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Abstract. This study aims to develop structural concrete with a lower environmental impact by implementing two strategies: reducing water and cement content through the use of a superplasticizer, and adding hydrated lime or calcium carbonate as fillers to compensate for reduced paste volume and enhance matrix density. Concrete mixtures were prepared with a 10% reduction in binder and water, incorporating either hydrated lime or calcium carbonate at replacement levels of 5% and 10% by weight of cement. Workability and compressive strength were evaluated to assess the performance of the concrete mixes. Results show that the use of a superplasticizer significantly improved both workability and compressive strength, despite the 10% reduction in water and cement content. The addition of hydrated lime or calcium carbonate as fillers reduced slump, with the effect more pronounced at higher filler contents. Hydrated lime replacement slightly decreased compressive strength due to its lower specific gravity and limited hydraulic reactivity, whereas calcium carbonate maintained comparable early-age strength through its filler effect but exhibited a decline in strength at 28 days.
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INTRODUCTION
Cement manufacturing is a major contributor to greenhouse gas emissions, accounting for approximately 7-8% of global emissions of carbon dioxide (1,2). A significant portion of these emissions arises during clinker production, where calcium carbonate is calcinated and converted to lime, the primary component of cement, and releasing carbon dioxide as a by-product (3). Nevertheless, the cement industry continues to grow, driven by increasing demand for new infrastructure and housing due to rapid urbanization and population growth in developed countries (2). World Cement Association indicate that global cement production could reach 8.2 billion tonnes by 2030 (4). Growing environmental concerns highlight the urgent need for the cement industry to adopt strategies that significantly reduce its harmful emissions.
To address these issues, a new concept of concrete has emerged, called green concrete, which designed to reduce environmental impacts by incorporating recycled and industrial by-products as partial replacements for cement or aggregates (5). It should also have enhanced durability, performance, and life cycle sustainability (6). Such mix designs are intended to conserve natural resources, decrease the carbon footprint linked to cement manufacturing, and minimize the environmental impact of concrete production (2). Another strategy to reduce cement content is the use of water-reducing admixtures, such as superplasticizer, which lower water demand while maintaining or improving concrete’s mechanical properties (7). 
Superplasticizer admixtures in cement-based materials can be applied either to improve workability at a given water-to-cement (w/c) ratio or to reduce water demand while maintaining a target workability (8). By lowering the w/c ratio while keeping the same level of workability, concrete can achieve significantly higher strength compared to mixes without superplasticizers (9).  Furthermore, at a constant w/c ratio, both water and cement contents can be reduced simultaneously without compromising fluidity or compressive strength. The reduced water and cement volumes can then be replaced with finely ground mineral fillers, thereby optimizing concrete density without compromising performance (10).
A filler is a finely ground material, typically with a particle size comparable to that of Portland cement, which can positively influence various properties of concrete, including workability, density, permeability, capillarity, bleeding, and resistance to cracking. While fillers are generally chemically inert, their performance is not diminished if they possess some hydraulic activity or participate in harmless reactions with the hydration products in the cement paste. Among the various types of fillers, calcium carbonate (CaCO₃) is widely recognized for its dual benefits: it improves matrix density through a physical filling effect and accelerates cement hydration via a nucleation mechanism (1). This process results in a denser microstructure, with CaCO₃ particles partially integrating into the calcium-silicate-hydrate (C-S-H) phase, thereby enhancing overall performance (11).
Another mineral filler worth noting is hydrated lime or Ca(OH)₂, which produced by hydrating quicklime derived from limestone. It is commonly used to accelerate the hydration of supplementary cementitious materials such as fly ash by supplying additional portlandite to the cementitious system (12,13). Studies have shown that hydrated lime can enhance both the compressive strength and durability of concrete when incorporated as a partial cement replacement or filler (14,15).
This study aims to evaluate the performance of environmentally friendly concrete through the reduction of water and cement content, along with the use of hydrated lime and calcium carbonate as fillers. Hydrated lime and calcium carbonate are employed to compensate for the reduced cement volume and to enhance concrete density. The evaluation is conducted through compressive strength and sulfate attack resistance testing. The results of this research are expected to contribute to the development of green concrete.
METHODS
This study aims to develop structural concrete with a lower environmental impact through two main strategies: (1) reducing the water and cement content in the concrete mix with the aid of a superplasticizer; and (2) incorporating hydrated lime and calcium carbonate as a filler to compensate for the reduced paste volume and enhance the density of the concrete matrix.
Composition of Concrete Mixtures
Based on the study by Ardiansyah et al. (2024), Sikament LN at a dosage of 1.0% by weight of cement can reduce water demand by up to 11.3%, while increasing compressive strength by 10.6% compared to reference concrete (Figure 1). Consequently, the cement content in the concrete mix can be reduced while still achieving the same compressive strength as the reference concrete. The concrete mixture in this study was designed based on these findings. Previous studies have shown that using 1% Sikament LN can reduce cement demand by up to 10% while maintaining the target compressive strength. The superplasticizer is used to lower water demand, which in turn reduces the water-to-cement (w/c) ratio. Subsequently, the cement content is decreased until the original w/c ratio is restored. The reduced cement paste volume is compensated by adjusting the proportions of aggregates (sand and crushed stone) to maintain the total volume of the mix. The concrete mix consistency is kept equivalent to that of conventional concrete. The compressive strength results of the concrete mix with reduced water and cement, and a w/c ratio of 0.52, are shown in Figure 1.

FIGURE 1. Compressive strength of concrete mixes with reduced water and cement volume

In this study, superplasticizer was used to reduce the water and cement content in the concrete mixture. All concrete mixes were designed with a constant water-to-cement (w/c) ratio of 0.5. The consistency of the mixture was maintained equivalent to that of conventional concrete. A superplasticizer at a dosage of 1% by weight of cement was applied to achieve a 10% reduction in both water and cement demand. The loss of paste volume due to cement reduction was compensated by the addition of mineral filler, specifically hydrated lime and calcium carbonate. The effect of each of the fillers was investigated by addition of 5% and 10% of the cement weight. The effect of each filler was investigated at replacement levels of 5% and 10% of the cement weight, considering that higher filler contents may reduce concrete strength, with 5% generally regarded as the recommended limit. The mix proportions used in this study are presented in Table 1.
TABLE 1. Composition of concrete mixture
	Mix Design
	Weight per m3 concrete
	CN
	CSP
	CSP-HL 5%
	CSP-HL 10%
	CSP-CC 5%
	CSP-CC 10%

	Cement
	kg
	432.0
	388.8
	388.8
	388.8
	388.8
	388.8

	Hydrated Lime
	kg
	0
	0
	21.6
	43.2
	0
	0

	Calcium Carbonate
	kg
	0
	0
	0
	0
	21.6
	43.2

	Water
	kg
	216.0
	194.4
	194.4
	194.4
	194.4
	194.4

	Superplasticizer
	kg
	0
	4.3
	4.3
	4.3
	4.3
	4.3

	Sand
	kg
	857.0
	889.4
	900.2
	878.6
	900.2
	878.6

	Gravel
	kg
	805.0
	837.4
	805.0
	805.0
	805.0
	805.0

	w/c
	[-]
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5

	Cement Reduction
	kg
	0
	43.2
	43.2
	43.2
	43.2
	43.2

	Water Reduction
	kg
	0
	21.6
	21.6
	21.6
	21.6
	21.6



The compressive strength test was conducted on cylindrical specimens measuring 150 × 300 mm in accordance with ASTM C39M. Prior to testing, the specimens were cured in water for 7 and 28 days. The compressive strength values were obtained from the average of three specimens for each mix variation.
RESULTS AND DISCUSSION
Figures, All mixes were designed to have a consistency corresponding to a slump value of 90–110 mm. As shown in Figure 2, the addition of hydrated lime and calcium carbonate as fillers in the concrete mixture caused a reduction in slump, with the effect becoming more pronounced at higher filler contents. However, except for mixes containing 10% CaCO₃, all other mixes successfully achieved the target slump. The slump reduction is likely due to the high specific surface area of hydrated lime, which absorbs more water. This finding is consistent with studies by (16) and (13), which reported an increased water demand in concrete mixtures containing hydrated lime to achieve the same consistency as conventional concrete.


FIGURE 2. Slump value of each concrete mix

In contrast, incorporating CaCO₃ into the concrete mix is generally expected to improve workability, as noted by (15). This can be attributed to the fineness of CaCO₃ powder, which is smaller than the particle size of OPC. Fine CaCO₃ particles can physically disperse cement flocs, thereby releasing more paste to lubricate the aggregates and improving workability. Therefore, determining the fineness of the filler is crucial to ensure that the intended filler effect is fully realized. Meanwhile, the CSP mixture, with water and cement contents 10% lower than the control mix, produced the highest workability. This result demonstrates the effectiveness of the superplasticizer in dispersing cement particles and releasing water trapped between their surfaces, thereby reducing the water requirement to achieve the desired consistency (17).


FIGURE 3. Compressive strength of each concrete mix

The results of the compressive strength test at 7 and 28 days for the three mixture variations are presented in Figure 7. All variations exhibited an increasing trend in compressive strength with longer curing periods. The CSP mixture, with a 10% reduction in both water and cement content, achieved the highest compressive strength, even surpassing the control mixture at both testing ages. This result indicates the significant influence of superplasticizer addition on concrete compressive strength. Simultaneously reducing water and cement content while maintaining a constant w/c ratio allows for compressive strength equal to or higher than that of concrete without admixture addition.
Meanwhile, the specimens with hydrated lime addition of 5% and 10% experienced 1.5% and 2.7% reduction in compressive strength, respectively, compared to the control specimens. Similar findings were reported by (18), who observed a tendency for compressive strength to decrease as the level of cement substitution with hydrated lime increased. This reduction can be attributed to the physical properties of hydrated lime, which has a lower specific gravity (approximately 2.3) compared to Portland cement (approximately 3.15). This means that for the same mass, hydrated lime produces a greater volume than cement (19). Consequently, although the paste volume increases, the amount of hydraulic material involved in forming calcium-silicate-hydrate (C-S-H) gel is reduced, which negatively affects the development of concrete compressive strength. 
Specimens containing 5% and 10% calcium carbonate achieved comparable compressive strength to the control mix at 7 days. However, at 28 days, their strength decreased by 4.3% and 2.8%, respectively. Similar findings were reported in (15), where concrete containing CaCO₃ showed higher early-age compressive strength than concrete without it, mainly due to its filler effect, which improves cement particle packing and hydration. CaCO₃ also reacts with the C₃A phase to form carboaluminates, enhancing early strength [8]. However, at 28 days, OPC concrete achieved higher strength, as the partial replacement of reactive cement with relatively inert CaCO₃ reduced long-term strength development due to its limited reactivity with cement hydrates.
CONCLUSION
This study aimed to evaluate the potential of reducing cement and water content in concrete by 10% through the use of a superplasticizer and to assess the effects of hydrated lime and calcium carbonate fillers on fresh and hardened properties. This study demonstrated that reducing water and cement content by 10% and incorporating hydrated lime or calcium carbonate as fillers can produce environmentally friendly concrete with acceptable workability and strength performance. The mixture that combined reduced binder content with a superplasticizer, achieved the highest workability and compressive strength at both 7 and 28 days, confirming the effectiveness of water-reducing admixtures in optimizing particle dispersion and hydration. Hydrated lime replacement at 5% and 10% slightly reduced compressive strength due to its lower specific gravity and lack of hydraulic reactivity, though the effect remained within a small margin. Calcium carbonate replacement yielded comparable early-age strength to the control, supported by its filler effect, but led to slight reductions at 28 days due to its inert nature in long-term hydration. The results indicate that careful selection and proportioning of fillers, combined with optimized admixture use, can offset reductions in cement content while maintaining or enhancing concrete performance, contributing to the development of more sustainable green concrete.
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