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Abstract 
The production of Portland cement is one of the major contributors to carbon emissions in the construction sector due to the high-temperature calcination process, which generates CO₂ emissions nearly equivalent to the mass of cement produced. This study aims to reduce the carbon footprint while managing steel industry waste by utilizing ferric oxide as a filler in the production of Glassfibre Reinforced Concrete. Ferric oxide waste, which is rich in Fe₂O₃, does not require a calcination process, thereby offering the potential to lower carbon emissions and support the implementation of circular economy principles. The ferric oxide waste used in this study was obtained from steel coating and thinning industries, specifically from the rolling process of steel sheets. Lumajang sand was employed as fine aggregate, with glass fibers added as reinforcement. This research applied a quantitative experimental approach. Preliminary material characterization included X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), Particle Size Distribution, sand gradation, and silt content analyses. The mix proportion used was a binder-to-aggregate ratio of 1:1 with a constant glass fiber content of 3%, while ferric oxide was substituted for cement at varying levels from 0% to 40%. Compressive strength, flexural strength, water absorption, dry density, and wet density tests were conducted. The results showed that the use of ferric oxide at an optimum substitution level produced Glassfibre Reinforced Concrete with superior mechanical performance compared to the control mix without ferric oxide. Water absorption and density values complied with the standards of the Glassfibre Reinforced Concrete Association International and the material exhibited a natural red hue that enhanced its aesthetic value. These findings confirm that ferric oxide has significant potential as an environmentally friendly cement substitute and can be widely implemented in sustainable construction industries.
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1. Introduction
Ferric oxide (FO) waste originates from steel coating and rolling industries, particularly from the hot rolling process of steel sheets. This waste is formed as a result of surface oxidation during the hot rolling stage, which converts semi-finished steel into final products. The rolling process operates at temperatures ranging from 800°C to 1200°C. The scale formed during this process must be thoroughly removed to prevent surface defects, corrosion on the final product, and wear on the rolling equipment. The removal of this scale is typically carried out through a process known as pickling, which involves immersing steel in aqueous acid solutions. Several inorganic acids such as hydrochloric acid, sulfuric acid, and hydrofluoric acid, or their mixtures, are commonly used for pickling, with hydrochloric acid being the preferred choice in the steel industry (Khanna et al., 2023). In Indonesia, steel production capacity reached approximately 13.67 million tons in 2020, potentially generating between 341,750 and 390,571 tons of mill scale waste (Nurjamana Fajar, 2019). According to Government Regulation No. 22 of 2021, Annex IX, mill scale originating from the smelting of iron or steel is classified as hazardous and toxic waste (B3) from specific sources, coded as B406 and categorized as hazard class 2. Mill scale primarily consists of iron oxides, including ferric oxide (Fe₂O₃). However, ferric oxide waste generated from the thinning process has not been specifically categorized under this classification.
Ferric oxide waste predominantly consists of Fe₂O₃, which contains the heavy metal element iron (Fe). According to Cahyono et al (2024), the solidification–stabilization method can be applied to reduce the leaching potential of heavy metals into the environment. This method treats liquid or semi-solid waste by converting it into a more stable solid form through the addition of binding materials such as cement, which react with contaminants in the waste to form a stable matrix that encapsulates hazardous components. Ferric oxide waste typically appears as fine powder with micrometer-sized particles. Its main component, ferric oxide (Fe₂O₃), primarily exists in the form of hematite (α-Fe₂O₃), which is the most thermodynamically stable phase with a hexagonal close-packed crystal structure. The iron content in this waste can reach approximately 97% (Pravana et al., 2017).  This powder is obtained from steel industry waste after removing impurities such as silica using concentrated HCl solution (Al Hadi, 2019).
Portland cement production is a major source of CO₂ emissions due to the calcination of limestone at approximately 1500°C. The amount of CO₂ released is nearly equivalent to the mass of cement produced, making Portland cement production environmentally unsustainable. One of the chemical constituents of Portland cement is ferric oxide (Fe₂O₃), which acts as a pigment and contributes to cement strength. However, the high CO₂ emissions associated with its production have raised environmental concerns (Irawan et al., 2015). Partial substitution of Portland cement with ferric oxide waste can significantly reduce CO₂ emissions since FO waste does not require calcination. This substitution not only lowers the carbon footprint of cement production but also enhances the aesthetic quality of concrete or mortar products by imparting a natural red hue. Thus, the use of FO waste as a partial cement substitute creates a more environmentally friendly material while providing added aesthetic value (Habibah et al., 2019).
Glassfibre Reinforced Concrete (GRC) is a composite material consisting of cement and sand reinforced with glass fibers. Generally, hardened cement-sand mixtures possess high compressive strength but limited flexural capacity. Conversely, glass fibers exhibit excellent tensile and flexural properties. The combination of these materials produces a composite that integrates the mechanical characteristics of the cement-sand matrix and glass fibers, resulting in improved compressive, flexural, and shear performance (Hendrawati et al., 2024). GRC products are widely used in interior applications such as partition panels and decorative elements, as well as in exterior applications including building façades, due to their high mechanical strength, relatively low weight, and weather resistance (Qorina et al., 2016). The partial substitution of Portland cement with ferric oxide (FO) is of great interest, as it not only reduces carbon emissions generated during cement production but also aligns with evidence showing that secondary cementitious material substitution can lower energy consumption and greenhouse gas (GHG) emissions by 1–94%, depending on the type and proportion of the substitute (Akintayo et al., 2023). The use of FO as a cement replacement effectively reduces clinker consumption—the primary contributor to CO₂ emissions in cement manufacturing. Furthermore, the natural red pigment of ferric oxide offers a distinctive aesthetic advantage in concrete or mortar products. The incorporation of iron oxide pigments has been shown to alter color without affecting the crystal structure or composition of cement (Okoh & Dim, 2024).
This study investigates the mechanical and physical properties of Glassfibre Reinforced Concrete (GRC) utilizing ferric oxide waste as a partial cement substitute. The objective of this research is to evaluate the influence of ferric oxide substitution levels on the compressive strength, flexural strength, and water absorption of GRC products in accordance with the standards established by the Glassfibre Reinforced Concrete Association International (2017).

2. Methods
[bookmark: _Toc205180522][bookmark: _Toc206432348]This study employed a quantitative method with an experimental approach. The materials used included ferric oxide waste obtained from a steel industry in East Java, which had an average particle size of 8 μm and a specific gravity in Saturated Surface Dry (SSD) condition of 2.475 g/cm³ (SNI 1969–2008). The cement used was Portland Composite Cement (PCC) with an average particle size of 3.4 μm.
Table 1. Results of Particle Size Distribution (PSD) Test of Ferric Oxide Waste and Portland Composite Cement (PCC)
	Sample Code
	Median (μm)
	Mean (μm)
	Modulus (μm)
	Absorbance
	Std Dev

	Fe2O3
	12,33
	8,016
	17,138
	0,035
	0,565

	
	11,694
	8,055
	17,138
	0,046
	0,521

	PCC Cement
	3,996
	3,465
	5,348
	0,233
	0,523

	
	3,985
	3,460
	5,348
	0,239
	0,522




Based on the particle size distribution (PSD) analysis, the ferric oxide waste had an average particle size of approximately 8 μm, which indicated its potential to provide a filler effect within the cement matrix. According to Taylor (1997), particles ranging from 1 to 100 μm could enhance packing density and reduce the porosity of the cement paste. Considering its particle size and physical characteristics, ferric oxide was considered to have the potential to partially replace cement as an additive material in concrete or mortar mixtures. This finding was consistent with the study conducted by  Yuwana and Purnomo (2022), who reported that finer particles played an important role in improving the density and strength of concrete materials, as smaller particles could occupy the voids between larger ones. This mechanism resulted in a denser and more homogeneous microstructure, thereby reducing air voids within the matrix and improving the interparticle bonding of concrete components.
The X-Ray Diffraction (XRD) analysis of the ferric oxide waste showed that it predominantly consisted of hematite (99.94 % Fe₂O₃), with minor traces of maghemite (0.01 % Fe₂O₃) and magnetite (Fe₃O₄). The XRD results for the ferric oxide waste are presented in Table 2.

               Table 2. X-Ray Diffraction (XRD) Results of Ferric Oxide (FO) Waste
	Cystal Name
	Chemical Formula
	Content %
Fe Oxide

	Magnetite
	Fe3O4
	0,05

	Maghemite
	Fe2O3
	0,01

	Hematite
	Fe2O3
	99,94
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          Figure 1. XRD Pattern of Ferric Oxide Waste

Figure 1. showed the intensity peaks at 20 angles of 24.15°, 33.15°, 35.61°, 40.85°, 49.46°, 54.06°, and 64.0°. These peaks corresponded to the main hematite peaks based on Joint Committee on Powder Diffraction Standards (JCPDS) No. 33-0664. The intensity peaks of magnetite (Fe₃O₄) were observed at around 62.48° according to JCPDS No. 19-0629, while the intensity peaks of maghemite (Fe₃O₄) appeared at approximately 57.2° based on JCPDS No. 39-1346. These results indicated that the hematite phase dominated the sample. According to Deepa et al. (2018), the presence of hematite in the cement mixture contributed significantly to the increase in density and compressive strength of concrete, as well as accelerating the hydration process. Magnetite exhibited high magnetism, facilitating the removal of impurities and producing high-quality concentrate (Budiman et al., 2015). Maghemite was strongly magnetic, stable, environmentally friendly, and suitable for use as a magnetic pigment (Rodliya, 2018).
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Figure 2. Gradation Curve of Lumajang Sand
Figure 2. showed the gradation curve of Lumajang sand that had passed through a No. 8 sieve, compared with the upper and lower limits of each gradation zone according to SNI 03-2834-2000. The analysis indicated that the particle size distribution of Lumajang sand predominantly fell within Zone 2 and approached the lower limit of Zone 1, with the cumulative passing percentage increasing sharply for sieve sizes between 0.3 mm and 1.18 mm. These results suggested that Lumajang sand had a suitable particle size distribution for use as fine aggregate in concrete mixtures, in accordance with the standard criteria. The gradation exhibited a transition between medium-graded and coarse-graded zones, which potentially enhanced workability and compressive strength when used in appropriate proportions. The SSD (saturated surface-dry) specific gravity of Lumajang sand was 2.841 g/cm³ (SNI 1969-2008), with a moisture content of 2.6% (SNI 1970-2008). The fineness modulus was 2.073 (ASTM C-33), and the sand contained 3.3% fines (ASTM C 117-95). E-glass fibers with a length of 3 cm and a high-range water reducer (HRWR) superplasticizer of polycarboxylate ether type (Sika Viscocrete® 3115N) were incorporated into the mix.			
The mix design referred to the guidelines from the Glassfibre Reinforced Concrete Association (GRCA, 2017), with a cement-to-aggregate ratio of 1:1 and a water-cement ratio (w/c) of 0.31. The variations of the mix design are presented in Table 3.
Table 3. Mix Design Proportions of Glassfibre Reinforced Concrete (GRC)
	Specimen Code
	Composition Ratio by Weight
	Superplasticizer (%) by Cement Weight
	Glass Fiber (%) by total mix weight

	
	Cement
	Ferric Oxide
	Lumajang Sand
	Water Cement Ratio
	
	

	FO0
	1
	0
	1
	0,31
	1,5
	3

	FO0,2
	0,8
	0,2
	1
	0,31
	1,5
	3

	FO0,3
	0,7
	0,3
	1
	0,31
	1,5
	3

	FO0,4
	0,6
	0,4
	1
	0,31
	1,5
	3



The compressive strength specimens without glass fibers were cast in cube molds measuring 5 × 5 × 5 cm and tested at the ages of 7 and 28 days, in accordance with ASTM C39. The flexural strength specimens were cast in molds measuring 62 × 46 × 1 cm. The curing process was carried out using the wet curing method for 28 days, following ASTM C945. After curing, the flexural strength specimens were cut into dimensions of 47 × 5 × 1 cm for testing in accordance with ASTM C1228-96. The flexural strength test was conducted at 28 days of age, following ASTM C947-03, while the water absorption test was performed based on ASTM C948-81. The dry and wet density tests were also carried out in accordance with ASTM C948-81.
3. Result and Discussion
3.1 Compressive Strength
This test aimed to analyze the effect of variations in the composition of constituent materials, particularly the proportion of ferric oxide waste used as a filler. The results of the compressive strength test for mixtures containing ferric oxide waste are presented in Figure 3
[image: ]
	Figure 3. Compressive Strength Graph of Ferric Oxide Waste

	Based on Figure 3, the compressive strength of the mortar decreased as the ferric oxide waste content increased. The highest compressive strength was obtained in the FO0 variation at 65.87 MPa, which then decreased to 55.87 MPa in the FO0.2 variation, and further declined to 39.73 MPa in both the FO0.3 and FO0.4 variations. Although a reduction was observed, all variations still exceeded the design strength value of 17.2 MPa. The test results indicated that the obtained compressive strength values surpassed the requirements of ASTM C270-80a, in which Type M mortar is required to have a minimum compressive strength of 175 kg/cm² (equivalent to 17.2 MPa). This type of mortar was classified as a high-strength mortar, commonly applied in reinforced brick wall construction, foundations, retaining walls, and sewer pipe masonry (Sihombing et al., 2019). Thus, the results indicated that all variations of GRC mixtures with the addition of ferric oxide waste still met the required compressive strength standards, making them suitable for use in both structural and non-structural construction applications. 
	The clay content in aggregates significantly influenced the compressive strength of concrete. A lower clay content in the aggregates generally resulted in higher concrete quality. Consequently, the increase in compressive strength was closely related to the reduction of clay content in the aggregates used. Based on the data, the compressive strength of concrete decreased as the proportion of ferric oxide used as a substitute increased. This phenomenon was attributed to the high Fe₂O₃ content in the waste, particularly when combined with high cement content. Fe₂O₃ contributed to the formation of C₄AF (tetracalcium aluminoferrite, 4CaO·Al₂O₃·Fe₂O₃), which did not adversely affect cement properties in moderate amounts. However, an excess of this compound potentially slowed the setting and hardening processes of concrete (Amalia, 2009). The reduction in compressive strength was also caused by the use of fine particles beyond the optimum level, which increased the mixture's porosity and decreased the matrix density, thereby directly reducing the mortar strength (Rasikbhai Thoriya et al., 2023).

3.2 Flexural Strength
This test aimed to analyze the effect of variations in the composition of the constituent materials, particularly the proportion of ferric oxide waste used as a filler. The results of the flexural strength tests with ferric oxide waste mixtures are presented in Figure 4.
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 Figure 4. Flexural Strength of Ferric Oxide Waste Mixtures

[bookmark: _Hlk204893225]Based on Figure 4, the flexural strength test results showed that the highest values were obtained for the FO0 and FO0.2 variations, both reaching 9 MPa. In the FO0.3 variation, the flexural strength decreased to 7.92 MPa, and in the FO0.4 variation, it further declined to 5.4 MPa. The results indicated that increasing the proportion of ferric oxide waste in the GRC mixture was generally accompanied by a reduction in flexural strength. In other words, the flexural strength of the concrete decreased as the proportion of ferric oxide waste increased. The study also showed that the addition of ferric oxide up to 20% (FO0.2) maintained a flexural strength comparable to the mixture without substitution (FO0), at 9 MPa. This indicated that the use of ferric oxide at this proportion did not significantly reduce the mechanical performance of the material. Therefore, the FO0.2 composition could be categorized as the optimum variation for producing GRC with high flexural strength while supporting sustainable utilization of industrial waste. 											The increase in flexural strength was attributed to the incorporation of glass fibers (fiberglass), which reinforced the internal structure of the concrete. The presence of glass powder in the mixture filled the pores within the concrete, resulting in a denser matrix. This densification positively affected the concrete's ability to withstand flexural loads (Wijaya & Sudjatmiko, 2023). The glass fibers acted as bridging elements between cracked concrete portions, further enhancing overall structural integrity. Additionally, the fibers functioned as micro-reinforcements within the concrete matrix, effectively minimizing the effects of non-uniform loading and external disturbances such as temperature and moisture variations (Kurniati, 2024). These findings were consistent with Utami & Cahyo (2022), who reported that in fiber-reinforced composite materials, applied loads were transferred and distributed from the matrix phase to the fibers, thereby improving the material's toughness. The presence of fiberglass also enhanced mechanical properties such as strength, stiffness, and durability without increasing the overall mass of the concrete. Overall, the addition of glass fibers contributed significantly to improving the mechanical performance of the concrete, particularly in resisting flexural loads and controlling crack propagation. The combination of glass powder and fibers not only increased matrix density but also improved internal cohesion, resulting in concrete with higher durability and toughness.

3.3 Water Absorption
This test aimed to analyze the effect of variations in the composition of constituent materials, particularly the proportion of ferric oxide waste used as a filler. According to the Glassfibre Reinforced Concrete Association International (2017), the water absorption value was between 5% and 11%. The results of the water absorption test for mixtures containing ferric oxide waste are presented in Figure 5.

[image: ]
Figure 5. Water Absorption of Ferric Oxide Waste Mixtures

Based on Figure 5, the water absorption test results showed that the water absorption values increased with the rising proportion of ferric oxide waste in the GRC mixtures. The FO0 variation exhibited a water absorption value of 5.2%, which increased to 6.7% in the FO0.2 mixture. In the FO0.3 variation, the water absorption reached 7.6%, while the FO0.4 mixture recorded the highest value of 9.3%. All measured water absorption values remained within the range specified by the Glassfibre Reinforced Concrete Association International (2017), which is between 5% and 11%. These results indicated that all mixture variations met the water absorption criteria required for Glassfibre Reinforced Concrete (GRC) materials. According to the standard, water absorption values within this range reflected a porosity and density level suitable for construction applications, both as lightweight structural elements and non-structural panels. Therefore, all GRC variations containing ferric oxide waste were considered acceptable from the water absorption perspective. The obtained values also suggested that the produced GRC possessed adequate durability against environmental influences, in accordance with quality standards.	The incorporation of high proportions of ferric oxide resulted in less homogeneous GRC mixtures with more porous structures, thereby increasing the material’s water absorption capacity (Pereira et al., 2011). The non-reactive nature of ferric oxide with cement hydration also contributed to limited formation of dense interparticle bonds, which are crucial for resisting water penetration into the matrix (Hassani & Kazemian, 2024). Consequently, increasing the proportion of ferric oxide as a partial cement replacement directly led to higher open porosity and weaker interparticle bonding, ultimately resulting in increased water absorption in both mortar and concrete structures. 


3.4 Dry and Wet Bulk Density
This test aimed to determine the bulk density of the material in both dry and wet conditions. The minimum values for dry and wet bulk density, according to the Glassfibre Reinforced Concrete Association International (2017), were 1800 kg/m³ and 2000 kg/m³, respectively. The results of the dry and wet bulk density tests for mixtures containing ferric oxide waste are presented in Figure 6.

[image: ]
[bookmark: _Hlk209880560]Figure 6. Dry and Wet Bulk Density of Ferric Oxide Waste Mixtures

Based on Figure 6, the dry bulk density test results showed a gradual decrease with changes in the material composition across each GRC mixture variation. The FO0 variation exhibited a dry bulk density of 2512 kg/m³, which decreased to 2166 kg/m³ in the FO0.2 mixture. Subsequently, the FO0.3 variation recorded a value of 2129 kg/m³, and the FO0.4 mixture reached the lowest value of 1907 kg/m³. All obtained values met the requirements of the Glassfibre Reinforced Concrete Association International (2017), which specified a minimum dry density of 1800 kg/m³. These results indicated that all mixture variations produced GRC with adequate dry density in accordance with the quality standards. The compliance with the dry density criteria suggested that the produced material possessed sufficient compactness and volumetric stability for construction applications, demonstrating that all mixtures met the applicable standard requirements.									Regarding wet bulk density, the results also showed a decreasing trend with increasing proportions of ferric oxide. The FO0 mixture exhibited a wet density of 2703 kg/m³, which decreased to 2341 kg/m³ for FO0.2, 2247 kg/m³ for FO0.3, and reached the lowest value of 2098 kg/m³ for FO0.4. According to the Glassfibre Reinforced Concrete Association International (2017), the minimum required wet density for GRC products was 2000 kg/m³. The test results indicated that all mixture variations met the minimum requirement. Therefore, all GRC mixtures satisfied the wet density criteria, making them suitable for various GRC elements that require strength, durability, and dimensional stability. These findings confirmed that the addition of ferric oxide contributed to an increase in both dry and wet bulk density. All tested variations remained within the range specified by the Glassfibre Reinforced Concrete Association International (2017), indicating that the produced material complied with the established standards. According to Taylor (1997), fine particles played an important role in enhancing the material's microstructure through a pore-filling mechanism, thereby increasing matrix density. The results also demonstrated a positive correlation between compressive strength and density, where an increase in compressive strength corresponded with higher material density. These findings were consistent with the study conducted by Iffat (2015), which reported that concrete with higher density tended to exhibit greater compressive strength due to reduced porosity and water absorption within the material structure.

3.5 Glassfibre Reinforced Concrete (GRC)
The figure 7 showed that the results indicated that the addition of ferric oxide (FO) waste significantly affected the compressive and flexural strength of the GRC. In the FO0 variation (control without FO waste), the compressive strength was 65.87 MPa with a flexural strength of 9.0 MPa. These values decreased progressively with the addition of FO, reaching 39.73 MPa for compressive strength and 5.4 MPa for flexural strength in the FO0.4 mixture. The sharpest reduction occurred in the FO0.3 and FO0.4 variations, where both mechanical parameters decreased by more than 30% compared to the control sample.	A positive correlation was observed between compressive and flexural strength: higher compressive strength was accompanied by higher flexural strength, and vice versa. However, the sensitivity of flexural strength reduction was more pronounced at FO0.3 and FO0.4 substitution levels, indicating that the material lost flexural toughness more readily than compressive strength when excessive FO was added.
[image: A red square with circles on it

AI-generated content may be incorrect.]
Figure 7. Glassfibre Reinforced Concrete (GRC) Products from Krawangan

The interrelation of the test results suggested that mechanical and physical parameters influenced each other. In general, increases in compressive and flexural strength corresponded with decreases in water absorption. Higher dry and wet density values indicated denser materials, although at high FO contents, this effect did not always enhance strength, as material density also played a role. The reduction in compressive strength was attributed to the formation of voids between particles or uneven distribution of fillers, weakening the material’s load-bearing capacity (Miah et al., 2020). The use of ferric oxide as partial cement replacement reduced the availability of active binding material, limiting the formation of hydration products, particularly C–S–H gel and portlandite, which reinforced the mortar structure. Consequently, compressive strength tended to decrease because the replacement material did not reactively contribute to the matrix (Hansu & Etli, 2025). The effectiveness of fillers in improving mechanical properties applied only up to a certain limit. Beyond the optimal dosage, excessive filler caused disturbances such as reduced active binder content, micro-cracking, and inhibited interaction among cement particles (Noori & Ibrahim, 2018).	The increase in flexural strength was attributed to the role of glass fibers as effective crack-bridging elements and the contribution of fine Fe₂O₃ particles as micro-fillers and C–S–H nucleation sites, which improved matrix density and strengthened the interfacial transition zone (ITZ). The synergy of these mechanisms enhanced flexural deformation, crack resistance, and toughness  (Jose et al., 2023). Factors contributing to reduced flexural strength included non-uniform dispersion of glass fibers during GRC casting, resulting in suboptimal fiber orientation, clumping, or ineffective fibers, thereby reducing flexural performance and crack resistance (Cheng et al., 2024).	The increase in water absorption in mortars or concrete containing FO as a filler was due to increased porosity and reduced structural density. High FO content made the mixtures less homogeneous and more porous, facilitating water penetration (Pereira et al., 2011). oreover, FO was non-reactive to cement hydration, limiting the formation of dense interparticle bonds required to resist water ingress (Hassani & Kazemian, 2024). Consequently, higher FO percentages as a partial cement replacement resulted in increased water absorption due to higher porosity and weaker interparticle bonding within the mortar or concrete matrix. This increase in density was accompanied by a rise in water absorption from 5.2% to 9.3%. 
This phenomenon indicated that although the total density increased, the open porosity also increased. The rise in open porosity was likely caused by agglomeration of ferric oxide particles at high contents, creating micro-voids between agglomerates and enhancing water absorption capacity (Wang et al., 2022). In other words, high density in this system did not fully represent reduced capillary voids, but rather reflected the increased material bulk density due to high ferric oxide content.		 
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Figure 7. Particle Size Distribution (PSD) of Ferric Oxide and PCC
The particle size distribution played a critical role in determining the mechanical and physical properties of GRC. The results showed that ferric oxide (FO) and PCC particles exhibited size variations capable of forming a more efficient packing density. Fine particles filled the voids between larger particles, thereby reducing the empty space within the matrix. This condition produced a denser microstructure and a stronger interfacial transition zone (ITZ), which enhanced flexural strength by making crack initiation more difficult and hindering crack propagation through a crack-bridging mechanism reinforced by glass fibers (Singh et al., 2021). The increase in packing density significantly influenced the mechanical properties of the composite material. Optimal packing density resulted in a particle distribution that maximized space-filling, reducing porosity. The reduction in porosity directly contributed to increases in compressive and flexural strength by improving stress transfer between particles and minimizing voids that could serve as crack initiation points (Mehta & Monteiro, 2014). Conversely, an imbalanced particle size distribution caused micro-voids to form, increasing porosity and decreasing interparticle bond efficiency, which was reflected in the decreased compressive and flexural strength of FO0.3 and FO0.4 mixtures. 
Furthermore, higher packing density also affected physical properties, particularly water absorption. A denser matrix reduced open pores and capillary transport pathways, resulting in significantly lower water absorption. Reduced porosity restricted water penetration, ultimately enhancing resistance against wet–dry cycle degradation. These findings aligned with Neville (2011), who emphasized a negative correlation between matrix density and water absorption, where fine fillers effectively reduced capillarity in the cement paste. The positive effects of well-distributed particles were also observed in dry and wet density. When voids between particles were optimally filled by a combination of large and small particles, the material’s bulk density increased. Higher dry density indicated a reduction in internal void volume, while higher wet density suggested that the material could better maintain structural integrity when saturated. These observations were consistent with Hansu dan Etli, (2025), who reported that improved packing density directly increased the bulk density of cementitious materials. Therefore, a strong correlation existed between particle size distribution, flexural strength, water absorption, and density through the packing density mechanism in the GRC matrix. 					However, higher porosity also enlarged capillary pathways, increasing water absorption (Wang et al., 2022). Data indicated that mixtures with excessive filler showed water absorption values up to 9.3%, reflecting increased open voids. Increased dry and wet density in mixtures with high PCC content did not necessarily correspond to improved mechanical strength, as the rise in density was primarily due to higher particle mass rather than reduced porosity. Therefore, achieving optimal packing density was key to obtaining the best mechanical properties while minimizing water absorption in the material (Taylor, 1997; Mindess et al., 2003).

4. Conclusions
This study demonstrated that ferric oxide waste could be utilized as a filler. An optimal composition of 20% produced Glassfibre Reinforced Concrete (GRC) with an average flexural strength of 9 MPa, which was higher compared to the mixture without ferric oxide substitution. All mixture variations met the requirements for water absorption as well as minimum dry and wet density indicating suitability for construction applications. However, increasing the ferric oxide content beyond 20% caused a significant reduction in compressive and flexural strength due to the formation of micro-voids and a decrease in the amount of active binder. The use of ferric oxide as a filler provided notable benefits by reducing cement demand, which is a major contributor to CO₂ emissions in the construction industry. Ferric oxide, containing stable and non-toxic Fe₂O₃, functioned as a micro-filler, enhancing matrix density up to a certain limit. Its application supported sustainable steel industry waste management and reduced the carbon footprint of construction materials, making it more environmentally friendly than pure cement. These findings highlighted the potential for implementing circular economy concepts in the construction sector while contributing to greenhouse gas emission reduction targets in infrastructure.
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