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ABSTRACT
The rising global demand for sustainable construction materials has catalyzed the exploration of industrial 
byproducts in concrete production, aiming to reduce environmental impact while maintaining structural 
integrity. Among these byproducts, WFS and BA are two prominent solid waste streams generated from the 
metal casting and thermal power sectors, respectively. Their potential as partial replacements for natural fine 
aggregates in concrete has gained increasing attention due to their availability and environmental benefits. This 
study evaluates the mechanical and durability performance of concrete with WFS and BA, both as standalone 
and binary combinations. A total of eleven distinct mix designs were prepared and tested, with replacement 
levels ranging from 0% to 40%. The optimum blend, consisting of 20% WFS and 20% BA, exhibited 
significant performance enhancements compared to the control mix. Improvements included a 7.8% increase 
in 28-day compressive strength, a 7.5% rise in split tensile strength, and a 7.7% boost in flexural strength. 
Durability parameters also improved notably, with an 18.2% reduction in chloride ion permeability, a 14.5% 
decrease in drying shrinkage, and an 11.2% limitation in acid-induced strength loss. These findings highlight 
the synergistic effects of WFS and BA in improving concrete quality, to sustainable waste valorization in 
construction materials.
Keywords: Waste foundry sand; Bottom ash, sustainable concrete; Durability performance; Fine aggregate 
replacement.

1. INTRODUCTION
Concrete remains the cornerstone of modern construction, with over 30 billion tonnes consumed annually world-
wide. Yet, its widespread use has come at a considerable environmental cost [1]. The manufacture of Portland 
cement, the primary binding material in concrete, contributes nearly 8% of total global CO2 emissions, while 
the extraction of river sand for fine aggregates disrupts ecosystems and depletes natural resources at an unsus-
tainable rate. As the construction industry confronts escalating environmental regulations, resource scarcity, and 
increasing demand for infrastructure in developing economies, there is a growing consensus that conventional 
concrete systems must evolve toward more sustainable, circular, and resource-efficient alternatives.

In response to these challenges, researchers and industries are turning to waste valorization as a prom-
ising pathway. The current era is witnessing a paradigm shift from disposal-centric waste management toward 
a circular economy model, wherein industrial byproducts are repurposed into construction materials. Among 
these, WFS—a byproduct from metal casting—and Bottom Ash (BA)—generated from thermal power plants—
have emerged as high-potential substitutes for natural fine aggregates in concrete. These materials are abun-
dantly available, underutilized, and pose environmental hazards if not properly managed. Transforming them 
into construction inputs [2]

Despite their potential, the integration of WFS and BA into concrete has faced certain limitations. Most 
studies to date have focused on their individual use, neglecting the possibility of synergistic effects when both 
materials are blended. Furthermore, existing research tends to emphasize early-age compressive strength while 
overlooking long-term durability, service life performance, and environmental resistance—parameters crucial 
to ensure the viability of sustainable concrete under real-world conditions. Without addressing these aspects, the 
widespread adoption of waste-integrated concrete remains constrained [3].
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In addition, a clear research gap exists in the optimization of binary fine aggregate replacements using 
advanced statistical and AI-based tools. Traditional mix design methods typically involve trial-and-error 
approaches, which are laborious and fail to account for interaction effects among materials. This lack of preci-
sion limits the reproducibility and scalability of findings. In contrast, modern tools such as RSM and machine 
learning-based regression models enable predictive and optimized mix designs, reducing the experimental 
workload and yielding scientifically robust outcomes. However, these tools have yet to be widely applied to 
concrete mixes incorporating combined WFS and BA [4].

Another under-addressed issue in earlier studies is the lack of lifecycle-relevant performance indicators, 
such as resistance to chloride ingress, capillary absorption, shrinkage, and acid attack. Durability metrics are 
essential not only for structural safety but also for reducing maintenance costs and embodied carbon over 
the lifespan of concrete infrastructure. Integrating these tests into the evaluation framework ensures that pro-
posed mixes are not only environmentally friendly at the material level but also perform effectively in harsh 
environments.

Moreover, while some studies mention the environmental benefits of using industrial wastes, very few 
substantiate these claims with microstructural validation. Techniques such as SEM and EDS provide insight into 
the internal morphology and phase distribution of the cement matrix, helping to correlate macro-performance 
with microstructure. Their inclusion enhances the scientific rigour of any sustainable concrete study, but they are 
seldom included in investigations involving WFS and BA.

Table 1, highlights extensive research on the use of BA in concrete, either independently or in combina-
tion with other materials like fly ash, GGBS, and construction debris. While studies emphasize the mechanical 
and durability benefits of BA up to optimal replacement levels (typically 20–50%), others explore its synergistic 
use with other waste materials for performance enhancement [15]. This review highlights the necessity for a 
more comprehensive approach in assessing the performance of concrete developed with the incorporation of 
dual industrial waste, particularly in the context of sustainability and circular economy practices.

Addressing these gaps, the present research investigates the innovative use of combined WFS and BA as 
fine aggregate replacements in concrete, providing a practical and high-impact solution that aligns with global 
sustainability and waste management trends. Unlike previous studies, this work does not evaluate these mate-
rials in isolation but explores their binary synergy, aiming to harness the best attributes of both—WFS’s fine 
texture for improved packing density, and BA’s pozzolanic nature for enhanced durability [16].

An additional innovation of this study is its application of RSM for optimizing the replacement levels of 
WFS and BA. RSM enables the development of statistically validated predictive models that assess the individ-
ual and interactive effects of WFS and BA on key performance parameters. Optimization through RSM not only 
ensures efficient material use but also identifies ideal combinations that balance sustainability with mechanical 
and durability performance [17].

To further enrich the experimental findings, advanced microstructural analysis using SEM/EDS has been 
incorporated to assess the morphological evolution of the cement matrix resulting from the addition of WFS and 
BA. This provides visual and elemental confirmation of hydration product development, pore refinement, and 
interface transitions, thereby explaining observed improvements or declines in macro-scale performance. Such 
comprehensive characterization is vital for the development of next-generation concrete technologies that are 
both sustainable and technically viable [18].

The novelty of this research lies in its multi-criteria approach—evaluating mechanical, durability, and 
microstructural properties simultaneously while optimizing WFS and BA levels using advanced statistical tools. 
This is complemented by using comparison metrics from recent literature to benchmark performance [19]. The 
inclusion of a Taylor diagram and radar chart for visual analysis further enhances the clarity of multi-variable 
performance assessments, making it easier for engineers and researchers to identify the most effective mix 
combinations [20].

By aligning with cutting-edge trends in green construction and digital optimization, this study makes 
a meaningful contribution to the global discourse on sustainable concrete design. It not only provides experi-
mental evidence for the responsible reuse of industrial byproducts but also delivers a predictive framework for 
material selection and proportioning—paving the way for data-driven, low-carbon concrete solutions. This is 
particularly relevant for developing nations where industrial waste is abundant and construction growth is rapid, 
making the findings of this study both timely and globally scalable [21].

This research tackles one of the most pressing challenges in civil engineering today: how to make con-
crete more sustainable without compromising performance [22]. By exploring the combined use, integrating 
lifecycle durability assessments, optimizing material combinations using RSM, and validating results through 
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advanced microstructural techniques, the study offers a comprehensive and forward-looking solution. It reflects 
a shift away from incremental improvements in traditional materials toward innovative, systemic approaches 
that embrace waste reuse, performance optimization, and environmental responsibility [23].

The primary objective of this study is to develop and optimize a concrete mix incorporating WFS and 
BA as partial replacements for fine aggregate, achieving desirable mechanical strength and superior durability 
properties while significantly reducing reliance on natural sand. This will be achieved through extensive labora-
tory experimentation, statistical optimization via Response Surface Methodology, and microstructural analysis 
using SEM/EDS. Through this multifaceted approach, the research aims to establish a technically sound and 
environmentally responsible concrete system that can serve as a model for future material innovations in the 
construction industry.

2. MATERIALS AND METHODS
This study compared the impact of WFS, BA, and their combinations on the strength and durability of concrete. 
Experiments included material characterization, concrete mix design, specimen casting and curing, and tests for 
mechanical and durability properties. The WFS utilized in the study was obtained from a local ferrous casting 
facility. It was dark grey in color and exhibited fine, angular particles. The sand was dried, sieved through a 
4.75 mm sieve, and stored in sealed containers to prevent moisture absorption. Characterization using (EDS) 
revealed that WFS consisted primarily of silica (>80%) along with trace amounts of iron, aluminum, and other 

Table 1: Summary of BA and related industrial byproducts in concrete.

FOCUS AREA MATERIALS 
USED

KEY FINDINGS RELEVANCE TO CURRENT STUDY

ANN prediction of 
strength

Fly ash, Bot-
tom ash

Bayesian ANN model 
successfully predicts 
compressive strength

It predicts strength using BA and fly ash via AI 
and supports performance modeling,ut does 

not explore physical blending [5].
Mechanical & durability 
using GCBA and CBA 
as binder & fine aggre-

gate

GCBA, CBA Optimum: 21.8% GCBA 
+ 24.17% CBA; reduced 

CO2 and cost

Demonstrates dual usage, supporting 
comparisons of pozzolanic reactivity and 

mechanical durabilityelevant to BA use [6].

Soil remediation using 
BA-based geopolymer 

and coir

Bottom ash, 
Coir

10% geopolymer 
solidified 95% of heavy 

metals in soil

Focuses on soil remediation, offering insight 
into the reuse of BA,ut not in concrete matrix 

systems [7].
Cement concrete Bottom ash BA up to 40% improves 

strength and durability
Directly supports BA as a fine aggregate; 

aligns with your findings on mechanical and 
durability performance [8].

BA as fine aggregate in 
GGBS-based geopoly-

mer concrete

Bottom ash, 
GGBS

20–40% BA showed good 
strength, acid and sulfate 

resistance

Explores BA in geopolymer; provides a useful 
comparison to your OPC system, although the 

type of binderiffers [9].
Optimum CBA/CBS for 

sustainable concrete
CBA, CBS 50% CBA/CBS opti-

mized; CBA outperforms 
CBS in compressive 

strength

Highly relevant to optimization and strength 
findings of BA, especially regarding 

environmental benefits [10].

Environmental and 
chemical analysis of 

coal ash concrete

Fly ash, Bot-
tom ash

No heavy metal leaching; 
FA & BA are safe and 

sustainable replacements

Reinforces environmental safety of BA, 
supporting your sustainability claims [11].

Concrete with FA, BA, 
GGBS, construction 

debris

BA, FA, GGBS 15% GGBS and up 
to 20% BA improved 
mechanical properties

Aligns with your goal of blending waste 
materials to enhance performance and 

conserve resources [12].
Use of SCBA and CBA 

in concrete
SCBA, CBA 10% SCBA + 10% CBA 

yielded better strength 
and workability

It strongly supports the blended use of industrial 
waste; the findings directly align with the bene-

fits of your WFS+BA combined mix [13].
Effect of FA & BA in 

fiber-reinforced concrete
Fly ash, Bot-

tom ash, Fibers
30% FA/BA optimal for 
GFRC; 20% for PPFrc; 

good strength & low 
shrinkage

Provides useful insights into durability and 
shrinkage when BA is combined with other 

components, such asibers [14].
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metal oxides. The mineralogical phases of BA were identified through XRD, indicating the presence of quartz 
and mullite, while its chemical composition obtained via XRF included 55% SiO2, 20% Al2O3, and 10% Fe2O3. 
In addition to their basic physical characteristics, a more detailed understanding of the properties of WFS and 
BA is crucial for assessing their compatibility with cementitious systems. The particle size distribution of WFS 
was found to be skewed toward the finer range, with 90% of particles passing through a 150 µm sieve, which 
contributes to its filler effect and enhances particle packing. Its bulk density was recorded at approximately  
1.6 g/cm3, and its water absorption capacity was relatively low at 1.2%, indicating limited porosity. On the other 
hand, BA exhibited a broader particle size range and a more irregular shape, with a bulk density of 1.3 g/cm3 and 
a water absorption value of 4.8%, highlighting its porous and absorptive nature. The pozzolanic activity index 
of BA, determined by ASTM C618, was measured at 72% after 28 days, confirming its potential to contribute to 
secondary hydration. Additionally, the loss on ignition (LOI) for WFS and BA was found to be below 3%, sug-
gesting minimal presence of unburnt carbon or organic impurities. These additional properties play a crucial role 
in understanding the behavior of these materials within the cement matrix, particularly in terms of workability, 
water demand, and long-term durability. Scanning electron micrographs depicting the particle morphology of 
WFS and BA are presented in Figure 1.

SEM images revealed denser and more homogeneous matrices in mixes containing WFS and BA, 
indicating improved packing and reduced pore interconnectivity, which aligns with the lower sorptivity and 
water absorption results. XRD patterns showed diminished peaks of portlandite and an increased formation 
of amorphous phases, reflecting the consumption of calcium hydroxide through pozzolanic activity—an effect 
known to enhance chemical stability and reduce vulnerability to leaching. Additionally, TGA analysis indicated 
a lower weight loss in the range associated with Ca(OH)2 decomposition in modified mixes, corroborating the 
reduced permeability and higher resistance to chemical degradation. Collectively, these microstructural features 
validate the improved durability behavior observed in experimental tests and demonstrate that the inclusion of 
WFS and BA not only enhances physical resistance but also fundamentally alters the internal structure to miti-
gate shrinkage and permeability-related failures [24].

The mixing water used in all concrete batches conformed to IS 456:2000 standards. No chemical admix-
tures were employed to isolate and independently study the influence of WFS and BA. To account for the influ-
ence of aggregate moisture on mix consistency, the moisture content of fine and coarse aggregates, including 
WFS and BA, was measured prior to batching using the oven-drying method as specified in IS 2386 (Part 3): 
1963. Samples were dried at 105 ± 5 °C for 24 hours, and the difference in weight was used to calculate mois-
ture percentage. These values were used to correct the net mixing water to maintain a constant effective water- 
to-cement ratio across all batches. WFS, owing to its finer particle size and higher surface area, exhibited slightly 
higher moisture retention compared to natural sand. Bottom ash, being more porous and angular, also showed 
variability depending on ambient humidity. These differences were addressed by adjusting the volume of added 
water accordingly during the mixing stage. This correction was vital to ensure uniform workability and accurate 
comparison of mechanical and durability properties. Without such adjustments, water variability could have led 
to inconsistent strength development or misinterpretation of the influence of the waste materials. The replace-
ment was performed by weight, and all other parameters, including cement content, water-to-cement ratio, and 
aggregate proportions, were kept constant [25].

Figure 1: SEM micrographs of (a) and (b) showing surface texture and particle morphology.
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Figure 2 illustrates the experimental setup used for concrete mixing, evaluation of fresh properties, and 
specimen casting. The process begins with the use of a pan mixer, which is employed to ensure uniform mixing 
of the dry components (cement, aggregates, WFS/BA), followed by the gradual addition of water. The mixer 
allowed homogeneous blending, minimizing the formation of agglomerates, particularly important when fine 
additives like (WFS) were used [26]. A digital weighing balance ensured accurate proportioning of materials 
according to mix design ratios, batching cement, aggregates, WFS, BA, and water by mass. This precision was 
crucial for achieving uniformity in trial batches and ensuring the reproducibility of results. The slump value 
indicated consistency, influenced by WFS angularity and BA’s internal water retention. The concrete was then 
transferred to molds, compacted with a table vibrator, and lightly oiled to ensure smooth demolding, thereby 
achievg consistent geometry and surface finish for reliable mechanical and durability tests [27].

Figure 3 illustrates the mechanical testing setups for evaluating concrete mixes with (WFS), (BA), and 
their combinations. Three tests were conducted, following the IS codes. The compressive strength test used 
a compression testing machine, as per IS 516:1959. Load was applied gradually until failure to assess load- 
bearing capacity, shown in the Figure 3(a) [28]. Figure (b) depicts this setup, which is important for understand-
ing brittleness and crack resistance under indirect tension. The flexural strength test utilized prismatic beams 
that were supported at their ends and loaded at one-third of their spans using a flexural testing frame, as per IS 
516:1959. Figure (c) illustrates this arrangement, which is crucial for evaluating concrete’s bending stress resis-
tance inavement and slab applications [29].

Figure 4 illustrates the types of concrete specimens prepared and tested in this study, along with their 
respective dimensions and intended purpose. To ensure a comprehensive evaluation of mechanical and dura-
bility characteristics, four standard specimen types were cast for each concrete mix [30]. This standardized 
curing environment ensured consistent hydration and strength development across all specimens [31]. All cast 
specimens were subjected to standard water curing to ensure consistent hydration and strength development. 
After demolding at 24 ± 2 hours, the samples were fully immersed in a curing tank containing clean tap water 
maintained at a temperature of 27 ± 2°C, in accordance with IS 516:2018. This curing condition was selected 
to eliminate environmental variability and to provide sufficient moisture for the complete hydration of cemen-
titious materials, especially critical when supplementary materials such as WFS and BA are used. Uniform 
curing practices across all mix types ensured that observed differences in performance could be attributed to mix 
composition rather than curing variability. Additionally, temperature and water levels in the curing tank were 
monitored regularly to maintain consistent curing conditions throughout the study.

Figure 2: Experimental methods in this work.

Figure 3: Mechanical testing setup (a) Compression testing machine with cube (b) Split tensile setup with cylinder  
(c) Flexural testing on third-point loading setup.
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This specimen preparation strategy enabled a multi-angle evaluation of how the inclusion of (WFS), 
(BA), and their combinations influenced both early and long-term concrete performance [32]. After ensuring 
uniform mixing, the fresh concrete was evaluated for its workability using the standard slump cone method as 
per IS 1199:1959. This test was deemed necessary, especially since no superplasticizers or chemical admix-
tures were incorporated into the mix, which could otherwise influence workability. Slump measurements were 
recorded for all mixes, including control, WFS-only, BA-only, and combined WFS–BA variants. It was observed 
that the slump values ranged between 48 mm and 70 mm across all trials, indicating a workable mix suitable 
for placement and compaction by conventional methods. Slight reductions in workability were observed with 
increasing WFS content, attributed to its angular particle morphology and higher surface area, which increased 
internal friction and water demand. Conversely, the inclusion of BA helped retain workability due to its spher-
ical particles and glassy surface texture, which improved flow characteristics. The slump test confirmed that 
all designed concrete blends maintained adequate workability for practical applications, even in the absence of 
admixtures [33]. The experimental matrix used for mechanical testing is illustrated in Figure 5.

Durability tests included water absorption, sorptivity, RCPT, sulfate and acid resistance, and drying 
shrinkage. Water absorption was measured as per ASTM C642 by oven-drying samples at 105°C for 24 hours, 
followed by 24-hour water immersion to determine mass gain. Sorptivity was evaluated using 100 mm × 50 
mm cylindrical specimens partially immersed in water, with cumulative absorption measured over time and the 
sorptivity index derived from the initial linear portion of the absorption vs. √time plot, following IS 516 (Part 5, 
Sec 1): 2018. All specimens underwent 28 days of water curing, oven-drying, and desiccation prior to testing. 
The RCPT test (ASTM C1202) assessed chloride ion permeability by applying 60 V across 50 mm concrete 
discs for 6 hours, with total charge passed used for classification [34]. The control mix exhibited 3345 coulombs 
(moderate permeability), while the 20% WFS + 20% BA blend showed 1798 coulombs (low permeability), 

Figure 5: Mix designation and testing matrix used to assess mechanical properties of concrete.

Figure 4: Prepared samples.
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indicating a 46.3% reduction. This improvement is attributed to microstructural densification and pozzolanic 
activity from the additives. Sulfate resistance was evaluated by immersing cubes in 5% Na2SO4 for 90 days, 
and acid resistance was assessed by 60-day exposure to 3% H2SO4, with strength loss calculated post-exposure. 
Drying shrinkage was monitored on prism specimens per ASTM C157. These tests collectively confirmed that 
binary mixes improved durability by minimizing ionic transport, enhancing chemical resistance, and reducing 
shrinkage-related degradation. A summary of the durability evaluation sequence and methods used is shown in 
Figure 6.

Microstructural analysis, including SEM and EDS, was performed on control and various WFS and BA 
mix specimens to understand material behavior. These analyses examined hydration products, porosity, and 
interfacial bonding. All tests were performed in triplicate, with standard deviations recorded to ensure statistical 
reliability, thereby providing a detailed comparison of the effects of WFS, BA, and their combinations on con-
crete performance [35].

To ensure the reliability and reproducibility of experimental findings, all mechanical and durability tests 
were conducted in triplicate, and the average values were reported. The use of multiple specimens for each 
test condition enabled statistical comparison and helped minimize anomalies caused by equipment variation, 
material inconsistencies, or human error. For each property three specimens were cast and tested as per relevant 
IS codes. The resulting standard deviations for most properties remained within acceptable ranges (typically 
less than 5% of the mean), confirming the consistency of the results. The inclusion of statistical measures also 
enabled better interpretation of trends across replacement levels, particularly in cases where marginal differ-
ences in performance were observed. This approach provided robust evidence of the observed improvements or 
reductions in performance, thereby strengthening the validity of the study’s conclusions.

3. RESULTS AND DISCUSSION
The findings revealed distinct patterns in strength performance, workability variation, and resistance to environ-
mental degradation, which are elaborated upon in the subsequent sections.

The slump test assessed concrete workability, showing decreased values with higher WFS content.  
Figure 7 shows the variation in slump incorporating WFS, BA, and their binary combinations. With the increase 
in WFS content, slump values decreased progressively from 75 mm (control) to 49 mm at 40% replacement, 
indicating a 34.7% reduction [36]. The 10% and 20% WFS mixes exhibited slumps of 68 mm and 62 mm, rep-
resenting reductions of 9.3% and 17.3%, respectively, while the 30% WFS mix experienced a 24% slump loss. 
These trends suggest that WFS hinders paste mobility at higher volumes due to particle shape and insufficient 
water for lubrication [37]. Conversely, mixes incorporating BA demonstrated a consistent increase in slump 
values with increasing replacement levels. At 10%, 20%, 30%, and 40% BA, the slump improved to 81 mm,  
85 mm, 89 mm, and 94 mm, reflecting respective increases of 8%, 13.3%, 18.7%, and 25.3% over the control 
[38]. Combination mixes (10% WFS + 10% BA and 20% WFS + 20% BA) yielded intermediate slump values of 
70 mm and 74 mm, only slightly below the control. These values reflect the balancing effect of the two materials, 
where BA’s lubricating benefits counteract WFS’s frictional drawback king combination mixes ideal when both 
sustainability and acceptable workability are desired [39].

Figure 6: Flowchart of the testing procedure.
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Figure 8 shows the varying percentages of (WFS), (BA), and their binary combinations. This reveals 
how replacement of natural sand with these materials impacts compressive performance due to their distinct 
physical and chemical characteristics [40]. For the WFS series, a noticeable increase in strength. The compres-
sive strength improved from 38.6 MPa (control) to 40.1 MPa and 40.7 MPa at 10% and 20% WFS, representing 
gains of approximately 3.9% and 5.4%, respectively. These improvements can be attributed to the filler effect 
of the finer WFS particles, which helped densify the matrix at lower contents. However, strength declined to  
36.3 MPa (−6.0%) at 30% WFS and to 33.9 MPa (−12.2%) at 40% WFS. This reduction was likely due to poor 
particle packing, increased voids, and higher water demand resulting from the high surface area and angular 
shape of WFS, which led to a weaker microstructure.

The trend for BA mixes followed a similar but milder pattern. Strength peaked at 20% BA with  
39.7 MPa, a 2.8% increase over the control, due to moderate pozzolanic activity and better water retention. 
However, a decline to 36.9 MPa and 34.8 MPa at 30% and 40% BA indicated that excessive BA content diluted 
the cementitious matrix and introduced excessive porosity [41]. Combination mixes demonstrated the best per-
formance. The 10% WFS + 10% BA mix reached 40.9 MPa, a 6.0% improvement, while the 20% + 20% blend 
achieved 41.6 MPa—a 7.8% increase. These results suggest a synergistic interaction where BA’s pozzolanic 

Figure 8: 28-day compressive strength of concrete mixes with varying levels of WFS, BA, and their combinations.

Figure 7: Variation in slump values for concrete mixes containing WFS, BA, and their combinations.
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Figure 9: Comparison of 7 & 28-day compressive strengths for concrete mixes.

action and porous structure counterbalance WFS’s drawbacks, leading to improved hydration and matrix 
continuity. Thus, the optimal balance in the combined mix yielded superior strength, making the blend a viable 
solution for enhancing sustainability without compromising mechanical integrity.

Figure 9 presents a bar chart comparison of the 7 & 28-day compressive strengths for concrete mixes 
containing varying proportions of WFS, BA, and their binary blends. The control mix attained 27.5 MPa at 
7 days and 38.6 MPa at 28 days. Upon replacing natural sand with 10% and 20% WFS, the 28-day strength 
improved to 40.1 MPa and 40.7 MPa, representing increases of 3.9% and 5.4%, respectively. The enhance-
ment is attributed to the filler effect of fine WFS particles, which increase packing density and reduce voids at 
moderate dosages. However, at 30% and 40% WFS, the strength declined to 36.3 MPa (−6%) and 33.9 MPa 
(−12.2%), respectively, due to the increased surface area and angularity, which elevated water demand and 
reduced cohesion in the matrix. In the case of BA, 10% and 20% replacements yielded 39.0 MPa and 39.7 MPa, 
respectively, improving the strength by 1.0% and 2.8% over the control. The porous nature of BA enables inter-
nal curing and pozzolanic reactivity, thereby enhancing early hydration. However, excessive BA (30% and 40%) 
diluted the cementitious phase, resulting in a drop in strength to 37.0 MPa and 34.8 MPa. Notably, the binary 
blends (WFS10+BA10 and WFS20+BA20) outperformed all individual substitutions, achieving 40.9 MPa and  
41.6 MPa at 28 days. The trend confirms that dual replacement optimally balances mechanical performance with 
sustainability goals (Table 2).

Table 2: Statistical analysis of 28-Day compressive strength.

MIX ID MEAN 
(MPa)

STANDARD 
DEVIATION

MINIMUM 
(MPa)

MAXIMUM 
(MPa)

COEFFICIENT OF 
VARIATION (%)

Control 38.60 0.10 38.50 38.70 0.26
WFS10 40.10 0.10 40.00 40.20 0.25
WFS20 40.70 0.10 40.60 40.80 0.25
WFS30 36.30 0.10 36.20 36.40 0.28
WFS40 33.90 0.10 33.80 34.00 0.29
BA10 39.00 0.10 38.90 39.10 0.26
BA20 39.70 0.10 39.60 39.80 0.25
BA30 37.00 0.15 36.80 37.10 0.41
BA40 34.80 0.10 34.70 34.90 0.29

WFS10+BA10 40.90 0.10 40.80 41.00 0.24
WFS20+BA20 41.60 0.10 41.50 41.70 0.24
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Figure 10 illustrates the variation in split tensile and flexural strength of concrete with different 
replacement levels of (WFS), (BA), and their binary combinations [42]. In the split tensile strength results, the 
control mix yielded a tensile strength of 3.45 MPa. For WFS-replaced mixes, strength improved slightly at lower 
replacement levels, reaching 3.52 MPa and 3.58 MPa at 10% and 20% WFS, respectively. BA mixes displayed 
a similar but slightly more favourable trend. Split tensile strength increased modestly to 3.54 MPa at 20% BA (a 
2.6% improvement), then reduced to 3.38 MPa and 3.25 MPa at 30% and 40% replacements, respectively. The 
superior performance at 20% BA is attributed to moderate pozzolanic reactivity and improved water retention 
properties, which enhance bond development and reduce shrinkage cracking. Combination mixes exhibited the 
highest split tensile strengths. The 10% WFS + 10% BA mix reached 3.63 MPa (5.2% increase), while the 20% 
+ 20% blend peaked at 3.71 MPa, a 7.5% improvement. These enhancements suggest synergistic effects where 
BA offsets WFS-induced brittleness by improving matrix cohesion, internal curing, and shrinkage resistance 
[43]. In the case of flexural strength, the control mix achieved 5.55 MPa. The binary blends showed excellent 
improvement, with 10% WFS + 10% BA resulting in 5.80 MPa and 20% + 20% achieving the maximum 
value of 5.98 MPa—an increase of 7.7% over the control. This reflects enhanced tensile stress distribution and 
crack-bridging facilitated by denser microstructures and improved aggregate-paste interaction in the blended 
mixes. The results reinforce that WFS and BA, when used together, can significantly enhance tensile-related 
properties of concrete, especially at balanced substitution levels.

Figure 11 shows the water absorption behavior of concrete mixes containing varying percentages of 
(WFS), (BA), and their combinations. The data clearly reflect the influence of particle morphology, pozzolanic 
reactivity, and packing density on the permeability characteristics of hardened concrete [44]. The control mix 
exhibited a water absorption rate of 4.3%. With the inclusion of WFS, a steady increase in absorption was 
observed: 4.4% at 10% replacement, rising to 5.1% at 40% WFS, which corresponds to an 18.6% increase com-
pared to the control. These voids create preferential pathways for water ingress, thus elevating permeability [45]. 
In contrast, the BA mixes demonstrated significantly improved performance. At 10% and 20% BA, the water 
absorption reduced to 4.2% and 4.1%, respectively, while the lowest value of 3.8% was recorded at 30% BA—
an 11.6% decrease relative to the control. This improvement is mainly due to the porous nature of BA, which 
initially absorbs and later releases water, acting as an internal curing agent [46]. Mixes with 10% WFS + 10% 
BA and 20% WFS + 20% BA showed the best performance, absorbing 4.0% and 3.6% water, respectively. The 
3.6% rate is 16.3% lower than the control, indicating that combining WFS and BA compensates for their indi-
vidual drawbacks. WFS improves packing due to its fine size, while BA enhances matrix densification through 
pozzolanic activity and internal curing. This combination results in lower permeability and higher durability, 
making blended WFS-BA mixes ideal for water-resistant applications [47].

Figure 12 shows the sorptivity and RCPT results for concrete with WFS, BA, and their blends. These 
indicators assess concrete durability against water ingress and chloride ion penetration. The control mix had a 
sorptivity of 0.125 mm/√min. Adding WFS increased values: 0.135 mm/√min at 10% WFS and 0.155 mm/√min 

Figure 10: Split tensile and flexural strength performance of WFS, BA, and blended mixes.
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at 40%, a 24% rise. This indicates more capillary pores due to WFS’s finer particles and lack of pozzolanic 
reactivity, reducing the matrix’s ability to seal voids during hydration. Additionally, poor bonding at the aggre-
gate-paste interface may have enhanced capillary action [48]. BA mixes, in contrast, showed a steady decline 
in sorptivity values. At 20% and 30% replacement, values decreased to 0.110 mm/min and 0.105 mm/√min, 
respectively, reflecting reductions of 12% and 16% compared to the control. This was due to BA’s pozzola-
nic behavior and porous nature, which allowed for better internal curing, leading to a more continuous and 
refined microstructure. Notably, the 20% WFS + 20% BA combination mix recorded the lowest sorptivity at  
0.096 mm/√min—a 23.2% improvement over the control. This highlights the synergy where WFS aids in matrix 
densification through micro-filling, while BA chemically enhances the binder phase.

The RCPT values followed similar patterns. The control mix recorded 3300 coulombs, categorized under 
moderate permeability. WFS replacements increased charge passage, reaching 3900 coulombs at 40% WFS—a 
18.2% increase—due to increased pore connectivity and reduced continuity of the cementitious matrix. Mean-
while, BA significantly improved resistance, with values dropping to 3100 and 2900 coulombs at 20% and 
30% replacement, respectively, corresponding to reductions of 6.1% and 12.1%. This decrease was attributed 
to BA’s pozzolanic action, which forms additional C-S-H gel that refines pores and blocks ion pathways [49].  

Figure 11: Water absorption rates for concrete incorporating WFS, BA, and their blends.

Figure 12: RCPT values for chloride ion permeability of all mixes.
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The 20% WFS + 20% BA mix showed superior chloride resistance, recording just 2700 coulombs—a substan-
tial 18.2% reduction from the control. This finding confirms the densification and durability benefits gained from 
hybrid replacement, as the combined effects of micro-filling (WFS) and pozzolanic sealing (BA) act in tandem 
to reduce permeability. These results indicate that the binary WFS-BA blend is a promising solution for durable 
concrete in aggressive environments.

Exposure to sulfate solution over 90 days revealed significant differences in durability. The control mix 
experienced a 5.2% weight loss, while 40% WFS mix showed 6.9% loss. BA mixes performed better, with the 
20% and 30% BA mixes recording only 4.1% and 3.7% weight loss, respectively. Combination mixes again 
outperformed individual constituents; the 20% WFS + 20% BA mix exhibited only 3.3% weight loss, reflecting 
improved chemical resistance [50].

Acid resistance testing involved immersing specimens in 3% H2SO4 solution for 60 days. The control 
mix lost 16.3% of its compressive strength. WFS mixes showed higher deterioration, with 40% WFS leading 
to a 21.4% strength loss. However, BA mixes demonstrated greater stability, with only a 12.6% loss at a 30% 
replacement rate. The best performance was achieved by the 20% WFS + 20% BA mix, with a strength loss 
of just 11.2%, suggesting that the filler effect of WFS and the pozzolanic activity of BA together contribute to 
reduced acid penetration. The selection of a 3% sulfuric acid (H2SO4) concentration and a 60-day immersion 
duration for the acid resistance test was based on literature precedence and practical relevance, aiming to simu-
late moderately aggressive environments such as sewer systems, industrial discharge zones, and acidic soil con-
ditions. Previous studies (e.g., IS 516 Part 5/Sec 1: 2018 and related durability literature) have reported that a 3% 
acid concentration provides a meaningful yet controlled degradation rate, allowing for measurable performance 
differentiation among concrete mixes within a manageable test period. The 60-day exposure was selected to 
strike a balance between accelerated degradation and long-term resistance evaluation. Prolonged exposure over 
two months enables sufficient interaction between the acidic medium and cementitious matrix, particularly for 
assessing mass loss, surface deterioration, and strength degradation. Moreover, using a consistent concentration 
and duration across all mixes ensured that observed performance changes were due to mix composition rather 
than testing inconsistency. The selected protocol thus provides a realistic yet rigorous method for assessing the 
acid resistance of blended concretes incorporating WFS and BA, aligning with typical durations used in durabil-
ity assessment studies of a similar scope.

Drying shrinkage was monitored over a period of 90 days. The control mix showed 420 microstrain. WFS 
mixes exhibited increased shrinkage, reaching 475 microstrain at a 40% WFS content. BA exhibited reduced 
shrinkage, with the 30% BA mix recording a microstrain of 395. The combination mix of 20% WFS + 20% 
BA demonstrated the lowest shrinkage at 382 microstrain, suggesting an optimized balance between fineness- 
induced shrinkage (WFS) and shrinkage mitigation due to internal curing and porosity moderation by BA [51].

To comprehensively understand the combined effect of WFS and BA on the compressive strength of 
concrete, a RSM-based analytical approach was adopted. The purpose was to model the strength behavior as a 
function of two independent variables—WFS and BA replacement levels—treated as continuous quantitative 
factors. Experimental data were collected for eleven distinct mix designs, including various proportions of WFS-
only, BA-only, and blended WFS–BA combinations. Since the experimental matrix included both symmetric 
(e.g., 10%, 20%, 30%, 40%) and hybrid blend points (e.g., 10% WFS + 10% BA), the data were organized in a 
grid layout. This model captures linear, quadratic, and interaction effects (WFS × BA), allowing for the detec-
tion of nonlinearity and synergistic behavior. The fit of the model was verified through ANOVA, which yielded 
a highly significant F-statistic of 1784.22 and a p-value < 0.0001, indicating that the variation in compressive 
strength across mixes was statistically significant. The interaction term (WFS × BA) was especially critical in 
capturing the peak strength behavior observed at moderate replacement levels (specifically, 20% WFS + 20% 
BA), which could not have been explained by additive models alone.

This analysis approach not only enables visualization but also facilitates prediction and optimization. 
The curvature of the response confirms the existence of a global maximum within the practical range of replace-
ments, providing quantitative support for mix design decisions. By establishing a robust statistical model and 
validating it through inferential tests, the response surface analysis enhances the reliability and applicability of 
the experimental findings for sustainable concrete development.

Figure 13 illustrates the response surface plot showing the combined influence of (WFS) and (BA) 
replacement levels. The surface was generated using cubic interpolation of experimentally observed data across 
a matrix of WFS and BA replacements ranging from 0% to 40%. The plot reveals a smooth, nonlinear relation-
ship, with compressive strength peaking at moderate replacement levels and diminishing at higher percentages 
of individual or combined substitutions. Specifically, this mix achieved a peak strength of 41.6 MPa, approxi-
mately 7.8% higher than the control mix (38.6 MPa). The upward slope of the surface from the origin toward 
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the central zone (20%–25% WFS and BA) indicates a positive interactive effect at lower levels. Conversely, 
strength declines notably at higher replacement levels (≥30%), with values dipping below the control [52]. This 
drop-off is attributed to excessive fines from WFS, which increases water demand and porosity, while high 
volumes of BA may dilute the binder matrix and introduce irregular particle shapes that hinder compaction. 
The surface curvature illustrates a negative quadratic trend beyond the optimum point, confirming diminish-
ing returns. This validates the ANOVA findings and provides a predictive framework for determining optimal 
replacement levels. It demonstrates that strategic blending of WFS and BA can maximize concrete strength 
while promoting sustainable use of industrial waste materials [53]. Further numerical modeling could support 
predictive mix design and broader application of these findings across variable cement types and curing condi-
tions. The experimental outcomes obtained in this study are constructive compared to recent advancements in 
waste-based concrete development (Table 3).

Hence, the proposed mix design offers a practical, low-carbon alternative that aligns with ongoing global 
trends in sustainable concrete development. The combined use of WFS and BA at optimal levels was found to 
enhance both strength and durability parameters. While WFS alone showed limitations at higher contents due 
to increased water demand and poor workability, these effects were mitigated when combined with BA, which 
improved particle packing, reduced permeability, and contributed secondary pozzolanic activity. Thus, the 20% 
WFS + 20% BA blend emerged as the most effective mix in terms of performance balance, demonstrating 
improvements of 7.8% in compressive strength, 18.2% in chloride resistance, and 14.5% reduction in drying 
shrinkage.

Figure 14 shows a radar chart comparing six performance indicators across the control mix, WFS 20%, 
BA 20%, and the optimal binary blend (WFS + BA 20%). The WFS+BA 20% mix consistently outperforms all 
others across all parameters, demonstrating its superior material synergy. Compressive strength shows a 7.8% 
increase compared to the control. Similarly, split tensile and flexural strengths improved by 7.5% and 7.7%, 
respectively, due to better crack-bridging capability and a more cohesive matrix. Chloride resistance saw the 
highest gain—18.2% lower permeability—thanks to the refined pore structure formed by the combined filler 
effects of WFS and BA. Shrinkage was reduced by 14.5%, indicating enhanced internal curing and restrained 

Figure 13: 3d surface plot for compressive strength.
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Table 3: Comparative analysis of related studies on waste valorization in concrete.

MATERIALS USED KEY FINDINGS COMPARISON WITH PRESENT STUDY
Fly ash, egg shell powder, steel 

fibers
Reduced water absorption and 

porosity; strength increased with 
triple blend

Comparable water absorption trend; your 20% 
WFS + 20% BA reduced absorption by 16.3% 

without steel fibers [54]
Mix Optimum strength at 9% WGP 

+ 1% RSF
Similar strength gain (7.8%) achieved without 
fibers; simpler and more economical mix [55]

Fly ash + metakaolin Reduced drying shrinkage and 
crack formation

Drying shrinkage reduced by 14.5% in your study 
using WFS + BA alone [56]

FA + MK + 4 types of steel 
fibers

Hooked fibers enhanced 
performance most effectively

Strength enhancement achieved in your study 
without external fiber reinforcement [57]

FA + SF + steel fibers Compressive, flexural, and 
tensile strength increased with 

triple blend

Comparable flexural (+7.7%) and tensile (+7.5%) 
gain achieved using dual waste sand replacement 

[58]
Alkali-activated slag concrete AASC showed better 

mechanical properties at 
elevated temperatures

Your study complements AASC under ambient 
conditions with industrial sand substitutes [59]

Support Vector Machine 
(SVM) modeling for sediment 

transport

AI-based prediction for 
hydrological systems

Not directly relevant; no AI model used in this 
study, but experimental results show strong statisti-

cal correlation via RSM [60]

Figure 14: Radar chart illustrating the comparative performance of control.

moisture movement. This performance was better than both WFS 20% and BA 20% individually, which showed 
improvements of 5–10% across most parameters. The acid resistance of the WFS + BA blend improved by 
11.2%, as the pozzolanic reaction reduced calcium hydroxide content, limiting acid attack susceptibility. In 
contrast, the WFS 20% mix underperformed in shrinkage resistance (lowest among the group), possibly due to 
its rough texture and increased water demand. BA 20% performed better than WFS 20% in durability metrics 
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but lagged in strength. The combined use of WFS and BA neutralized each other’s limitations—namely, the 
angularity of WFS and the porosity of BA—resulting in an optimized matrix. The radar chart visually confirms 
that dual replacement offers a well-rounded enhancement across strength and durability parameters.

The proposed approach of using WFS and BA as partial replacements for fine aggregate offers several 
advantages. It enables the valorization of industrial byproducts, thus reducing environmental load and promoting 
circular economy practices. The 20% WFS + 20% BA combination significantly enhanced compressive, tensile, 
and flexural strengths while also reducing permeability, shrinkage, and acid attack—demonstrating excellent 
mechanical and durability performance without the need for additional chemical admixtures or fibers. Moreover, 
the approach remains cost-effective and aligns with sustainable construction goals. However, certain limitations 
were observed. The workability of WFS-dominant mixes decreased due to their high surface area and angular 
texture, requiring careful control of water content. Additionally, the study was conducted under controlled labo-
ratory conditions, and the results may vary in field-scale applications or under harsh climatic conditions. Micro-
structural variability and potential long-term degradation behavior also require further exploration. Despite 
these limitations, the model presents a robust and replicable framework for eco-efficient concrete mix design.

4. CONCLUSIONS
The present investigation has demonstrated that integrating WFS and BA as partial replacements for fine aggre-
gate in concrete can significantly enhance both mechanical performance and durability characteristics, provided 
the proportions are optimally balanced. The observed improvements in compressive strength, tensile capac-
ity, and chloride resistance suggest that these industrial byproducts not only function as effective fillers but 
also contribute chemically through latent pozzolanic activity. Beyond performance enhancements, the findings 
underscore the potential of WFS and BA to promote sustainability in the construction sector by reducing reliance 
on natural sand and mitigating landfill waste. Importantly, the binary combinations of WFS and BA outper-
formed individual substitutions, revealing a synergistic interaction that improves microstructural density and 
durability. These insights position such blended mixes as viable alternatives for conventional concrete in both 
structural and exposure-prone environments. Future research should further explore the long-term performance 
under varied curing regimes and environmental stressors and investigate their compatibility with supplementary 
cementitious materials and chemical admixtures to advance the goal of greener and more resilient infrastructure.

In future investigations, the long-term performance of WFS and BA blended concrete under real 
environmental exposure may be examined. Additionally, LCA and embodied energy analysis may be conducted 
to evaluate economic feasibility of large-scale implementation. Microstructural modeling and simulation tools, 
including FEA, may be applied to predict damage propagation and service life performance. Furthermore, the 
influence of these waste materials on rheology, setting time, and shrinkage-induced cracking in high-perfor-
mance and self-compacting concretes could be studied to broaden practical applications.
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