photo of 10BN mix (B) X-ray radiograph of 10BN mix (C) Optical photo of the CM mix (D) X-ray radiograph of CM.

TABLE 5 ANOVA: Quadratic model for compressive strength.

Source Sum of
squares

df Mean
square

F-value p-value Comments

Model 20.24 12 1.37 12.58 0.00231 R2 = 0.942
Adj.R2 = 0.874
Pre.R2 = 0.689
C.V % 2.06

A (BN) 1.62 1 1.62 2.21 0.00188

B (QDF) 0.049 1 0.049 0.067 0.00375

C (QDB) 0.379 1 0.379 0.516 0.00499

AB 0.088 1 0.088 3.21 0.00156

AC 0.056 1 0.056 2.88 0.00345

BC 0.045 1 0.045 2.76 0.00467

A2 0.54 1 0.54 4.81 0.00707

B2 0.81 1 0.81 6.54 0.00431

C2 0.96 1 0.96 4.02 0.00916

Residual 2.41 6 0.7358

Total 24.65 12
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TABLE 6 ANOVA: quadratic model for flexural strength.

Source Sum of
squares

df Mean
square

F-value p-value Comments

Model 3.22 9 0.5358 8.92 0.00204 R2 = 0.910
Adj.R2 = 0.78
Pre.R2 = 0.57
C.V % 4.06

A (BN) 0.1310 1 0.1310 0.9583 0.03654

B (QDF) 0.0164 1 0.0164 0.1203 0.03405

C (QDB) 0.3300 1 0.3300 2.41 0.01712

AB 0.034 1 0.034 1.17 0.0092

AC 0.076 1 0.076 0.76 0.0076

BC 0.092 1 0.092 2.54 0.00667

A2 0.46 1 0.46 6.68 0.0171

B2 0.5862 1 0.5862 4.29 0.0838

C2 0.12 1 0.12 5.18 0.0288

Residual 0.8200 6 0.1367

Total 4.03 12

TABLE 7 ANOVA: a quadratic model for split tensile strength.

Source Sum of
squares

df Mean
square

F-value p-value Comments

Model 1.51 10 0.2519 10.26 0.0031 R2 = 0.961
Adj.R2 = 0.89
Pre.R2 = 0.75
C.V % 2.46

A (BN) 0.0798 1 0.0798 3.25 0.0121

B (QDF) 0.2777 1 0.2777 5.31 0.0015

C (QDB) 0.1058 1 0.1058 4.31 0.0083

AB 0.020 1 0.020 3.43 0.0034

AC 0.043 1 0.043 2.45 0.0011

BC 0.056 1 0.056 4.34 0.0028

A2 0.1227 1 0.1227 5.00 0.0468

B2 0.1924 1 0.1924 7.84 0.0312

C2 0.0733 1 0.0733 2.98 0.0134

Residual 0.1473 6 0.0245

Total 1.66 12

Clay - BN), B (Quarry Dust as a Binder - QDB), and C (Quarry
Dust as a Filler - QDF). Additionally, interaction terms such as
AC (interaction between bentonite clay and quarry dust filler)
and quadratic terms (A2, B2, C2) were included to refine the
model. ANOVA evaluates each factor’s contribution to the response
variables, revealing how interactions between these variables affect

strength characteristics. For example, the interaction termAC shows
how the combined effect of BN and QDF impacts strength. The
Variance Inflation Factor (VIF) was calculated, with all values equal
to 1, indicating that there is no multicollinearity. This orthogonality
ensures that each variable contributes independently to the model
without redundancy. Based on ANOVA results, the final models
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FIGURE 10
The normal plot of residual (A) compressive strength, (B) flexural strength, (C) tensile strength Predicted vs. actual plot (D) compressive strength (E)
flexural strength (F) tensile strength.

for compressive, flexural, and split tensile strength were formulated,
eliminating insignificant terms but maintaining hierarchy and
necessary interactions.

Equations 1–3 represent the refined models.

σc = 33.19+ 0.49 A− 0.47 B− 0.92C+ 0.088 AB

+ 0.056 AC+ 0.045 BC− 0.52A2 − 0.26 B2 − 0.65 C2 (1)

σ f = 9.92+ 0.11A− 0.028 B+ 0.33 C+ 0.034 AB

+ 0.076 AC+ 0.092 BC− 0.62A2 − 0.81 B2 − 0.18 C2 (2)

σst = 3.76− 0.303 A− 0.49 B− 0.32 C+ 0.020 AB

+ 0.043 AC+ 0.056 BC− 0.62A2 − 0.81 B2 − 0.18 C2 (3)

4.1 Contour plots and 3D surface response

The adequacy of the model was assessed through diagnostic
plots, depicted in Figure 10, which are crucial for validating the
model. In the normal residual plot Figures 10A–C the data points
follow a normal distribution, with residuals parallel to an inclined
straight line. The residuals vs. expected diagram reveals a random
and consistent distribution of residuals above and below the

reference line, indicating uniform data variation. Moreover, the
plot comparing predicted and actual compressive, flexural, and split
tensile strength Figures 10D–F demonstrates that the values closely
align along the inclined straight line.The suggested optimizedmodel
accurately predicts these values.

Figures 11A–C display contour plots illustrating the
compressive, flexural, and split tensile strength of concrete. These
plots demonstrate that different combinations of input factors, such
as Bentonite clay, quarry dust binder, and filler, result in a range
of compressive, flexural, and split tensile strength values. Typically,
contour plots in the literature emphasize the optimal response area
and variable combinations. According to the figure, optimal 28-day
compressive, flexural, and split tensile strengths within the range of
33, 9.5, and 3.5 MPa, respectively, can be attained by incorporating
10%–15% substitution of cement with bentonite clay and 8%–12%
substitution of sand and quarry dust as a binder.

In Figures 11D, E, it can be observed that substituting cement
by over 15% leads to a reduction in strength due to increased
proportions of bentonite clay and quarry dust. Concrete with high
levels of bentonite clay, especially at a 15% replacement level with
cement, exhibits decreased strength. Figure 11F shows that replacing
cement by over 10% with quarry dust binder reduces strength.
This outcome is attributed to non-uniform distribution and unequal
dispersion of additives, which weaken matrix bonds. Additionally,
a higher fraction of supplementary cementitious material (SCM)
leads to increased alkali-silicate reaction due to excess content not
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FIGURE 11
Response spectrum plot (A) contour compressive (B) contour flexural (C) contour tensile strength (D) 3D surface compressive (E) 3D surface flexural
(F) 3D surface tensile strength.

undergoing pozzolanic reaction.This heightened reaction raises the
risk of alkaline-silica response (ASR), detrimental to compressive,
flexural, and split tensile strengths.

4.2 Optimization combination

Response Surface Methodology (RSM) was employed as a
numerical optimization tool to identify the ideal mix design for
maximizing the compressive strength of concrete after 28 days
of curing. The optimal combination, predicted by the model
and presented cubic Figure 12 representation of the optimized
combinations of bentonite clay, quarry dust as a binder, and quarry
dust as a filler, predicting their effects on compressive strength,
flexural strength, and split tensile strength.The figure visualizes how
different proportions of these materials influence the mechanical
properties of the cementitious composite. It highlights the optimal
mix designs that maximize the desired strengths, demonstrating
the interaction between the three components and their combined
effects on performance. The cubic figure shows that 13.92% of
cement with bentonite clay, 10.418% with quarry dust, and 12.196%
of fine aggregate with quarry dust.This optimizedmix was predicted
to achieve compressive, flexural, and split tensile strengths of 34.031,

10.232, and 3.458 MPa, respectively as shown inTable 8. It highlights
the optimal mix designs that maximize the desired strengths,
demonstrating the interaction between the three components and
their combined effects on performance.

4.3 Validation of model

The optimal mix design was determined using response surface
methodology, resulting in a composition of 10.29% bentonite clay
and 7.20% quarry dust as cement replacements, along with 8.19%
quarry dust replacing fine aggregate. This mix was experimentally
validated over a 28-day curing period, with three samples tested
per mix. The average compressive, flexural, and split tensile
strengths achieved were 33.60, 9.49, and 3.95 MPa, respectively.
The differences between the predicted and experimental values
were consistently below 5%, highlighting the accuracy of the
model. This validation confirms the optimal effectiveness of the
mix in achieving maximum strength. Furthermore, the developed
models reliably predicted strength values under experimental
conditions. Compared to reference concrete, the optimized samples
demonstrated notable strength improvements of 18.08%, 33.60%,
and 11.15% in compressive, flexural, and split tensile strengths,
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FIGURE 12
Optimization combination prediction of compressive, flexural, and split tensile strength.

TABLE 8 The optimum combination of SCM replacement.

Sr# BN QDF QDB Compressive strength (MPa) Flexural strength (MPa) Split tensile strength (MPa)

1 10.29 8.19 7.20 33.60 9.49 3.95

2 9.64 3.65 5.25 33.77 9.43 4.02

3 9.64 5.35 6.34 33.87 9.38 3.91

TABLE 9 Validation of results and error between actual and predicted values.

Mix Compressive strength (Mpa) Flexural strength (Mpa) Split tensile strength (Mpa)

Actual Prediction Error (%) Actual Prediction Error (%) Actual Prediction Error (%)

1 34.11 33.60 1.50 9.88 9.49 3.95 3.79 3.95 −4.22

2 32.72 33.77 −3.21 9.65 9.43 2.28 3.87 4.02 −3.88

3 32.41 33.87 −4.50 9.10 9.38 −3.08 3.74 3.91 −4.57
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TABLE 10 Unit costs of the raw materials used for concrete.

Raw material Cement Coarse aggregate Fine aggregate Bentonite clay Quarry dust

Cost (PKR/kg) 29 8 5 4 3

TABLE 11 Cost analysis for various concrete mixtures.

Sr # Specimen ID Total cost
(PKR/m3)

Change in (%)
cost

Sr # Specimen ID Total cost
(PKR/m3)

Change in (%)
cost

1 CM 23593 1.000 8 15QDF 23353.6 −1.015

2 5BN 23132.6 −1.951 9 20QD F 23273.8 −1.353

3 10BN 22675.5 −3.889 10 5QDB 23114.3 −2.029

4 15BN 22215.1 −5.840 11 10QDB 22638.8 −4.044

5 20 BN 21758 −7.778 12 15QDB 22160.1 −6.073

6 5QDF 23513.2 −0.338 13 20QDB 21684.6 −8.089

7 10QDF 23433.4 −0.676

respectively as shown in Table 9. The table also illustrates the
minimal discrepancies below 5% between the model predictions
and actual experimental results across all curing periods, further
affirming the models’ effectiveness in accurately predicting
compressive strength with a 95% confidence level.

5 Cost-benefit analysis

It is well established that using supplementary cementitious
materials (SCMs) like bentonite (BN) and quarry dust (QD) as
substitutes for ordinary Portland cement (OPC) can effectively
reduce pressure on natural resources and lower production
costs. Additionally, such alternative concrete mixes can exhibit
enhanced strength and durability. Consequently, it is essential
to explore cost-reducing methods. In this study, bentonite and
quarry dust were combined as OPC replacements to lower the
overall expenses of the concrete mix. Table 10 summarizes the
unit costs in Pakistani Rupees (PKR) for the raw materials used.
The cost analysis for 1 m³ of various concrete mixes with different
percentages of BN, QDB, and QDF is presented in Table 11.
The cost of the control mix with only OPC is PKR 23,593.
However, as the bentonite content increases, the cost decreases;
for example, mixes with 1.95% and 3.88% BN cost 5.84 and
7.77 times less than the control mix, respectively. When the
bentonite content exceeds 20%, the cost is over 7% lower compared
to the control mix, offering a cost-effective solution for the
construction industry.

Similarly, increasing the quarry dust content also reduces costs.
For instance, mixes with 2.02% and 4.0% QDB cost 6 and 8 times
less than the control mix, respectively. When quarry dust content
exceeds 20%, the mix cost is more than 8% lower than the control
mix, making it a cost-efficient option for construction.

Moreover, a mix with a synergistic combination of 10%
bentonite, 8% quarry dust as a filler, and 7% quarry dust
as a binder costs approximately 8.4% less than the control
mix. Given its enhanced strength and durability, this mix is
well-suited for various structural applications. These benefits
could be particularly significant for large-scale projects like
dams and multi-story buildings, where concrete production
constitutes a substantial portion of the costs (Ashraf et al., 2022;
Memon et al., 2012).

6 Conclusion

This research investigated the effectiveness of locally available
supplementary cementitious materials (bentonite clay and quarry
dust) in enhancing concrete properties. The study investigated
compressive strength, flexural strength, and acid resistance at 7 and
28 days of curing. Moreover, experimental results were compared
using statistical analysis through the Response Surface Method.The
summary of the key findings are:

1. Incorporating bentonite clay and quarry dust tends to lower
the workability of mixes compared to reference mixes. Due to
smaller and coarser particles,mixes containedwith quarry dust
exhibited the lowest workability. This observation is crucial
for practical applications, as adjustments in water content or
admixtures may be required to maintain workability in field
applications.

2. Quarry dust (10%) significantly improved compressive
strength, with increases of 11.9% and 7.38% at 7 and 28 days of
curing, respectively, compared to reference concrete. Bentonite
clay (10%) initially reduced strength by 1.3% at 7 days but
compensated with a 4.91% increase by 28 days of curing.
The later age strength improvement is attributed to the late
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hydration reaction of bentonite clay that produces C2S, which
creates extra C-S-H. This delayed strength gain suggests that
bentonite clay can be effectively used in applications where
long-term strength development is desired, making it suitable
for structures with extended curing periods.

3. Incorporating 10% bentonite clay and 10% quarry dust
increased flexural strength. Bentonite clay showed a 4.2%
increase at 7 days but improved to 11.9% at 28 days of
curing. Quarry dust initially showed higher strength, 19.7%,
but it was reduced to a 7.17% improvement. However, the
strength gain for quarry dust decreased over time, whereas
bentonite clay showed a consistent improvement.This suggests
that while quarry dust offers significant early-age strength
benefits, bentonite clay contributes to longer-term strength
development, which is valuable for designing concrete that
performs well over its service life.

4. The same trend was observed for the split tensile strength test.
The highest split strength for bentonite clay bentonite clay was
noted at 28 days of curing, whereas the highest strength for
quarry dust was noted for mixes containing 10% quarry dust
at 7 days of curing.

5. Mixtures containing 20% bentonite clay and 20% quarry dust
demonstrated superior resistance to chemical attack compared
to the control mix. The quarry dust filled the voids and
concrete gaps, making acid ingress difficult—similarly, the
formation of calcium hydrate due to bentonite clay made it
difficult for acid ingress. The SEM analysis confirmed the
capillaries produced after exposure to acids. The acids react
with cement, lowering the C-S-H composition leading to voids
and capillary formation, which is ideal for the formation
of etrringite. This makes the SCM-modified concrete highly
suitable for aggressive environments, such as chemical plants
and coastal areas.

6. Statistical analysis revealed that a combination of 10.29%
bentonite clay, 7.20% quarry dust replacing cement, and 8.19%
replacing fine aggregate produced concrete with excellent
strength matching theoretical predictions. This optimal mix
provides a sustainable approach to concrete production,
balancing performance and resource utilization effectively.

6.1 Significance and implications

This study underscores the potential of using bentonite clay
and quarry dust as sustainable SCMs, offering both environmental
and performance benefits. The findings highlight the practical
advantages of thesematerials in improving concrete properties while
contributing to waste reduction and resource conservation. Future
research should explore the rheological behavior of these SCMs
under varying conditions, such as elevated temperatures, to further
validate their applicability in diverse construction scenarios.
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