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Abstract: This study aims to assess the use of quarry sand (QS) as a substitute for natural sand (NS) in concrete production, with a focus on sustainability impacts arising from NS overexploitation. It also aims to determine the optimal substitution levels of QS from local industries around Nagpur, India, which were tested per Indian standards. The study examines the mechanical performance of concrete in terms of strength and durability, using QS as a replacement for NS at replacement proportions up to 60% in 15% increments. This research demonstrates the possibility of replacing NS with QS up to 45% in concrete without losing its mechanical and durability properties, turning concrete into a more sustainable product with fewer harmful effects on the environment. The importance of finding solutions to mitigate the negative impacts of sand scarcity, such as the destruction of natural ecosystems and illegal sand extraction, was another crucial outcome of the study. This study builds on prior studies by aiming to clarify the use of QS without any accompanying cementitious materials added to the mix. The study uses Response Surface Methodology (RSM) to determine the optimal values of the input factors for the mixtures. Results from regression analysis showed R² values of 0.9374 for compressive strength and 0.9813 for workability, which reflect the credibility of the model. Optimization carried out throughout the process yielded 0.9289, indicating a moderate desirability level.
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[bookmark: _Hlk196225360]1. Introduction
In a bid to address environmental challenges, the construction industry is always seeking technological innovations to supplement natural resources. The growing demand for construction has led to the depletion of natural sand (NS) worldwide. NS is an important part of concrete and mortar, and its use presents sustainability challenges. The excessive use of sand has negative environmental, social, and economic consequences. The global demand for sand has surged due to rapid urbanization and infrastructural growth. Between 1900 and 2010, the use of natural resources in construction increased significantly, with sand and gravel accounting for the largest share of these materials (Torres et al., 2017). Degradation of ecosystems, loss of biodiversity, and increasing pollution are only a few of the severe ecological issues caused by excessive sand mining from rivers and coastal areas (Martinent et al., 2022). Sand is often considered a common-pool resource, making it difficult to regulate its extraction and consumption. This has resulted in illegal sand mining and trade, exacerbating the scarcity issue (Torres et al., 2017, 2021). Addressing this issue requires developing new materials and eco-friendly strategies to mitigate the consequences of sand scarcity(Agrawal et al., 2023; Agrawal et al., 2024). The investigation into the properties of alternative sands as substitutes for natural sand in the construction sector is still developing, underscoring the need for further research to fully understand their performance and suitability across various construction applications(Boehme & Depoortere, 2019). This includes a comprehensive analysis of how these alternative sands compare to NS in terms of meeting the standards and specifications for road construction. There is a lack of extensive market research on the availability and economic viability of alternative sands derived from industrial residues, which presents a gap in understanding their potential impact on the construction industry and the feasibility of their widespread adoption as a replacement for natural sand (Bendixen et al, 2017; Mamaru, 2020; Sankh et al., 2014). One innovation is the substitution of NS with concrete sand or quarry sand (QS) (Mamaru, 2020). Several studies have been conducted to use QS as a fractional replacement for NS. Authors (Beniwal et al., 2024; Umar et al., 2025) revealed that the use of QS enhanced the mechanical properties of concrete. Another study on mortar (Guerbas et al., 2024) concluded that the incorporation of silica fume enhances the mechanical properties of concrete and that the use of QS and other industrial wastes can lead to a drop in workability. Tahir et al. (2024) conducted research on recycled aggregate and QS to produce sustainable concrete, and they found that the fractional replacement of NS with QS can be a viable solution, though with some limitations, including a drop in the durability and workability of altered concrete mixes. The mechanical properties of concrete were improved or provided the desired strength, with limitations on optimized substitution, a decline in durability and workability, and effects on gradation and water absorption(Deshan & Sampath, 2024; Jaradat, 2024; Lin, 2023; Yosri et al., 2024). 
Several past research studies on QS have yielded no explicit outcomes for direct use without supplementary cementitious material, nor for its optimization in concrete. This research evaluates the capability of QS as a reasonable replacement for NS to reduce ecological damage while preserving the mechanical strength and durability of concrete.
One of the main highlights of this study is the extensive use of Response Surface Methodology (RSM) to optimize the input factors. Optimization in concrete using RSM is key for improving the mechanical properties and sustainability of concrete mixtures (Baba et al., 2023; Bora et al., 2023a, 2023b). RSM provides a systematic approach to modeling and analyzing the effects of various input variables on concrete properties, enabling the identification of optimal mix proportions that maximize performance while minimizing costs and environmental impact (Haque et al., 2024; Li et al., 2023). This methodology is particularly valuable in the construction industry, where demand for high-performance, eco-friendly materials is increasing. The following sections detail the importance of optimization in concrete using RSM, supported by examples from recent research (Bheel et al., 2024; Patil et al., 2024).
2. Materials and Methodology
2.1. Materials
The research is conducted to optimize the replacement levels of QS as a partial substitution of NS. The materials are procured from the local industries near Nagpur. The design mix is conducted in accordance with Indian standards (10262, 2019). Ordinary Portland cement (OPC) is used in this study and tested as per IS 269 (269, 2015). The angular crushed aggregates of 10 mm and 20 mm, with a specific gravity of 2.74, were mixed in the specified proportions and used in the study. They were tested before use in concrete in accordance with Indian standards (IS 383:2016; IS 2386 Part 1:1963; IS 2386 Part 3:1963; IS 2386 Part 4:963). Particle size distribution NS and QS is conducted to check the similarity in gradation of QS as compared to the NS of zone II according to IS 2386 (IS 2386- Part 1, 1963). The results are depicted in Fig. 1. The physical and chemical properties of NS and QS are verified before the partial substitution of QS in concrete, and the results obtained are demonstrated in Table 1 and Table 2.
NS is replaced using QS, up to 60% with increments of 15%. The quantity for 1 m3 of concrete for each mix is listed in Table 3.
2.2. Experimental Process
After mix design for each concrete mix, casting, curing, and testing are carried out in accordance with the relevant standards (C138/C138M-13, 2013; IS 516, 2021; IS 1199-3, 2018; IS 5816, 1999). The concrete is cured for 28 and 56 days, and then it is tested for its mechanical properties. Fresh concrete is tested for workability and density. Workability is verified using the slump value, compaction factor, Vee-Bee test, and Flow time test. The water absorption and acid attack tests are performed to assess the durability of modified concrete mixes according to specific standards (1881–122, 2011; ASTM C1898, 2020). 
After determining the mechanical and durability properties, optimization is conducted to determine the maximum quantity of QS as a replacement for NS using Response Surface Methodology (RSM). The Central Composite Design (CCD) method of numerical analysis is selected for this study.

[bookmark: _Ref191974229][bookmark: _Ref191974219]Table 1. Physical Properties of Natural Sand and Quarry Sand
	Test Parameter
	Natural Sand
	Quarry Sand

	Specific Gravity(gm/cc) 
	2.54
	2.796

	Water Absorption in % 
	1.00
	2.456

	Fineness modulus 
	2.59
	3.075



[bookmark: _Ref191974252]

Table 2. Chemical Properties of Natural Sand and Quarry Sand
	Chemical Components
	Natural Sand
	Quarry Sand

	SiO2 
	76.93
	55.51

	Al2O3 
	11.07
	6.78

	Fe2O3 
	2.28
	6.79

	CaO 
	0.97
	12.30

	MgO 
	0.24
	5.89

	K2O 
	4.47
	0.06

	Na2O 
	2.34
	7.01
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[bookmark: _Ref191974337]Fig. 1. Particle Size Distribution for NS and QS

[bookmark: _Ref191975267][bookmark: _Ref191975263]Table 3. Quantity for Constituents of Concrete required in kg/m3
	Mix ID
	Cement
	CA
	NS
	QS
	Water

	M0
	565
	1125
	590
	0
	210

	M1
	565
	1125
	495
	95
	213

	M2
	565
	1125
	410
	192
	215

	M3
	565
	1125
	325
	290
	217

	M4
	565
	1125
	234
	385
	220


3. Results and Discussions
3.1. Properties of Fresh Concrete
The freshly cast concrete mixes are used to determine density according to ASTM (C138/C138M-13, 2013). The density of concrete increases with an increase in the amount of QS. As the specific gravity of QS is slightly higher than that of NS, this slight increase is observed in concrete mixes with QS. The density of fresh control concrete is 2470 kg/m3. The density for M4 mix is increased by 4.5%. The detailed results for the density variation are shown in Fig. 2.
The workability of all concrete mixes is evaluated using different methods, as QS has greater water absorption, which affects the water-cement ratio. The workability assessed in this study is without the use of any plasticizer or superplasticizer, as the actual effect can be observed. The workability of the control mix from the slump cone test is 130 mm, while the inclusion of QS in the concrete mix reduced it. The M4 mix showed a workability of 40 mm, with an almost 70% decline. Consequently, 23%, 38.5%, and 61.5% declines are noted for mixes M1, M2, and M3, respectively. A similar trend of decline in workability is observed in the compaction factor test, with the M4 compaction factor of 0.819 compared to 0.918 for the control mix. The flow test also showed results similar to those of the slump cone test and compaction factor test. The Vee Bee test showed that the time required increased from 8 seconds to 15 seconds after 60% fractional substitution of NS using QS. The results for all four tests are depicted in Fig. 3.
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[bookmark: _Ref192149665]Fig. 2. Variation in Density of Fresh Concrete Mixes 

[image: A graph of different sizes and shapes

AI-generated content may be incorrect.]
[bookmark: _Ref192159713]Fig. 3. Variation in Workability of Concrete Mixes
3.2. Hardened Properties of Concrete
After the curing period is complete, the concrete mixes are tested for hardened concrete properties. The compressive, flexural, and split tensile strengths were determined at 28 days and 56 days of curing, respectively.
3.2.1. Compressive Strength
The compressive strength of the concrete mixes is measured by following IS standards (IS 516, 2021) and is depicted in Fig. 4. The cubes of size 150 mm are tested for each mix. The compressive strength was increasing up to 30% substitution of NS with QS. Beyond it, the required compressive strength is achieved even after replacing 45% of NS using QS. The compressive strength of the M4 mix is reduced by 16% and 14% at 28 and 56 days, respectively, relative to the control mix. The greatest increase in strength is observed for the M2 mix, with a 7% increase at 28 and 56 days. To achieve the desired strength according to the mix design, the fractional switch of NS using QS can be possible up to 45%.
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[bookmark: _Ref192439719]Fig. 4. Variation in Compressive Strength for Concrete Mixes
3.2.2. Flexural Strength
Using IS 516 (IS 516, 2021), rectangular beams of size 100∙100∙500 mm were used to determine the flexural strength of each concrete mix. The beams were tested under two-point loading conditions. The results are shown in Fig. 5. The flexural strength increased by up to 45% substitution of NS, as mix M3 showed flexural strengths of 4.52 and 4.98 MPa at 28 and 56 days, respectively, compared with the control mix, which showed flexural strengths of 4.45 and 4.96 MPa. The highest flexural strength was obtained for mix M2, reaching 4.69 and 5.28 MPa (11% and 6.5% increase) after 28 and 56 days, respectively. The maximum decline is observed for mix M4 (15.9% and 13.9% compared to the control). As per IS 456 (IS 456:2000, 2000), the minimum tensile strength required for any concrete mix is 0.7 times the root of characteristic compressive strength, and  ccording to this, mix M3 showed the required flexural strength; hence, it can be obtained using 45% QS as a fractional switch of NS.
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[bookmark: _Ref192439698]Fig. 5. Variation in Flexural Strength for Concrete Mixes

3.2.3. Split Tensile Strength
Cylindrical specimens with a diameter of 150 mm and a diameter-to-height ratio of 1:2 were used to assess the split tensile strength of the concrete mixes as per IS standards (IS 516, 2021; IS 5816, 1999). The strength is computed for 28 and 56 days. The split tensile strengths for the control mix are 4.07 and 4.37 MPa. The maximum strength is obtained for mix M3 (4.46 and 4.94 MPa at 28 and 56 days, respectively), with an increase of 9.5% and 13% at 28 and 56 days, respectively, compared to the control mix. The obtained split tensile strength values are shown in Fig. 6.
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[bookmark: _Ref192441917]Fig. 6. Variation in Split Tensile Strength for Concrete Mixes
3.3. Durability Properties of Concrete
After assessing the hardened properties, the concrete samples were tested for durability, as this determines the structure's lifespan and the effect of weathering on the concrete mixes. The water absorption of concrete mixes was determined according to the British standard (1881–122, 2011), and the acid attack test was performed according to ASTM (ASTM C1898, 2020). Water absorption increases linearly with increasing QS content. The water absorption for the control mix is 1.38%, while the inclusion of QS resulted in 2.36%, 2.82%, 3.69%, and 4.83% for M1, M2, M3, and M4, respectively. Water absorption increases as the gradation and surface texture of QS affect the void ratio in the concrete mix and because QS tends to absorb water. The increase in water absorption because of the incorporation of QS is due to the angularity of the QS particle and its gradation, which ultimately affects the packing density of the concrete. Mitigating techniques, such as optimized particle packing and the use of water-reducing admixture, can be incorporated to reduce water absorption. The acid attack resistance of all concrete mixes was tested by immersing concrete cubes in a 2% H2SO4 solution. The results show a decrease in compressive strength when comparing the immersed specimens with their 28-day compressive strength. The reduction in concrete compressive strength with increasing QS varies. The reduction ratio is lower than that of the control concrete for all other mixes. The mixes M0 and M4 showed almost identical decreases in compressive strength. The durability properties of all concrete mixes are displayed in Fig. 7. The decline in compressive strength after acid attack is noted as 25.3%, 20.07%, 19.81%, and 25.07% for M0, M1, M2, M3, and M4 mixes, respectively.
Based on the acid attack resistance performance, the long-term durability of the modified concrete can be improved by incorporating QS as a fractional substitution for NS.
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[bookmark: _Ref192536805]Fig. 7. Variation in Durability Properties for Concrete Mixes
3.4. Optimization of QS Using Response Surface Methodology (RSM)
Analysis of Variance (ANOVA) statistics are applied to this study to check the optimized QS content prediction. The two-factor interaction model is fitted for this study, using the central composite design (CCD) method. The responses defined in this optimization process are compressive strength and workability, as compressive strength is the primary parameter for acceptance of any modified concrete mix, and workability results vary widely across the tests conducted in this study. The regression analysis showed R2 values of 0.9374 for compressive strength and 0.9813 for workability, indicating the model's validity (Agrawal et al., 2024; Warade Khalid et al., 2023). Table 4 presents the detailed results of the QS optimization against NS.
[bookmark: _Hlk192596257]Fig. 8 demonstrates the relation between predicted and actual values for compressive strength and workability. The desirability received from this optimization process is 0.9289 and is depicted in Fig. 9. The optimization process resulted in maximizing the use of QS with targeted compressive strength and maximum workability and is displayed as three-dimensional plots as shown in Fig. 10 and Fig. 11. The post-analysis confirmation obtained after numerical optimization suggested that 387.7 kg QS and 237.9 kg NS can be the optimized value for targeted compressive strength of 40 MPa and with maximum workability as 41 mm. The mechanical properties results also showed that 45% QS can be used as a substitute for NS. The validation of the post-analysis confirmation is shown using contours in Fig. 12.
[bookmark: _Ref192543224]Table 4. ANOVA for Compressive Strength and Workability
	Source
	Sum of Squares
	df
	Mean Square
	F-value
	p-value
	

	Model for Compressive Strength

	Model
	447.68
	3
	149.23
	44.91
	< 0.0001
	significant

	A-QS
	23.55
	1
	23.55
	7.09
	0.0260
	

	B-NS
	15.01
	1
	15.01
	4.52
	0.0625
	

	AB
	34.83
	1
	34.83
	10.48
	0.0102
	

	Residual
	29.90
	9
	3.32
	
	
	

	Cor Total
	477.58
	12
	
	
	
	

	Std. Dev.
	1.82
	
	R²
	0.9374
	
	

	Mean
	39.80
	
	Adjusted R²
	0.9165
	
	

	C.V. %
	4.58
	
	Predicted R²
	0.6723
	
	

	
	
	
	Adeq Precision
	19.4047
	
	

	Model for Workability

	Model
	14425.54
	3
	4808.51
	157.24
	< 0.0001
	significant

	A-QS
	38.34
	1
	38.34
	1.25
	0.2918
	

	B-NS
	1.16
	1
	1.16
	0.0378
	0.8502
	

	AB
	651.66
	1
	651.66
	21.31
	0.0013
	

	Residual
	275.23
	9
	30.58
	
	
	

	Cor Total
	14700.77
	12
	
	
	
	

	Std. Dev.
	5.53
	
	R²
	0.9813
	
	

	Mean
	65.69
	
	Adjusted R²
	0.9750
	
	

	C.V. %
	8.42
	
	Predicted R²
	0.9441
	
	

	
	
	
	Adeq Precision
	34.9314
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[bookmark: _Ref192544436]Fig. 8. Predicted Versus Actual Results for (a) Compressive Strength and (b) Workability
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[bookmark: _Ref192544447]Fig. 9. Desirability for Compressive Strength and Workability
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Fig. 10. Three-Dimensional Surface Plot for Compressive Strength
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Fig. 11. Three-Dimensional Surface Plot for Workability
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Fig. 12. Validation of Study for Compressive Strength and Workability
4. Conclusions
· A marginal increase in the density of fresh concrete is observed after the inclusion of QS in the concrete mix. This shows that the concrete's weight after the addition of QS is slightly higher. 
· The four workability tests showed that the addition of QS reduced concrete workability by almost 70%, so it is recommended to use an appropriate superplasticizer along with QS to maintain concrete workability. 
· The compressive strength of modified concrete mixes is enhanced with the incorporation of QS up to 30%, while the M3 mix showed a strength almost equal to the characteristic compressive strength assumed in the study. The results showed that the use of QS can be a viable solution for sustainable construction, as 45% substitution of NS can be achieved without compromising compressive strength. 
· The flexural and split tensile strengths are found to increase with an increase in the amount of QS. From these results, it can be concluded that a 45% replacement of NS with QS is feasible. 
· The inclusion of QS slightly increased the water absorption of concrete mixes, which can be controlled by using additives to make construction activities more sustainable. The acid attack resistance capacity is found to be better for the modified concrete mixes than the control mix. 
· The optimization carried out using RSM showed that QS at 237.9 kg and NS at 387.7 kg can be used to prepare a sustainable concrete mix, confirming that 45% substitution of NS with QS is possible without compromising mechanical and durability properties. 
Overall, the study concludes that QS can be considered an alternative to NS, with partial replacement up to 45%, as the mechanical characteristics of compressive and tensile strength are found to be enhanced. This represents significant environmental benefits, including reduced riverbed mining and ecosystem preservation, as well as the potential economic advantage of QS's lower cost compared to NS's fluctuating prices.
This study is performed without using any superplasticizer to examine the intrinsic effect of QS on concrete, which limits its direct field applicability; however, the actual results obtained for the effect of QS on concrete can pave the way for further research with superplasticizers. The research should also explore the use of QS, along with supplementary cementitious materials such as silica fume, ground granulated blast slag, etc. A life cycle assessment can be performed to quantify the environmental benefits of partially replacing NS with QS.
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