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The increasing demand for sustainable concrete has encouraged the use of recycled aggregates (RA), though their limited performance under elevated temperatures remains a key challenge. This study explores the use of supplementary cementitious materials (SCMs) to improve the thermal resistance of recycled aggregate concrete (RAC). Three concrete mixes containing 0%, 25%, and 50% RA were exposed to temperatures up to 600°C. The effects of incorporating 15% silica fume (SF) and 30% fly ash (FA) on residual compressive and tensile strengths were evaluated. Response Surface Methodology (RSM) was employed for experimental design and optimization, while analysis of variance (ANOVA) confirmed the statistical significance of key influencing factors, including temperature and SCM content. Results showed that SCMs improved tensile strength by up to 12% in RAC25 and helped retain strength at elevated temperatures, despite some reduction in compressive strength due to thermal stress. Among all mixes, RAC25 with SCMs showed the most balanced performance. The study highlights the potential of combining SCMs with RSM-based optimization to enhance the fire resistance of RAC. These findings contribute to the development of more durable, eco-efficient concrete materials, particularly for fire-prone or high-temperature environments, and support the advancement of sustainable construction practices.
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1 INTRODUCTION
Concrete waste, commonly referred to as construction and demolition (C&D) waste, constitutes a substantial portion of industry-generated waste. Its accumulation poses environmental concerns due to the unsustainable use of construction materials (see Figure 1) (Ashraf et al., 2022). Globally, more than 3 billion tons of C&D waste is generated every year. China, India, and the United States collectively produce over 2 billion tons annually (Sahoo et al., 2024; Agamuthu and Babel, 2023). China consumed 100 years of USA cement usage in just 2 years, resulting in 818 million metric tons of CO2 emissions from concrete alone (China uses as much cement, 2024). Recycling concrete waste as aggregates and reusing it to make new concrete is crucial due to the benefits and potential for resource conservation (Villagrán-Zaccardi et al., 2022). Recycled Aggregate Concrete (RAC) represents a notable innovation in the global construction industry. It involves incorporating recycled aggregates into concrete, thereby reducing the demand for natural resources and promoting the sustainable management of construction and demolition waste. In countries such as Qatar and the United Arab Emirates (UAE), where natural aggregate sources are limited, there is a growing reliance on imported materials or the extraction of mineral aggregates from the seafloor (Torres et al., 2021). Proper waste management could lead to significant energy savings through supplementing aggregates with C&D waste, leading to cost savings (Bao, 2023; Asif et al., 2024a; Asif et al., 2024b). Using recycled aggregates in concrete contributes to sustainability and waste reduction. However, their application is limited due to inferior properties such as higher porosity, greater water absorption, and weak interfacial transition zones (ITZ), which negatively affect strength and durability (Kwa et al., 2012).
[image: Bar chart illustrating the percentage of construction and demolition (C&D) waste out of total solid waste. Japan is at 16%, Germany 19%, USA 29%, EU 30%, Egypt 33%, China 35%, Hong Kong 38%, Australia 48%, UK 50%, Brazil 63%, Spain 70%, and UAE 75%.]FIGURE 1 | Percentage of construction and demolition waste with the total waste generated in different countries (Alsheyab, 2022).Li and Wong (2024), Fanijo et al. (2023) research has shown that recycled aggregate-based concrete is generally weaker than traditional concrete, but it still meets the necessary strength requirements for construction. RAC has achieved compressive strengths of 25–30 MPa, making it suitable for various structural applications. RAC’s behavior under elevated temperatures is of particular interest due to increasing concerns over fire safety in concrete structures (Kodur, 2000). However, RAC tends to exhibit more pronounced degradation under high-temperature exposure compared to natural aggregate concrete (NAC), primarily due to weak ITZs, residual mortar content, and microcracks (Khan et al., 2025a; Pereiro-Barceló et al., 2024).
Recent research has increasingly focused on the thermal behavior of concrete under elevated temperatures, particularly regarding degradation mechanisms and the residual performance of recycled aggregate concrete (RAC). Exposure to high temperatures leads to strength loss, increased porosity, and microcracking due to dehydration of the cement matrix and decomposition of calcium hydroxide (Cao et al., 2024). RAC, in particular, is more susceptible to these effects due to its weaker interfacial transition zones (ITZs) and the presence of pre-existing microcracks (Ahmed et al., 2022). As per (Ahmed et al., 2022; Dahish et al., 2023), RAC’s thermal performance is similar to that of conventional concrete in terms of its thermal properties. The study concluded that even when exposed to temperatures up to 600°C, RAC was able to retain approximately 60% of its original compressive strength and structural integrity. In a 2023 study, RAC incorporating GGBS retained significantly higher strength compared to control mixes, maintaining 17 MPa after exposure to 600°C, and as low as 7 MPa at 800°C. Furthermore, a study demonstrated that RAC-filled steel-tubular columns performed better under fire compared to traditional NAC columns, showing slower heat penetration and improved fire endurance (Dong et al., 2014). Mineral admixtures like bentonite clay have been found to improve high-temperature resistance and densify the cement matrix, thereby reducing crack propagation and permeability (Khan et al., 2025b).
When normal fineness silica fume (SF) and fly ash (FA) are added to concrete, they may initially reduce its strength. However, in the long term, they provide benefits such as improved strength and durability, enhanced workability, reduced permeability and porosity, and reduced expansion due to alkali-silica reactivity (Ahmad et al., 2023; Asif et al., 2024c). Bentonite clay, silica fume (SF), fly ash, and ground granulated blast furnace slag (GGBS) have been widely utilized as supplementary cementitious materials in Portland cement concrete and blended cements. Among these, metakaolin (MK) and silica fume are particularly effective in enhancing the mechanical strength and durability of concrete due to their high pozzolanic reactivity (Devarangadi et al., 2024; Singh et al., 2023). The use of SF as a partial replacement for regular Portland cement results in a denser matrix, enhancing the strength and durability of concrete and extending the service life of concrete structures. To further understand the thermal behavior of RAC enhanced with SCMs, a multiscale analytical approach is recommended.
Concrete is a heterogeneous composite material whose behavior under thermal and mechanical loads is influenced by interactions occurring at multiple scales. According to Stukhlyak (Stukhlyak et al., 2015), a comprehensive understanding of composite materials such as concrete can be achieved through multiscale analysis at macro-, meso-, and microlevels. In the context of recycled aggregate concrete exposed to elevated temperatures, such an approach is essential to evaluate the complex interactions between the cement matrix, aggregates, and pozzolanic materials. This multiscale framework aids in identifying degradation mechanisms and optimizing concrete formulations for fire resilience. This multiscale perspective is particularly important when optimizing the material composition for durability and performance. Additionally, multi-scale homogenization techniques like those by Pelissou et al. (2009), Gitman et al. (2007) offer numerical and statistical tools for linking microstructural features to the overall mechanical response, allowing for a better theoretical understanding of concrete’s behavior at elevated temperatures.
To validate these properties, Response Surface Methodology (RSM) is utilized, which is a useful statistical tool that can be used to optimize concrete mix designs. RSM enables researchers to model the relationships between different mix components and their impact on the desired properties of the concrete (Abdullah et al., 2024). This approach enables the determination of the best mix proportions while maintaining or enhancing critical performance metrics like compressive strength, flexural strength, and durability (Adamu et al., 2022). In recent years, RSM has been increasingly utilized in the optimization of concrete mixes, demonstrating its effectiveness in improving material performance across a range of applications (DeRousseau et al., 2018; Mandal et al., 2024). Experiments were conducted using Response Surface Methodology to explore the relationship between compressive and tensile strength responses and variables, including mix design, temperature, and pozzolanic component concentration. RSM is widely used in the cement and concrete industries to improve the elements (independent variables) that affect the trial outcomes (dependent variables/responses). Using ANOVA, each factor’s contribution, mutual interaction, and influence on the experiment’s outcomes are carefully evaluated (Reji and Kumar, 2022).
Several studies have shown that incorporating SCMs like fly ash, silica fume, and GGBS into RAC improves strength and durability, but they focus only on normal temperature conditions. Kou and Poon (2009) found significant strength enhancements, while (Gonzalez-Corom et al., 2014) reported improved durability. Nguyen (2024), Rakshvir and Barai (2006) observed similar improvements in compressive strength and elastic modulus. However, these studies did not explore high-temperature performance, which is the focus of this research.
This study aims to fill this gap by focusing on evaluating SCM-based RAC performance at elevated temperatures due to the time-intensive nature of experimental testing for optimization. Therefore, this research investigated the high-temperature performance of SCM-based RAC, using experimental testing and RSM for efficient optimization, contributing to enhanced concrete sustainability and fire resistance.
2 MATERIALS
This section presents the materials used in the research study and its various experimental procedures and methods.
2.1 Binder
Ordinary Portland Cement (OPC) with a 3140 kg/m3 density was utilized as a binder. The cement conforms to ASTM C150 (C150 standard specification for Portland cement, 2024). The physical properties of the cement are presented in Table 1.
TABLE 1 | Physical Properties and conforming to ASTM standards of cement.	Items	Properties	ASTM standards
	Specific gravity (g/cm3)	3.14	(ASTM-C 188)
	Initial Setting (minutes)	146	(ASTM-C 191)
	Final Setting (minutes)	232	(ASTM-C 191)
	Consistency (%)	28	(ASTM-C 187)
	Blain Fineness (m2/kg)	301	(ASTM-C204)
	Average Particle Diameter (µm)	˂31	(ASTM-C 204)
	28 days Compressive Strength (MPa)	45	(ASTM C 150)


2.2 Aggregates
Sand with a fineness modulus of 2.62 from a local source as fine aggregate. Normal-weight crushed minerals were used as coarse aggregate. Recycled aggregates were made by crushing tested concrete cylinders at the National University of Sciences and Technology (NUST) concrete laboratory. The maximum size of both recycled and natural aggregates was 24 mm. We formed two fractions of recycled coarse aggregates. The first fraction had sizes of (5–15) mm, and the other had a particle size of (15–24) mm. They were mixed in a 3:2 ratio. We conducted this with the idea that adding smaller coarse aggregates to high-quality mixes would enhance the concrete’s mechanical strength by reducing the interfacial transition zone. Standard tests were executed to assess the natural aggregates and recycled aggregates’ physical properties. Table 2 shows the results of these tests. Sieve analysis was conducted for both aggregates according to ASTM C33-16 (C33/C33M standard specification for concrete aggregates, 2024). Figure 2 shows the gradation of aggregates.
TABLE 2 | Coarse and Fine Aggregates Physical properties.	Physical properties	Natural coarse
Aggregate	Recycled coarse
Aggregate	Fine
Aggregate
	Specific Gravity	2.55	2.49	2.41
	Absorption, (%)	1.39	5.7	1.21
	Bulk Density, (kg/m3)	1729.1	1406.9	1810.4
	Abrasion Value, %	14.6	24.07	-
	Fineness Modulus	2.14	2.39	2.62


[image: Line graph titled "Gradation Curve of Aggregates" showing percentage passing versus sieve size in millimeters. The graph includes four lines: Natural Aggregates (blue), ASTM lower limit (red), ASTM upper limit (black), and Recycled Aggregates (yellow). The lines plot sieve sizes from 4 to 40 mm, with percentage passing ranging from 0 to 100%. Each line shows a different pattern of aggregate distribution, with ASTM limits creating a range within which the other aggregates are compared.]FIGURE 2 | Particle size distribution of aggregates and their ASTM limits.2.3 Chemical admixture
The concrete mixes were produced using a chemical admixture based on polycarboxylates. This resulted in concrete with enhanced slump retention, reduced water usage, and increased strength development. Due to the elevated water absorption of recycled aggregate, a substantial decrease in water content was required. In this study, Sika® ViscoCrete-3110 was utilized as a superplasticizer to achieve the desired properties in the concrete mixture. Sika® ViscoCrete-3110 meets the requirements of ASTM C494C/494M.
2.4 Fly ash (FA) and silica fume (SF)
FA was incorporated into the concrete mixture as an ingredient. It consists of finely ground and reactive silica, which offers significant benefits such as improved internal cohesion and enhanced fluid retention. It primarily contains alumina silicate pozzolan and resembles a fine grey powder, with a specific gravity of 2.2. Additionally, a compact form of SF with a high bulk density of 660 kg/m3 was utilized in the study. This densified silica fume exhibits a superior microstructure due to its high density and average particle size.
2.5 Methods
This experimental research examined the behavior of RAC incorporating SCMs under moderate and high temperatures. The study consisted of two phases. In the first phase, the mechanical and physical properties of RAC with 25% and 50% recycled aggregate were examined and compared with NAC in terms of high-temperature behavior. The RAC mixtures were labeled as RAC25 and RAC50, representing the percentage of recycled aggregates used in replacement. In the second phase, a standard concrete mixture with recycled aggregates was used as a baseline, and FA and SF were added to separate batches. The concrete samples were then exposed to 25–600°C.
Following the ACI mixture design 211.4, the mixture proportions were determined through laboratory trials. Details of the mixture proportions and laboratory conditions can be found in Table 3. NAC was employed as a control specimen. The research schematic diagram is depicted in Figure 3. The study set out to compare and draw conclusions from these comparative analyses.
TABLE 3 | Trial mix proportions.	Component	NAC	RAC 25%	RAC 50%	RAC 25% + FA	RAC 25% + SF
	Cement (kg/m3)	279	279	279	236	195
	Fly Ash (FA) (kg/m3)	–	–	–	42	–
	Silica Fume (SF) (kg/m3)	–	–	–	–	84
	Recycled aggregate (kg/m3)	0	299	598	299	299
	Coarse aggregate (kg/m3)	1197	897	598	897	897
	Fine aggregate (kg/m3)	790	790	790	790	790
	Water Content (kg/m3)	134	134	134	134	134
	w/c Ratio	0.48	0.48	0.48	0.48	0.48
	Superplasticizer (kg/m3)	2.78	2.78	2.78	2.78	2.78


[image: Flowchart depicting the study of recycled aggregate concrete (RAC) in two phases. Phase 1 involves RAC-00, RAC-25, and RAC-50. Phase 2 evaluates optimum RAC-25 with fly ash and silica fume. The process involves statistical modeling and ANOVA analysis RSM modeling, leading to mechanical properties evaluation.]FIGURE 3 | Schematic diagram of research experimental methodology.2.6 Specimen casting and curing
Recycled aggregates were first oven-dried and then soaked in water for 24 h to account for their high water absorption. The amount of absorbed water was added to the mixing water. A vertical drum mixer was used to combine all the proportioned ingredients. Cylindrical specimens (15 cm in diameter and 30 cm in height) were fabricated to determine compressive strength, tensile strength, and fracture properties of the studied concretes. After pouring, the specimens were left in molds for 24 h before being demolded and water-cured for 28 days at an average temperature of 23°C. Tests were conducted in accordance with ASTM C192/C192M-19. In total, 5 batches of concrete were made for each temperature variation, resulting in a total of 90 concrete cylinders.
2.7 Tests description
Uniaxial compression tests were conducted on all mixtures using a servo-hydraulic universal testing machine with a capacity of 1200 kN, following 28 days of curing at ambient temperature. Additionally, a split cylinder tensile strength test was carried out on mixtures at 28 days to ascertain their tensile capacity. The tests were conducted following the specified standard procedures outlined in ASTM C39/C39M-18.
2.8 Fire loading characteristics
In this study, the furnace’s heating rate was controlled to prevent significant thermal gradients and reduce the risk of high-temperature differentials that could result in spalling. A general guideline of standard procedure by ASTM E119 was followed. A slow, uniform heating rate of 5°C/min was employed to ensure that the temperature rise within the specimens was gradual and that tensile stresses were minimized. Even though the furnace temperature increases at a faster rate than the cylinder’s surface and core temperatures, the slow heating rate allowed for better uniformity between the furnace environment and the samples.
Specifically, two type-K thermocouples were embedded in each specimen—one at the core and one at the surface—to monitor internal and external temperatures during heating, as recommended by ISO 834. This setup allowed for accurate tracking of thermal gradients and ensured uniform temperature exposure throughout the specimens.
Additionally, to ensure that the specimens were subjected to consistent thermal conditions, the cylinders were placed centrally inside the electric furnace. The furnace temperature was allowed to stabilize before each cycle, and the heating process was controlled to allow the core temperature to reach the target temperatures (300°C and 600°C) without significant thermal gradients. A hold time of 2 h was provided once the core reached 300°C, and 3.5 h for the core to reach 600°C. These measures ensured that all specimens experienced controlled and uniform thermal conditions throughout the heating process.
After heating to the target temperature, all specimens were cooled in still air under ambient laboratory conditions (approximately 23°C ± 2°C). This air cooling method was selected to reflect a gradual, realistic post-fire scenario and to avoid inducing thermal shock, which may occur in water quenching. The cooling process continued until specimens reached room temperature before testing was conducted.
2.9 RSM-based design of experiment
Response Surface Methodology, or RSM, is a statistical method that is frequently applied to the planning, evaluation, improvement, and verification of experimental data. The design of experiments, the creation of statistical models, and the analysis of the relationships between independent variables (causes) and dependent variables (responses) are often used in the concrete. Design Expert 13.0 software was utilized in this study to apply the Optimal Custom Design (OCD) technique for designing trials and identifying analytic components. Optimal Custom Design was selected to minimize the number of runs while ensuring efficient estimation of main effects, interaction terms, and quadratic effects. This method allowed the inclusion of practical constraints on factor levels, ensuring that no unfeasible or overly dense mix proportions were tested. Compressive strength, tensile strength, were the responses taken into account in this experiment, while temperature and RAC quantities influenced factors. The mechanical properties, including compressive and tensile strength, were statistically analyzed using RSM. A polynomial equation of second degree was utilized to anticipate the solutions to the linear and quadratic polynomial equation models that were offered to forecast the strength properties of concrete. The simplified equation for the expected model that was used is shown in Equation 1.
Y=C+A1X1+A2X2+A3X12+A4X22+A5X1*X2(1)
In the equation, X1 and X2 represent the independent variables, which stand for temperature and %RAC, respectively. C is the constant of interception, while A1 through A5 are coefficients. Y represents the response obtained from the experimental data, which includes compressive strength and tensile strength. After selecting components at both low and high levels, a design for 54 experimental runs was created. To ensure the reliability of the experiment’s design and analysis, the key points were replicated five times. The relevant slots in the design expert software were filled using experimental data for compressive and tensile strength. The %RAC and temperature components were then analyzed, modeled, and optimized.
An ANOVA was conducted to assess the model’s performance. The fittingness of the regression models was assessed using the ANOVA’s F-value, p-value, and lack-of-fit metrics. Additionally, the design expert software generates a 3D graphical model to demonstrate how different elements influence the selected response according to the suggested model.
Based on different design factors, the coded equation was developed based on D-optimality criteria to ensure efficient model estimation within the specified factor ranges. Making different variables (like °C and %) comparable and improving the numerical stability of regression models.
xi=xi−xo∆X(2)
Where:
	Xi is coded value of the factor (used in regression models)
	xi Actual experimental value (e.g., RAC = 25%)
	xo Centre point of the factor range (average of low and high levels)
	ΔX Step change or half the range of the factor

3 RESULTS AND DISCUSSIONS
3.1 Compressive strength
The average compressive strength of all the concrete mixes is depicted in Figure 4. The 28-days strength of NAC achieved at room temperature was approximately 32 MPa. When the samples were heated to 300°C, there was a 16% decrease in strength, which further declined sharply to more than 50% of residual strength at 600°C. Compared to NAC, concrete with 25% and 50% recycled aggregates decreased compressive strength by 10%–30% at 23°C. However, at 300°C, RAC25 showed a significantly lower decline in strength, with only a 1% reduction compared to ambient temperature. Similar findings were observed for RAC50. At 600°C, RAC25 experienced a 28% loss of strength, while RAC50 exhibited a 60% decline. These results indicate that concrete specimens with recycled aggregates were less susceptible to strength loss at high temperatures. Test results for RAC25 were more similar to NAC across all temperature ranges. Consequently, RAC25 was chosen as the new baseline before adding SCMs to the concrete.
[image: Bar chart showing compressive strength (MPa) at temperatures 23°C, 300°C, and 600°C for three materials: RCA-00, RCA-25, and RCA-50. RCA-00 shows 32, 27, and 18 MPa; RCA-25 shows 30, 27, and 21 MPa; RCA-50 shows 22, 18, and 13 MPa.]FIGURE 4 | Compressive strength of RAC at different temperatures.Previous research has demonstrated that adding 30% FA (Amrutha et al., 2011; Khan et al., 2020; Abdelmelek and Lubloy, 2022) and 15% SF (Wang et al., 2020; Nkanpa Moffo et al., 2023) into concrete mixes enhances their properties. These material proportions were utilized to enhance the mechanical characteristics of RAC25 in this study and to explore the feasibility of using pozzolanic materials as a sustainable substitute for conventional cement in recycled aggregate concrete. As shown in Figure 5, when combining RCA25 with 30% FA, the compressive strength at room temperature was 30.78 MPa, surpassing the strength of RCA25 alone by 1.25 MPa. However, at temperatures of 300°C and 600°C, compressive strength decreased to 26.33 MPa and 21.17 MPa, respectively. Similarly, adding the optimal amount of SF into RAC resulted in significant improvements. At room temperature, the compressive strength reached 33.23 MPa, exceeding the strength of RCA25 by 4.14 MPa and NAC by 1.38 MPa. When exposed to temperatures of 300°C and 600°C, the strength was 28.81 MPa and higher than that of RCA25. Recent studies have also highlighted that the incorporation of supplementary materials like FA and SF can enhance the thermal resilience of cementitious composites by refining the pore structure and improving the microstructural integrity of the matrix and ITZ at elevated temperatures (He et al., 2024; He and Lu, 2024a). These findings demonstrate the significant improvement in concrete properties achieved by adding FA and SF at normal and high temperatures.
[image: Bar chart showing the compressive strength of different materials at varying temperatures: at 23°C, RCA-00 is 32 MPa, RCA-25 is 30 MPa, RCA-25-FA is 31 MPa, RCA-25-SF is 32 MPa; at 300°C, RCA-00 is 27 MPa, RCA-25 is 27 MPa, RCA-25-FA is 26 MPa, RCA-25-SF is 28 MPa; at 600°C, RCA-00 is 18 MPa, RCA-25 is 21 MPa, RCA-25-FA is 21 MPa, RCA-25-SF is 24 MPa.]FIGURE 5 | Compressive Strength of RAC with FA and SF at different temperatures.3.2 Tensile strength
The average split tensile strengths are shown in Figure 6. In NAC, the tensile strength decreased by 40% at 300°C, and at 600°C, the NAC samples retained only 35% of their initial tensile strength. Tests on concrete containing 25% and 50% recycled aggregates demonstrated a significant decrease in tensile strength as the temperature increased. Figure 7 indicates that the tensile strength of RAC with the optimal amount of FA is higher than that of RAC25 under normal conditions, with a difference of about 0.48 MPa. Additionally, at temperatures of 300°C and 600°C, the tensile strength of RAC with the optimal FA content exceeds that of RAC25. Furthermore, replacing cement with SF in RAC25 resulted in a higher tensile strength of 4.21 MPa compared to RAC25. Even at elevated temperatures, the tensile strength of RAC25 with SF remained superior to that of RAC25. Techniques such as SEM, TGA, and XRD have confirmed that these materials reduce porosity, densify the ITZ, and refine the pore structure, leading to improved mechanical stability at high temperatures (He et al., 2023; He and Lu, 2024b). In conclusion, the inclusion of SF significantly improved the tensile properties of concrete. These findings indicate that the addition of FA enhances the tensile strength of RAC across all temperature ranges, outperforming RAC25.
[image: Bar chart showing tensile strength in megapascals (MPa) at three temperatures: 23°C, 300°C, and 600°C for three materials (RCA-00, RCA-25, RCA-50). At 23°C, RCA-00 is 5.2 MPa, RCA-25 is 4.4 MPa, RCA-50 is 2.2 MPa. At 300°C, values are 3.3 MPa, 2.5 MPa, 1.4 MPa. At 600°C, values are 1.8 MPa, 1.7 MPa, 0.8 MPa.]FIGURE 6 | Tensile Strength of RAC at different temperatures.[image: Bar chart depicting tensile strength (MPa) of four different concrete types (RCA-00, RCA-25, RCA-25-FA, RCA-25-SF) at temperatures of 23°C, 300°C, and 600°C. RCA-00 shows the highest tensile strength at each temperature, with values decreasing as temperature increases. RCA-25-SF maintains relatively higher tensile strength at elevated temperatures compared to others.]FIGURE 7 | Tensile Strength of RAC with SCMs at different temperatures.3.3 Stress-strain curve at different temperatures
The stress-strain curves in Figures 8a–c show how temperature affects the mechanical properties of concrete samples. At room temperature, NAC has a higher ultimate strength and is more ductile than RAC25 and RAC50. However, as the temperature rises, RAC25 displays higher residual strength than NAC at 300°C. At 600°C, RAC50 shows a mild slope and lower residual ultimate strength, while the peak strain values for all batches increase to around 0.3%, indicating increased ductility at higher temperatures.
[image: Three stress-strain curve graphs for different temperatures. (a) At 23°C, RAC-00 has the highest stress, followed by RAC-25 and RAC-50. (b) At 300°C, RAC-25 shows the highest stress, with RAC-00 and RAC-50 trailing. (c) At 600°C, RAC-25 again leads in stress, followed by RAC-00 and RAC-50. Each plot displays stress in megapascals versus strain in millimeters per millimeter.]FIGURE 8 | Stress-strain curve of RAC at (a) 23°C, (b) 300°C, and (c) 600°C.The addition of various mineral admixtures to RAC significantly influences its strength and ductility properties. According to Figures 9a–c, the RAC25+FA concrete mix has the lowest ductility, with a maximum strain limit of only 0.2%. However, adding FA to the RAC25 mix increases its ultimate strength by about 7%. Conversely, introducing SF to the RAC25 mix yields significant improvements in both ultimate strength and ductility properties. The RCA25+SF concrete mix achieves an ultimate strength of 33.86 MPa, representing a 30% increase in strength compared to RAC25 and a 10% improvement over NAC. Moreover, RCA25+SF reaches a peak strain of 0.33%, indicating an enhancement in its ductile properties.
[image: Three stress-strain curves are depicted for different temperatures: (a) 23°C, (b) 300°C, and (c) 600°C. Each chart compares four materials: RAC-00 (blue), RAC-25 (red), RAC25 with fly ash (green), and RCA25 with silica fume (black). Stress is measured in megapascals (MPa), and strain in millimeters per millimeter (mm/mm). Curves show varying strengths and elasticity at each temperature.]FIGURE 9 | Stress-strain curve of RAC with SCM at (a) 23°C, (b) 300°C, and (c) 600°C.At 300°C, adding FA to RAC25 increases maximum strain from 0.2% to 0.3% due to thermal incompatibility. RAC25+FA also experiences decreased compressive strength but remains above 27.58 MPa, with a peak residual strain increase of 0.1%. At 600°C, RAC with added SF shows the highest compressive strength. The maximum strain limit for RAC with optimal FA and SF is approximately 0.33%, suggesting an increase in ductility for RAC with FA, and a decrease in ductility for RAC with SF.
3.4 Ductility and toughness index
The summarized ductility index (DI) and toughness index (TI) values at room temperature, 300°C, and 600°C for different concrete mixes are presented in Table 4. It is evident that the natural aggregate concrete (NAC) exhibits the highest ductility and toughness indices at room temperature, with DI and TI values of 4.47 and 9.44, respectively. These values slightly decrease at elevated temperatures, especially at 600°C, where DI reduces to 2.65, indicating significant loss of ductility due to thermal damage. For recycled aggregate concrete (RAC) mixes, both RAC25 and RAC50 show lower ductility and toughness indices compared to NAC at all tested temperatures, reflecting the inherent microstructural weaknesses introduced by recycled aggregates. RAC25 outperforms RAC50, with DI values of 4.05 (room temperature) and 2.61 (600°C), suggesting better mechanical resilience at elevated temperatures with lower recycled content.
TABLE 4 | Comparative ductility and toughness indices of natural, recycled aggregate, and SCM-Modified concrete mixes exposed to elevated temperature.	Mix	Room temperature ductility index (DI)	Room temperature toughness index (TI)	300°C temperature ductility index (DI)	300°C temperature toughness index (TI)	600°C temperature ductility index (DI)	600°C temperature toughness index (TI)
	NAC	4.47	9.44	4.05	9.49	2.65	8.89
	RAC25	4.05	6.05	3.99	8.43	2.61	8.16
	RAC50	3.38	4.60	3.24	4.88	1.91	5.66
	RAC25 + Fly Ash	3.06	7.61	3.23	7.20	3.33	6.65
	RAC25 + Silica Fume	3.93	12.6	4.60	13.51	3.78	8.62


The incorporation of pozzolanic materials notably improves the mechanical performance under thermal stress. RAC25 mixes blended with fly ash and silica fume demonstrate improved ductility and toughness indices compared to plain RAC25, particularly at elevated temperatures. For example, RAC25 with fly ash shows DI values of 3.06, 3.23, and 3.33 at room temperature, 300°C, and 600°C, respectively, indicating better maintenance of ductility under heat exposure compared to RAC50 and plain RAC25. Silica fume addition to RAC25 results in the highest toughness indices among all mixes, with values reaching 12.6 at room temperature and increasing slightly to 13.51 at 300°C, highlighting the superior performance of silica fume in enhancing crack resistance and energy absorption capacity under thermal loading. Overall, the results emphasize the detrimental impact of high temperatures on concrete ductility and toughness, more so for recycled aggregate concretes without pozzolanic additives. The use of supplementary cementitious materials such as fly ash and silica fume effectively mitigates the loss in mechanical properties under thermal exposure by refining the microstructure and enhancing matrix densification.
3.5 Physical properties
Visual inspections were conducted on NAC and RAC samples with varying amounts of recycled aggregate (RA) to observe any color, warping, or cracking changes after exposure to high temperatures. At room temperature, the concrete initially exhibited a light gray color, which transitioned to yellowish, gray-brown, and gray-white shades after being exposed to 300°C and 600°C temperatures respectively. The color changes observed at high temperatures are attributed to chemical and physical changes within the concrete. In the case of RAC25 and RAC50, the initial gray color of the concrete changed to a rose-pink color when heated to 300°C, indicating the presence of hydrated iron oxides mainly found in siliceous aggregates. However, upon further heating to 600°C, the red color faded into gray discoloration and eventually pale gray, indicating a significant loss of compressive strength.
The blend of FA and SF samples initially had a dark grey color. However, when heated in the furnace, there were no noticeable visual changes in the concrete specimens. After the specimens were cooled and visually examined, it was observed that at 300°C, discoloration and cracks appeared on the surfaces of the cylinders. At this temperature, the blended colors of the cylinders containing silica fume and fly ash faded to white (light yellowish gray for silica fume and light grey for fly ash). When heated at 600°C, the surface of the FA cylinder darkened with a greyish tint, while the color of the concrete changed to a whitish grey when heated with silica fume at the same temperature. The research studied crack formation and weight loss of different concrete mixtures when exposed to high temperatures. For NAC, increasing temperatures led to wider cracks appearing on the surface, which then grew larger and spread out. RAC showed even more pronounced cracks compared to NAC. The best samples of RAC with fly ash and silica fume did not show significant visible cracks at 300°C, but deeper surface cracks appeared at 600°C. RAC with mineral admixtures experienced less mass loss at elevated temperatures compared to RAC25, indicating that adding pozzolans can reduce moisture release and potentially improve its resistance to thermal stresses and crack formation.
3.6 Selection of models
The experimental findings and analyses are presented in Tables 4, 5. Table 4 shows that the compressive strength values ranged from 32.59 MPa to 12.97 MPa, while the tensile strength values varied between 5.45 MPa and 1.24 MPa for runs 3 and 27, respectively. Table 5 provides the findings of the SCM matrix, showing compressive and tensile strength values ranging from 32.59 MPa to 17.31 MPa and 5.45 MPa–1.47 MPa, respectively, with SCMs varying up to 30% and exposed to a maximum temperature of 600°C. The importance of the independent variables and their interactions was evaluated through ANOVA (Table 6). The suitability of the regression models for the responses was assessed using R2, probability (Prob > F), Adjusted R2, and Predicted R2. We used quadratic and reduced quadratic models for response against RAC, and recommended 2FI and quadratic models for SCM models.
TABLE 5 | Experimental data of factors and responses for RAC.	Factors	Responses
	Runs	A (RAC)	B (temperature)	CompressiveStrength	TensileStrength
	%	°C	MPa	MPa
	1	0	25	31.50	5.16
	2	0	25	31.45	4.89
	3	0	25	32.59	5.45
	4	25	25	29.25	3.38
	5	25	25	28.96	3.28
	6	25	25	29.70	2.92
	7	50	25	21.37	2.58
	8	50	25	22.57	1.78
	9	50	25	22.33	2.38
	10	0	300	28.14	3.27
	11	0	300	25.89	3.56
	12	0	300	26.63	3.14
	13	25	300	28.23	2.68
	14	25	300	27.33	2.63
	15	25	300	26.84	2.29
	16	50	300	18.84	1.18
	17	50	300	19.62	1.55
	18	50	300	18.28	1.36
	19	0	600	18.23	1.97
	20	0	600	17.86	1.74
	21	0	600	18.59	1.82
	22	25	600	20.01	1.49
	23	25	600	21.32	1.61
	24	25	600	21.10	2.08
	25	50	600	13.38	0.78
	26	50	600	13.23	0.86
	27	50	600	12.99	0.82


TABLE 6 | Design of various factors in RSM procedure.	Factors	Units	Code	Levels
	RAC	%	X1	00	25	50
	Temperature	°C	X2	25	300	600


3.7 ANOVA analysis of RAC under high temperatures
RSM was employed to analyze, optimize, and validate the strength properties of RAC, along with the optimal RAC incorporating pozzolans. The RSM approach evaluated responses like tensile strength and compressive strength (28 days) while using different percentages of RAC and temperature as variables. Statistical assessment of concrete containing different fractions of recycled aggregates was also conducted.
RSM was used to statistically investigate the mechanical variables, particularly with compressive and tensile strength. An ANOVA analysis was conducted inside RSM to gain a deeper understanding of the performance of the model in terms of strength. Additionally, quadratic polynomial models were proposed to forecast the strength attributes of RAC based on the model’s importance. Equation 2 can be adapted to Equation 3 as shown below.
Y=C+A1RAC+A2Temp+A3RAC2+A4Temp2+A5RAC*Temp(3)
Y represents the response from experimental results, specifically Compressive and Tensile strengths, while RAC and Temp are the independent constraints. C represents the constant, while A1 through A5 denotes the coefficients in the equation. Table 7 presents the model fit statistics from the ANOVA analysis, which assesses the significance of the developed models. The ANOVA results confirm that the regression models for compressive strength, tensile strength are statistically significant (p < 0.0001), with high F-values indicating a strong effect of the selected variables. The high R2 and predicted R2 values (0.98 for compressive strength, 0.95 for tensile strength suggest excellent model fit and predictive accuracy. The Adequate Precision values, all well above 4, reflect strong signal-to-noise ratios. Notably, the quadratic models capture both main effects and interactions. The coefficient of determination, or R2, is a measure of the quality and degree of fitness of the constructed models. The model is well-fitted, with a substantial amount of agreement between the real and predictable responses, as demonstrated by an R2 value of greater than 0.80.
TABLE 7 | Experimental data of factors and responses for RAC with SCMs.	Factors	Responses
	Runs	A (RAC)	B (Temperature)	Compressive
Strength	Tensile
Strength
	%	°C	MPa	MPa
	1	0	25	31.50	5.15
	2	0	25	32.59	5.45
	3	0	25	31.45	4.88
	4	0	25	27.32	3.14
	5	0	25	18.59	1.82
	6	0	25	29.52	3.26
	7	0	25	27.27	3.56
	8	15	25	29.48	5.96
	9	15	25	17.97	1.30
	10	15	300	29.85	6.20
	11	15	300	27.56	5.00
	12	15	300	18.23	1.97
	13	15	300	17.86	1.74
	14	15	300	21.68	3.46
	15	15	300	23.02	3.76
	16	15	300	22.30	4.01
	17	15	300	28.19	6.07
	18	15	300	18.01	1.25
	19	15	600	28.05	6.30
	20	15	600	19.62	1.17
	21	30	600	29.22	5.97
	22	30	600	26.48	5.52
	23	30	600	25.37	4.63
	24	30	600	18.10	1.24
	25	30	600	18.69	1.68
	26	30	600	26.06	3.88
	27	30	600	17.31	1.47


In addition, the appropriateness of the model and the variability of the data around the fitted model can be evaluated through a lack-of-fit analysis. A lower lack-of-fit F-value and a non-significant p-value (greater than 0.04) suggest that the models fit well. Because of their non-significant lack-of-fit error and lowered F-value, the models that were chosen are highly significant, well-fitting, and helpful in creating a link between factors and responses, as demonstrated by the ANOVA analysis shown in Table 5. The results show that the percentage RAC significantly affects the concrete’s tensile and compressive strengths. Equations 4, 5 are empirical formulas that were created to anticipate the responses following model reduction, based on the real components (RAC and Temperature).
*C.S=4588+17A−1.42*B+0.023* A * B−0.9* A2−0.0028 *B2(4)
*T.S=744.3−8.36 *A−0.911*B+0.009*A*B−0.0057*A2+0.00024*B2(5)
	*C.S = Compressive strength
	*T.S = Tensile strength
	*A = RAC, in %
	*B = Temperature in °C

The best way to demonstrate the relationship between the independent factors (RAC and Temp) and the dependent variables (compressive strength, tensile strength) is by using 3-dimensional (3-D) diagrams. Figure 10a displays the three-dimensional response surface for temperature, RAC, and compressive strength, while Figure 10b illustrates the three-dimensional response surface for temperature, RAC, and tensile strength. It's important to note that the strength properties increase as the temperature and RAC concentration increase.
[image: Two 3D surface plots depict the relationship between temperature and RAC percentage on strength qualities. Plot (a) shows compressive strength versus temperature and RAC. Plot (b) illustrates tensile strength versus the same variables. Both plots use a gradient color scheme and contour lines for visual representation.]FIGURE 10 | Effect of RAC and temperature on (a) compressive strength (b) tensile strength.3.7.1 ANOVA analysis of concrete containing RAC and SCMs
The following section covers the effect of adding SCMs on compressive and tensile strength. Table 8 displays the ANOVA results and fit statistics, which evaluate the significance of well-established models. The reputable models demonstrate strong agreement between the variables and answers; their lower p-values and higher F-values indicate their significance. Additionally, the proposed models exhibit more appropriate frequency, better R2 (>0.80), and insignificance of a lack-of-fit, indicating that they are well-fit and significant. Consequently, these models can establish a link between independent factors (temperature and SCMs) and dependent variables (compressive strength and tensile strength). Moreover, Table 6 illustrates the contribution percentages of elements that can be used to assess the impact of each component on the qualities of concrete. The results indicate that temperature and pozzolanic content have a major impact on the strength characteristics of concrete.
TABLE 8 | Fit summary of statistical model for RAC.	Responses	Compressive strength MPa	Tensile strength MPa
	Standard Deviation	128.94	44.81
	Mean R2	0.9813	0.9516
	Predicted R2	0.9769	0.9401
	Adjusted R2	0.9700	0.9201
	Adequate Precision	42.6799	27.6233
	F-value (Model)	220.87	82.63
	p-value (Model)	<0.0001	<0.0001
	Model	Significant	Significant
	Lack of Fit (F and p values)	Not Significant (F value = 6.83 p value = 0.0029)	Not Significant (F value = 4.96 p value = 0.0111)
	Final Model Type	Quadratic	Reduced Quadratic


ANOVA was utilized to get the coefficients of empirical models, which are based on actual factors (Pozzolans and Temperature) for predicting strengths, as depicted in Equations 6, 7. Furthermore, 3-D visuals were used to effectively illustrate the affiliation amongst the factors and responses, as shown in Figures 11a,b.
C.S=3439−154.4*A−799.77*B−16.08*A *B+324.75*A2−104.83*B2(6)
T.S=539.70+58.83 * A−314.29* B−51.83* A*B(7)
[image: 3D graphs depicting relationships between temperature, supplementary cementitious materials percentage, and strength. Panel (a) shows compressive strength, while panel (b) shows tensile strength, both with temperature and material percentage on the axes.]FIGURE 11 | Effect of RAC with SCMs and temperature on (a) compressive strength (b) tensile strength.The ANOVA results indicate that both fly ash (FA) and silica fume (SF) significantly influenced mechanical properties at elevated temperatures. Positive coefficients for SF and FA content reflect their densifying effect on the matrix, improving strength and thermal stability. The negative coefficient for temperature confirms performance degradation with heat. However, significant interaction terms (e.g., Temperature × SF) suggest that SF, due to its high pozzolanic reactivity, mitigates thermal damage more effectively at higher temperatures, an effect similarly noted for FA in synergy with SF.
3.8 Multi-objective optimization and validation of mix design
The study aims to develop an RSM model to determine finest values of RAC and SCMs for achieving the best performance. Traditional tests and experiments conducted to determine the optimal SCM content with temperature variations for RAC-SCM mixtures may produce inaccurate results due to the inherent complexity and the involvement of extensive data. Therefore, in this study, multi-objective optimization and statistical evaluation are employed to determine the most effective proportions of SF and FA recycled aggregate concrete, aiming for desirable results. The target responses, such as compressive and tensile strength, were adjusted to their target values (see Table 9). Factors such as SCM quantity and elevated temperatures were also optimized to achieve the highest possible partial replacement.
TABLE 9 | Targeted goals for optimization of mix design.	Name	Goal	Lower limit	Upper limit
	A: SCMs: %	maximize	0	30
	B: Temperature: °C	maximize	25	600
	Compressive Strength: MPa	target	17.31	32.59
	Tensile Strength: MPa	target	1.47	5.45


Table 10 shows the ideal ranges and targeted goals for the research parameters. RSM is used to determine the best values for the optimized variables, reaching a desirability of 95.84% in the mix design. The criteria for variables and responses were established after conducting the ANOVA. It's fascinating to see the effect of using FA-SF blend on the strength of RAC. The optimization results indicate that using 25% RAC and adding SF can considerably improve concrete strength. Further experimentation validates theoretical results and confirms the agreement between predictive model data and observed experimental results. The predicted and experimental results show significant consistency, with an error of less than 5%. Figure 12 illustrates the desired value range and optimal solution for all independent and dependent variables. Mathematical analysis suggests that using 25% SCM and a temperature of 334°C will yield the best performance for the concrete. The optimal mix design was achieved with a high desirability level. For further insight into the interaction influence of each factor on overall response, 2D surface graphs of the responses in the optimal solution were analyzed. Figure 13 shows the surface response to a variation in the content of factors.
TABLE 10 | Fit summary of statistical model for RAC with SCMs.	Responses	Compressive strength MPa	Tensile strength MPa
	Standard Deviation (SD)	185.28	65.41
	Mean R2 Value	0.9504	0.9495
	Predicted R2 Value	0.8941	0.9211
	Adjusted R2 Value	0.9384	0.9382
	Adequate Precision	23.98	29.63
	F-value (Model)	80.41	132
	p-value (Model)	<0.0001	<0.0001
	Model	Significant	Significant
	Lack of Fit (F and p values)	Not Significant (F value = 10.30 p value = 0.0004)	Not Significant (F value = 1.32 p value = 0.3015)
	Final Model Type	Quadratic	2FI


[image: Three contour plots illustrate the effects of supplementary cementitious materials (x-axis) and temperature (y-axis) on different parameters. Plot (a) shows desirability with a peak value of 1.000. Plot (b) represents compressive strength with a prediction of 295.707 megapascals. Plot (c) displays tensile strength with a prediction of 6.65101 megapascals. The graphs use a color gradient ranging from blue to red as values increase.]FIGURE 12 | 2D surface diagram of (a) Desirability, (b) Compressive Strength, and (c) Tensile Strength of SCMs.[image: Bar chart showing desirability scores for different factors and materials. Supplementary cementitious materials and temperature have scores of 1. Compressive strength scores 0.937366, tensile strength 0.92007, elastic modulus 1, and combined has 0.584994.]FIGURE 13 | The desirability ratio of all factors and responses for the optimum solution.Externally Studentized Residuals vs. Predicted plot for compressive strength and tensile strength are given in Figures 14a,b to address residual analysis and to verify that models are statistically reliable and appropriate for optimization.
[image: Two plots labeled (a) and (b) show scatter plots of externally studentized residuals against supplementary cementitious materials percentage. Both include horizontal reference lines at approximately -3.5 and 3.5. Data points are scattered, mostly centered around zero, across a range from zero to thirty percent on the x-axis.]FIGURE 14 | Externally studentized residuals versus predicted (a) Compressive strength, (b) Tensile Strength.These residual plots are employed to evaluate the adequacy of the regression models and to verify the fulfillment of underlying statistical assumptions. The residuals exhibit a random dispersion around the horizontal axis at zero, with no discernible patterns or systematic structure. This behavior indicates that the assumptions of linearity, independence, and homoscedasticity are satisfactorily met. Furthermore, all observations lie within the bounds of ±3.5487, suggesting the absence of influential outliers or leverage points that could disproportionately affect the model estimates. The results affirm the statistical validity and robustness of the predictive models developed for estimating the mechanical properties under consideration.
3.9 Validation of predicted models
Additional testing was carried out to validate the precision of the improved models by comparing them with the experimental data. Equation 8 is used to calculate the percentage experimental data error which is then employed to assess the consistency between the model and experimental data (Aliyu Yaro et al., 2023).
Error%=Actualvalue−PredictedvalueActualvaluex100(8)
Figures 15a–d displays the comparison between the actual and predicted results. The error ratio between the RSM model data and experimental responses is found to be lower than 5%, hence validating the functionality of RSM model in accurately predicting response.
[image: Four scatter plots labeled (a), (b), (c), and (d) display predicted versus actual values. Data points in different colors are near a diagonal line, indicating close alignment. Each plot shows varying scales on the axes, suggesting different data ranges.]FIGURE 15 | Actual vs. Predictive results of RAC (a) compressive strength (fc), (b) Tensile Strength (fy), (c) SCMs-RAC compressive strength, and (d) SCMs-RAC tensile strength.3.10 Practical implications and applications
The outcomes of this study provide valuable insights for structural engineers and materials scientists aiming to develop sustainable and fire-resilient concrete structures. The observed retention of mechanical properties and enhanced ductility in RAC mixes containing pozzolanic additives such as silica fume and fly ash suggests these materials can be strategically used to improve the fire resistance of recycled aggregate concrete. These findings can inform future revisions to fire design standards by offering evidence-based thresholds for temperature exposure and performance degradation. Moreover, the ductility and toughness data obtained at elevated temperatures serve as a foundation for developing design models for structural elements exposed to fire scenarios. The observed behavior can also guide construction practices in high-risk zones, such as tunnels, industrial plants, and residential buildings in fire-prone areas, where recycled concrete materials are used.
Additionally, the use of Response Surface Methodology (RSM) in this study enables data-driven optimization of mix proportions by analyzing the interactive effects of variables such as SCM content, RAC percentage, and temperature. This statistical approach not only minimizes the need for exhaustive experimental trials but also aids in creating predictive models that can be directly utilized by practitioners for mix design under elevated temperature conditions. RSM-based tools can be integrated into performance-based design frameworks, offering a streamlined path toward the adoption of greener and more durable materials in civil infrastructure.
4 CONCLUSION
This article investigates the high-temperature performance of SCM-based RAC, using experimental testing and RSM for efficient optimization, contributing to enhanced concrete sustainability and fire resistance. The following conclusions are drawn from the research study.
	1. NAC exhibited higher compressive strength at room temperature. However, RAC25 showed superior high-temperature performance, with only a 1% strength loss at 300°C and a 28% loss at 600°C, indicating better thermal resilience compared to NAC.
	2. The addition of SF and FA significantly enhanced the mechanical properties of RAC, particularly at elevated temperatures. SF increased compressive strength by 18% at 600°C, while FA improved tensile strength across all temperature ranges.
	3. SF particularly improved both tensile strength and ductility. RAC25+SF achieved a 30% increase in compressive strength compared to RAC25, with a peak strain of 0.33%, indicating improved ductility.
	4. SCMs in RAC appear to reduce moisture loss and enhance thermal stability, thereby improving resistance to cracking under high-temperature exposure. These improvements, observed through mechanical performance, suggest that RAC25 with SCMs is a promising alternative for elevated-temperature applications.
	5. The ANOVA-based statistical models for compressive strength, tensile strength were significant (p < 0.0001), with high R2 and F-values, accurately capturing main and interaction effects and demonstrating strong predictive reliability.
	6. Response Surface Methodology (RSM) was employed to optimize the mix design, achieving a high desirability of 95.84%. The optimized mix, RAC25 with silica fume demonstrated significant improvements in mechanical strength. Experimental results closely aligned with model predictions, with errors below 5%, validating the reliability of the predictive models and confirming the enhanced performance of SF-modified RAC.
	7. While natural aggregate concrete maintains an advantage at room temperature, recycled aggregate concrete with SCMs presents a promising alternative for applications requiring elevated temperature resistance.

This study introduces a novel application of Response Surface Methodology (RSM) alongside an experimental study to optimize recycled aggregate concrete (RAC) containing pozzolanic materials under elevated temperature exposure. The research fills a critical gap by systematically evaluating how varying levels of recycled aggregate and pozzolanic content influence thermal resistance and mechanical performance—a combination not thoroughly explored in the existing literature. Future research is encouraged to explore the potential of integrating nano-materials, such as nano-silica or graphene oxide, into pozzolanic RAC systems. This could further enhance high-temperature durability, microstructural integrity, and crack resistance in extreme environments, thereby pushing the boundaries of sustainable and thermally stable concrete technology.
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