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Abstract


This study demonstrates the conversion of agricultural and industrial waste into construction materials by developing ultra-high-performance concrete using cold-bonded sesame ash and waste glass aggregates. The primary focus of this study was sustainability and waste valorization in self-curing concrete systems. This study focuses on many aspects of producing cementless concrete with superior short- and long-term properties, incorporating an innovative artificial aggregate premanufactured using sesame ash and waste glass. Prepacking technology of casting was used. A self-curing additive is used to reduce the energy required for curing. In cold-bonded aggregates (CBAs), the aggregate content ranged from 10 to 50% of the total sand volume. Polyethylene glycol was used as an internal curing agent to evaluate the mechanical properties of the concrete, including the compressive strength and tensile strength at different ages. The durability characteristics of the concrete were also analyzed in terms of its resistance to sulfates, chloride ion penetration, and performance at elevated temperatures of 300 and 600 °C. Microscopic analyses were conducted by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), and Differential Scanning Calorimetry (DSC). The results showed a significant improvement in the mechanical and durability performance, especially at 30%, which resulted in the highest compressive strength of 147.2 MPa at 90 days. This is an 11.93% increase compared with that of the reference mix. The tensile strength was also improved by 14.5% at the same replacement ratio. The mix containing 30% manufactured aggregate demonstrated the best thermal resistance, retaining the highest percentage of residual strength at both 300 °C and 600 °C, as well as superior sulfate impact resistance, with a strength reduction factor of 39.5%. When the replacement ratio was increased to 50%, the chloride penetration resistance improved significantly by 41% compared with that of the reference mix. FTIR, TGA, and DSC analyses also demonstrated enhanced silicate polymerization and increased carbonate formation, contributing to the improved chemical stability and density of the concrete matrix.
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1. Introduction


Ultrahigh-performance concrete (UHPC) is a cement-based composite material engineered to deliver superior durability and mechanical properties [1]. Concrete remains the cornerstone of the construction sector owing to its high cost efficiency. However, it is inherently constrained by its considerable mass and volumetric demands [2]. These limitations necessitate extensive spatial allocation during construction and involve large-scale components [3]. To overcome these challenges, researchers have focused on optimizing traditional concrete formulations and creating new materials with enhanced performance traits such as increased strength, resilience, and durability through particle packing optimization principles [4]. UHPC exhibits the evolving requirements of modern infrastructure and early research on UHPC manufacturing required strict production protocols, specialized mixing methods, and the exclusive use of refined materials, deliberately excluding coarse aggregates, to achieve optimal performance [5].



Before implementing UHPC in construction projects, rigorous standards should be adhered to, and the best management practices should be applied to ensure quality and reliability [6]. UHPC formulations are adaptable and can be tailored to satisfy diverse functional and structural requirements [7]. Globally, UHPC has been integrated into different applications owing to its advantageous characteristics, including innovative design flexibility, ease of fabrication, ability to form complex shapes, reduced weight, and resilience under extreme environmental and mechanical stresses. UHPC has gained significant traction in demanding projects worldwide and is widely used in constructing vertical structures such as protective overlays, offshore platforms, hydraulic installations, wind turbine foundations, and facilities within the petroleum industry [8]. In addition, they have been extensively employed in structural repair, rehabilitation, bridge construction, and architectural design. Its primary role is in bridge and highway infrastructure projects [9].



A critical challenge in the concrete industry is the implementation of effective curing techniques to enhance performance. Li et al. [10] demonstrated that heat curing notably influences early-age shrinkage when employing dual-phase treatment strategies. Subjecting the concrete to a high temperature of 55 °C with a subjecting time of 70 min substantially improved its quality after curing at 48 °C for 60 min. Steam curing has been identified as an effective curing regime, outperforming conventional curing and autoclave techniques. Furthermore, innovative hybrid curing processes have been introduced to optimize concrete performance [11,12,13]. Although standard curing is the most economical and practical method, it fails to deliver optimal results. According to ACI 308 [14], internal curing can be facilitated by integrating specific additives designed to retain moisture within the concrete matrix without altering the initial water composition. Adequate hydration is critical and typically depends on an external water supply to complete chemical reactions within the cement matrix. In contrast, self-curing methods utilize internal water reservoirs to sustain hydration, thereby improving the durability and mechanical properties of the concrete. However, a notable drawback of this method is the formation of internal voids, which can be mitigated by precisely calibrating the admixture dosage to control the shrinkage. The optimal dosage of liquid curing agents, such as polyethylene glycol (PEG), is generally 1% [15,16,17].



The production of CBAs in concrete has evolved through various methodologies and technological developments aimed at enhancing sustainability and reducing environmental impact [18]. Traditionally, the production of CBAs relies on high-temperature sintering. Although these methods are effective in generating durable materials, they are associated with substantial energy consumption and the release of significant quantities of carbon dioxide (CO2) [19]. Consequently, numerous challenges have been encountered in terms of energy efficiency and environmental impact. To address these challenges, researchers [20,21] have explored cold-bonding granulation techniques as alternatives for producing synthetic aggregates. This process relies on a mixture of raw materials, including recycled resources, and operates at lower temperatures, making it more energy-efficient [22]. Some challenges face the environment owing to agricultural and manufacturing waste.



The rise in global population has increased the demand for agricultural production, resulting in an escalation of agricultural waste [23,24,25]. Assessing agricultural waste is difficult for multiple reasons including its diminished economic value relative to the expenses incurred for collection, transportation, and treatment for productive utilization. Consequently, numerous farmers may incinerate agricultural waste instead of using it for energy production. The annual worldwide sesame production is approximately 5,532,000 metric tons [26]. Sesame has grown in several regions of Egypt. In Egypt, the area dedicated to sesame farming increased from 19,866,000 m2 in 1961 to 65,100,000 m2 in 2010, with increasing productivity from 0.114 kg/m2 in 2005 to 0.125 kg/m2 in 2010 [27]. The global sesame seed consumption amounted to USD 6559.0 million in 2018. [28]. Sesame ash, resulting from burning sesame seed hulls or other biological material from sesame processing waste, has attracted attention for its potential uses in many industries, including construction and materials engineering [29]. Its production typically involves the thermal decomposition of organic materials, resulting in ash with unique chemical and physical properties that make it suitable for incorporation into concrete formulations [29,30]. Sesame ash is characterized by high percentages of silica, calcium oxide, and other reactive compounds, which give it pozzolanic properties that improve mechanical performance and increase the durability of concrete mixtures. TA Sulaiman et al. [30] indicates that concrete mixtures containing sesame ash can improve the compressive strength by up to 58.7% compared to a standard mixture. Furthermore, sesame ash contributes to a denser microstructure, which enhances durability and extends the concrete structure’s life.



In addition to agricultural waste, industrial solid waste can be used in the construction industry, and incorporating waste glass powder (WGP) into the concrete industry is a sustainable and innovative solution to address environmental challenges by reducing the accumulation of glass waste and carbon footprint of Portland cement production [31,32,33,34,35]. Waste glass powder is produced by grinding household or industrial glass waste with high precision. It contains high amorphous silica, which exhibits pozzolanic activity that encourages the construction of calcium silicate hydrate (C-S-H) which, in turn, enhances the compressive, tensile, and flexural strength of concrete. The use of WGP aids in increasing concrete’s durability in regard to sulfur attack as well, reducing permeability, and reducing the alkali–silica reaction (ASR) when appropriately cured [34,36,37,38]. Their use also contributes to achieving sustainability by reducing reliance on energy-intensive cement production and accumulating non-biodegradable glass waste in landfills, thereby providing environmental and economic benefits. However, certain challenges must be carefully addressed to achieve the best performance, such as the possibility of an alkali reaction with silica [39,40,41,42].



Normal or conventional concrete is made by preparing the mix of its constituent parts comprising fine and coarse aggregates, cement, water, and any admixture uniformly and pouring the mix into intended molds [43]. However, concrete can be alternatively prepared by applying prepacking of coarse aggregates into a mold and then injecting cement mortar to fill the spaces between the packed aggregates [44,45]. This two-stage or prepacked-concrete method was first introduced in the 1930s [46]. This method is particularly suitable for constructing structural elements with complex reinforcement or in situations where traditional formwork disrupts the designed frames, such as the presence of pipes or openings [47]. In addition, this approach is suitable for large concrete works, such as bridge piers and piers, as well as underwater concrete works. In addition to the differences in production mechanisms, there are significant differences between traditional and prepackaged concrete [45]. This method effectively addresses coarse aggregate dispersion problems, particularly in heavy aggregate concrete. Furthermore, prepackaged concrete does not require mechanical vibration, compaction, or other compaction methods to achieve a fine dense structure, resulting in lower production costs [46,47,48].



Despite extensive research on improving the performance of UHPC, a gap remains in the use of sustainable waste materials as partial replacements for sand. In particular, This study focuses on many aspects of producing cementless concrete with superior properties and short and long terms in addition to the incorporation of an innovative artificial aggregated premanufactured using sesame ash as agricultural waste and waste glass, which represents solid waste to environmental problems of landfills moreover prepacking technology of casting was used. In addition, a self-curing additive was used to reduce the energy required for curing. Regarding the mechanical properties, mass transport and durability of UHPC have not yet been fully addressed. There is a gap in using environmentally friendly waste materials such as sesame ash and waste glass for sand partial replacement. There is an absence of comprehensive studies of the performance of UHPC with unique artificial aggregates. There is a lack of investigation on the prepacking technique for casting UHPC with waste-derived aggregates. There are limited studies carried on self-curing systems for UHPC using wastes. There is a lack of understanding the combined effects of CBAs with prepacked coarse aggregates and self-curing agents on the properties of UHPC. There is an absence of comprehensive analysis of the microstructure of UHPC with waste-derived CBAs. There has been limited work carried out on the thermal resistance and durability of UHPC with waste-derived aggregates subjected to extreme environments, and there is a lack of information regarding the optimal percentage of sand replacement with waste-derived CBAs in UHPC. This study has made significant advances in improving of extremely UHPC by introducing CBAs manufactured from sesame ash and glass waste powder to enhance the sustainability of building materials. This study combined prepacked coarse aggregates with CBAs and used polyethylene glycol as an internal curing agent, offering an innovative approach for self-curing concrete. By focusing on mechanical strength, heat resistance, and durability under harsh environmental conditions, this study contributes to environmental sustainability and improved material performance. The innovative use of CBAs provides a transformative strategy for improving UHPC, paving the way for more durable and environmentally friendly building practices.




2. Experimental Program


2.1. Materials


This section describes the nature of the raw materials used in this investigation. The experimental study utilized Type I Ordinary Portland Cement (Grade 52.5), which was procured from the Misr Beni Suef Factory for cement in Beni-Suef at Egypt. The cement met the ASTM C150 standards requirements [49]. Silica fume was supplied by Sika Company, having a specific gravity of 2.12 and a specific surface area of 18.1 × 103 m2/kg. The results of X-ray fluorescence of silica fume and cement are listed in Table 1. Crushed dolomite with a maximum nominal size of 10 mm was obtained from Ataqa Mountain in suez, while clean river sand was obtained and used as a replacement for the CBAs. In order to enhance the workability and reduce the water requirement of the UHPC mix, a polycarboxylate superplasticizer, Sika® ViscoCrete®−3425 produced from sika company in Cairo, Egypt, was added. Mixing was carried out using potable water. As a self-curing measure, polyethylene glycol (PEG 400) was used as self curing agent, while the alkaline solutions were sodium silicate and potassium hydroxide.



Egypt Global Silicates Company was the supplier of the sodium silicate solution (NS) with a pH of 1.526 g/cm3 and a specific gravity of 12.7 a. In addition, the compound’s composition is as follows: water = 55.9%, SiO2 = 29.4%, and Na2O = 14.7% by mass. KOH (potassium hydroxide), grade 98% to 99% purity, was purchased from the EL-Nasr Company for Intermediate Chemicals. This Company is a subsidiary of the National Defense Services industry, Egyptian Armed Forces, 6 October City. Potassium hydroxide (97–98% purity) was added to water and the compound was stirred until a solution with the desired concentration was obtained. Potassium was dissolved in water to make a solution of concentration 12 M.




2.2. CBA Preparation


CBAs were produced using cold bonding technology. The preparation began by mixing slag, waste glass, and sesame ash homogeneously in ratios of 70:20:10. The mixture was placed in a disk pelletizer and sprayed evenly with a specified amount of water. This step was repeated until the granules reached a desired size. The preparation of CBAs using slag, potassium hydroxide (KOH), sesame ash, and recycled glass involves several steps. First, the raw materials were collected and prepared. The slag was obtained from industrial processes such as blast furnaces and dried to remove moisture. Sesame ash is produced by burning sesame waste and sifting it to obtain fine particles (less than 75 microns). Similarly, the recycled glass was crushed and screened to ensure a uniform particle size. Subsequently, the materials were mixed together. The dry materials (slag, sesame ash, and recycled glass) were mixed in specific proportions to achieve homogeneity. Next, KOH solution was gradually added to the mixture to ensure uniform wetting of the particles without forming a paste as shown in Figure 1. This mixture formed a base for granulation. The granulation process of producing CBA through disk pelletization is sequentially reproducible and scalable. The literature suggests that parameters like disk angle, rotational speed, pelletization time, and raw material makeup are sufficiently established and can be accurately controlled for consistent pellet properties across different batches. Furthermore, regression analysis performed by Kim et al. [18] confirmed a strong relationship (R2 = 0.9979) between pelletizer disk speed and corresponding size, ensuring that aggregate quality and mechanical performance remain unobstructed during scale-up from lab to pilot-scale production. This has been validated in pilot studies using pelletizers with diameters between 40 cm and 160 cm, confirming not only the repeatability of the process but also the industrial applicability of the developed method. Laboratory tests confirmed the ability of this process to produce aggregates with homogeneous bulk density, strength, and particle size distribution which confirms the reliability of the process [20]. The industrial pan granulator is utilized in this process, which is also employed by other industries including fertilizer granulation, iron ore agglomeration, and waste remediation for contaminant solidification. Such success in these industries demonstrates that the granulation process is indeed suitable for production scale levels without degrading performance or product quality. Granulated ion was performed using a rotary or a disc granulator. The mixture was fed into the granulator, and water or an additional KOH solution was sprayed to improve cohesion. The spinning process was continued until spherical pellets of desired size were formed, usually between 15 µm and 5 mm. Granulator parameters such as the angle and rotation speed were adjusted to control the size and quality of the pellets [20]. The newly formed pellets underwent pretreatment and were left to air dry for 24–48 h to obtain initial strength and stability. Subsequently, hardening occurs under natural environmental conditions. The solidification process allows for optimal chemical reactions, particularly the pozzolanic activity of sesame ash and glass with slag. After hardening, quality tests were performed on the aggregates. The compressive or endurance strength was measured to ensure mechanical durability, and the density and porosity were measured to evaluate its suitability. The particles were characterized, and the results revealed that the bulk density was 1695 kg/m3. The fineness coefficient was 2.98, which was placed in Zone II based on particle size distribution. To maintain the same properties of CBAs for all batches, a production method was established. The proportions of the ingredients (70% slag, 20% waste glass, 10% sesame ash) were kept on precision balances, and the moisture content was regulated during granulation. Granulation was carried out with the same disc pelletizer for all the active processes (disc angle, rotation speed, water spray rate) that were set in stone. Once the pellets were formed, all batches were air-dried for the same period of time (24–48 h) and in the same conditions. Aggregate batches were tested for bulk density, fineness modulus, and particle size distribution prior to usage. The accepted aggregate batches were those that met the stipulated tolerance limits defined with reference to ASTM C136/C136M [50] for sieve analysis and ASTM C29/C29M [51] for unit weight before being subjected to concrete production. The particle size distribution curves of the fine particles were also analyzed, as shown in Figure 2.




2.3. Concrete Mix Design


The mix ratios used to develop the UHPC mixtures, determined through several trials, are listed in Table 2, based on the weight of the components until the best mix performance was obtained [37,41]. Table 2 outlines the components of the various mixes. A fixed water-to-binder ratio (w/b) of 0.18, 15% silica fume [38], and consistent dolomite were added to the pre-packed technique. Several trial mixtures were used to determine the target strength of the UHPC. Table 2 provides the details of the mix specifications. The chosen replacement ratios of 10%, 20%, 30%, 40%, and 50% were based on the previous literature alongside internal preliminary trial mixes. Previous studies indicated that replacing a portion of natural sand within this range with artificial or recycled aggregates could significantly improve mechanical performance while maintaining workability, and durability [52,53,54]. These preliminary tests carried out prior to the main experimental programs also supported these findings, suggesting that these replacement levels up to 50% would still maintain mix stability with the target strength parameters.




2.4. Mixing Procedures


The mixing procedures used in this study are as follows: The mixing process began with the binder components, cement, and silica fume, which were mixed for 2 min to achieve a homogeneous distribution of materials. Subsequently, 50% of the total water content was mixed with the self-curing agent. Simultaneously, a superplasticizer was introduced into the half-water mixture. The mixing sequence used to prepare UHPC is shown in Figure 2. The mix design ratios for the UHPC formulations derived from extensive experimental trials are presented in Table 2 and estimated with respect to the weight of the cement to achieve optimal performance outcomes [37,41]. Table 2 lists the proportion of each mixture. A consistent water-to-binder ratio (w/b) of 0.18 was maintained, incorporating 15% silica fume and uniformly blended CB. Various experimental combinations were evaluated to achieve the targeted UHPC strength; the corresponding mix ratios are listed in Table 2.




2.5. Casting


A 10-litre concrete mixer was used for mixing. The ratios of the slurry components comprising binders of cement, silica fume, sand, and coal bottom ash were measured before mixing to achieve a uniform mixture. Water was included in the dry constituents of the mixer drum by combining a superplasticizer and water in a separate vessel. The ingredients were meticulously blended to attain the consistency required for casting. The distinct elements of each mixture necessitated varying the blending durations. Aggregate was introduced into the molds, followed by the simultaneous pouring of the prepared mortar into a cylindrical tube using a dynamic vibrator for compaction and void reduction, as shown in Figure 3. Cylindrical specimens 100 mm in diameter and 200 mm in height and cubic specimens with a side length of 100 mm were produced for each concrete mixture. The concrete poured into the molds was gently vibrated. The prepacking casting method was selected in this study because of its merits in producing homogeneous dense concrete structures, especially when considering the use of CBAs with high porosity. This method reduces the need for mechanical vibration, minimizes segregation, and enhances bonding between aggregate and paste in addition to decreasing energy consumption. Even though no direct comparison with conventional casting was performed, the rationale stems from the literature [41,42,43,44,45] that validates the claims regarding the shortcomings of conventional approaches and the advantages of using prepacked concrete with recycled or lightweight aggregates.




2.6. Testing


Standard testing procedures were used to assess the compressive strength of the concrete, which was tested according to ASTM C109 criteria [55]. For each concrete mix, three cube specimens of 10 × 10 × 10 cm3 were fabricated and evaluated for compressive strength at curing intervals of 7, 28, and 90 days. The experiments were conducted employing an ELE compression testing apparatus of 3000 KN loading capacity. The splitting tensile strength was measured in accordance with ASTM C496 [56] employing cylindrical specimens of 10 cm × 20 cm. The average of three specimens was calculated to ensure accuracy and consistency in the outcome. Concrete durability testing in this study was conducted in accordance with specific procedures of relevant standards. The evaluation of sulfate resistance was carried out by soaking the specimens in a 5% sodium sulfate (Na2SO4) solution followed by the determination of compressive strength based on ASTM C109/C109 M-21 [55]. Chloride penetration resistance was evaluated through immersion in a 3.5% sodium chloride (NaCl) solution, and subsequent compressive strength testing was carried out using an immersion-based method rather than electrical conductivity methods. Thermal resistance was evaluated by subjecting specimens to 300 °C and 600 °C for 2 h in a furnace under controlled conditions simulating fire exposure as cited in previous studies involving concrete exposed to high temperatures. All of these methods met the concrete’s required chemical and thermal stressors for durability assessment. Sorptivity tests were tested to assess the endurance of the concrete following ASTM [57], using cylindrical specimens with dimensions of 10 cm × 5 cm. Before testing, the materials were dried in an oven at 105 °C and separated from the external sources. The penetration of chloride ions was measured after 28 days by submerging the specimens in a 3.5% sodium chloride (NaCl) solution, while the sulfate resistance was examined by exposing the samples to a 5% sodium sulfate (Na2SO3) solution to observe the strength degradation. Moreover, the thermal resistance of the concrete was measured by subjecting the specimens to elevated temperatures of 350 °C and 700 °C to study the impact of extreme heat on the material performance. A microstructural analysis was conducted using scanning electron microscopy (SEM) to investigate the internal morphology of the concrete. Thin slices, approximately 1 × 1 cm in size, were extracted from the cores of the crushed cube specimens for this analysis. SEM observations were performed using a Philips XL 30 microscope to examine the distribution and characteristics of the hydration products and to detect potential microstructural flaws. DSC, TGA, and FTIR analyses were conducted for microstructural analysis. Figure 4 summarizes the testing. Figure 5 illustrates the test procedure.




2.7. Furnace and Heating Rate


The temperature was pre-raised and constant heating was performed at 3 °C in a closed electronic oven. The separation was approximately 20 and was not delayed. For example, experiments on concrete construction and target temperatures of 300 and 600 °C were chosen. The samples were maintained at the target temperature for 2 h to achieve a homogeneous thermal condition. Figure 6 illustrates the relationship between temperature and exposure time over different periods. The oven was turned off after each heating cycle to reduce the effect of the temperature gradient. The samples were left to cool gradually, and the door was closed. The next steps of the analysis were prepped following the achievement of room temperature with the samples.





3. Results and Discussion


3.1. Mechanical Properties


The comparative analysis of the behavior of the manufactured UHPC mixtures was conducted during the curing periods of 7, 28, and 90 days. The choice of these periods was not arbitrary; rather, it aligns with the ASTM standards for testing compressive (ASTM C109/C109M-21 [55]) and splitting tensile strengths (ASTM C496/C496M-17 [56]) and cemented cross-cut field volumes. The 7-day curing period reflects the composites’ early-age strength development, 28 days is regarded as the standard mark for design strength, and beyond 90 days is widely accepted as the period where the long-term pozzolanic and alkali–silica reactions are assumed to fully develop [58], especially when artificial aggregates like the CBAs are incorporated. Therefore, these curing durations provide a comprehensive evaluation of the strength development over time. Moreover, all specimen count and sample sizes were in compliance with the mentioned standards to ensure their repeatability and reliability. Compressive strength tests were performed under normal conditions, elevated temperatures of 300 °C and 600 °C, and severe conditions when subjected to sulfate and chloride solutions.



3.1.1. Compressive Strength for Mixes with CBAs at Normal Conditions


The results in Figure 7 demonstrate the compressive strength of UHPC containing CBAs prepared using sesame ash and glass waste as sand substitutes, with replacement ratios ranging from 10% to 50%. The standard deviation was calculated to be approximately ±2 MPa for all ages. The compressive strength was measured at curing periods of 7, 28, and 90 days for various mixtures, including the standard mixture (100S) and mixtures with varying replacement ratios (90S-10CB, 80S-20CB, 70S-30CB, 60S-40CB, and 50S-50CB). At 7 d of age, the standard mixture (100S) recorded a compressive strength of 89.18 MPa. At the replacement ratio of 10% (90S-10CB), the strength increased to 92.82 MPa, representing an improvement of 4.08%. With a replacement ratio of 20% (80S-20CB), the strength reached 93.73 MPa, an improvement of 5.10%. At a replacement ratio of 30% (70S-30CB), the highest compressive strength was recorded, amounting to 106.44 MPa, which represents an improvement of 19.34% as a result of the optimal production of the C-S-H compound from pozzolanic reactions. When the replacement ratios were increased to 40% and 50%, the strength decreased slightly to 102.83 MPa (60S-40CB, 15.27% improvement) and 97.37 MPa (50S-50CB, 9.18% improvement). These results indicate the positive effect of chemical reactions at low substitution ratios, with a decreased benefit at higher ratios.



At 28 d, the reference mix recorded a compressive strength of 122.19 MPa. At the replacement ratio of 10% (90S-10CB), the strength increased to 126.16 MPa, representing an improvement of 3.25%. With a replacement ratio of 20% (80S-20CB), the strength increased to 129.83 MPa, an improvement of 6.25%. At a replacement ratio of 30% (70S-30CB), the strength reached 137.28 MPa, representing an improvement of 12.34% owing to the continued hydration and pozzolanic reactions. 132.1 MPa (8.10% improvement) and 131.03 MPa (7.24% improvement) at 40% and 50% replacement ratios, respectively. A reduction in compressive strength with an increasing replacement ratio indicates that although the pozzolanic and alkali–silica interactions are effective, high ratios of pre-packed aggregates may disrupt the matrix structure [47].



At 90 d of age, the compressive strength continued to improve for all mixtures owing to the longer curing period, which enhanced the hydration and pozzolanic reactions. The standard mixture exhibited a compressive strength of 131.5 MPa. With a replacement ratio of 10% (90S-10CB), the strength increased to 132.2 MPa (0.53% improvement), and with a replacement ratio of 20% (80S-20CB), the strength reached 135.5 MPa (3.04% improvement). For the replacement rate of 30% (70S-30CB), the highest strength was recorded at 147.2 MPa (11.93% improvement), 139.6 MPa (6.16% improvement), and 138.1 MPa (5.01% improvement), respectively, with 40% and 50% replacement ratios. These results indicate the effectiveness of sesame ash and glass waste in improving the long-term strength of concrete, primarily through the continued production of C-S-H and potassium silicate (K2SiO3) compounds that enhance bonding and increase the matrix density. These results indicate that using CBAs prepared from sesame ash and glass waste as partial sand substitutes significantly enhances the compressive strength of UHPC through chemical reactions, particularly at an optimal replacement rate of 30%. These reactions involve the reaction of silica with calcium hydroxide to form a C-S-H compound, which increases the binder content and improves the concrete matrix [59]. In addition, the alkali–silica reaction between glass waste and potassium hydroxide produces a potassium silicate compound (K2SiO3), contributing to filling voids and increasing density [17]. At replacement ratios exceeding 30%, the compressive strength decreases slightly because of the high content of CBAs, which may disrupt the matrix structure. However, even at higher replacement ratios (40–50%), the compressive strength remained competitive with that of the standard mixture, indicating the sustainability and efficiency of using sesame ash and glass waste in producing high-performance concrete [32,60].




3.1.2. Split Tensile Strength


The results in Figure 8 demonstrate the split tensile strength of UHPC containing CBAs as sand substitutes, with replacement ratios ranging from 10% to 50%. The splitting tensile strength was measured for the standard mixture 100S (no replacement) and partial replacement mixtures 90S-10SCB, 80S-20SCB, 70S-30CB, 60S-40CB, and 50S-50CB.



The standard mixture (100S) recorded a splitting tensile strength of 1.4352 MPa. With the addition of 10% CBAs (90S-10SCB), the tensile strength increased to 1.5729 MPa, reflecting an improvement of approximately 9.6%. At a 20% replacement (80S-20SCB), the strength increased to 1.61998 MPa, which is an improvement of 12.9% compared to the standard mixture. The standard deviation was found to be ±0.04 MPa. The highest splitting tensile strength was observed at a 30% replacement ratio (70S-30CB), reaching 1.64352 MPa, representing a 14.5% improvement over that of the standard mixture. As the replacement ratio increased beyond 30%, a slight decrease in splitting tensile strength was observed. At a 40% replacement (60S-40CB), the strength decreased to 1.59751 MPa, which is still an 11.3% improvement over the standard mixture. At a 50% replacement ratio (50S-50CB), the strength decreased to 1.53 MPa, representing a 6.6% improvement over the standard mixture, but lower than mixtures with 10–40% replacement ratios. These results indicate that the use of sesame ash and glass waste as partial sand substitutes enhances the splitting tensile strength of UHPC [60,61], particularly at an optimal replacement ratio of 30%. This improvement is due to enhanced bonding between the matrix and aggregate resulting from pozzolanic and alkali–silica reactions, which produce hydrated calcium silicates (C-S-H) and potassium silicates (K2SiO3). These interactions contribute to the densification and strengthening of the internal structure of concrete [62,63,64]. However, when the replacement ratio exceeds 30%, the decrease in tensile strength may be due to the excess content of CBAs, which may disrupt matrix continuity, thus reducing mechanical performance.




3.1.3. Compressive Strength When Concrete Is Subjected to Elevated Temperature


The results in Figure 9 show the compressive strength of UHPC containing CBAs as sand substitutes at different temperatures (25, 300, and 600 °C). Six different mixtures were analyzed: 100S (standard mixture without replacement), 90S-10SCB, 80S-20SCB, 70S-30CB, 60S-40CB, and 50S-50CB. At room temperature (25 °C), the standard mixture (100S) exhibited a compressive strength of 122.19 MPa, which increased with CBAs. At a replacement ratio of 10% (90S-10SCB), the compressive strength increased to 126.16 MPa, an improvement of 3.2%. With a replacement ratio of 20% (80S-20SCB), the strength increased to 129.83 MPa, an improvement of 6.3%. The highest compressive strength was observed at a 30% replacement ratio (70S-30CB), reaching 137.28 MPa, representing a 12.3% improvement over that of the standard mixture. At the replacement ratios of 40% and 50% (60S-40CB and 50S-50CB), the compressive strengths reached 132.10 MPa (8.1% improvement) and 131.02 MPa (7.2% improvement), respectively. After being subjected to a temperature of 300 °C, all mixtures lost compressive strength relative to that at room temperature because of the thermal deterioration of the concrete matrix [65]. The strength of the standard mixture decreased to 108.28 MPa, representing an 11.4% decrease compared to its value at room temperature. The standard deviation was calculated to be ±2 MPa. Likewise, at 10% and 20% replacement ratios (90S-10SCB and 80S-20SCB), the strength decreased to 110.28 MPa and 112.71 MPa, representing a decrease of 12.6% and 13.2%, respectively, compared to their values at room temperature.



The mixture with a 30% replacement ratio (70S-30CB) exhibited the highest thermal resistance, retaining a strength of 119.24 MPa, with a reduction of only 13.1%. At 40% and 50% replacement ratios (60S-40CB and 50S-50CB), the compressive strengths decreased to 115.59 MPa and 113.20 MPa, representing a 12.5% and 13.6% decrease, respectively. At 300 °C, all mixtures showed a moderate compressive strength reduction compared to room temperature owing to several main processes. Free water began to evaporate from the capillary pores at temperatures between 100 °C and 150 °C, which increased the porosity of the concrete matrix and weakened its structure. In addition, the dewatering process of C-S-H, the primary binder in concrete, begins, resulting in associated chemical water loss and a decrease in bond strength. The differences in thermal expansion that occur between the aggregate and the cement paste give rise to the internal stress which in turn creates micro cracks [66]. Together, these effects explain the decrease in the compressive strength of all mixtures at 300 °C. The strength of the standard mixture (100S) decreased from 122.19 MPa at 25 °C to 108.28 MPa at 300 °C, while the mixture with a 30% replacement ratio (70S-30CB) retained the highest thermal resistance, as its strength decreased from 137.28 MPa to 119.24 MPa. Pascal showed better stability than other mixtures because of the formation of stable compounds such as potassium silicate (K2SiO3) and a denser microstructure [67,68,69].



At 600 °C, the compressive strength decreased for all mixtures owing to the significant thermal damage to the concrete structure. The standard deviation was found to be ±1 MPa. The strength of the standard mixture (100S) decreased to 87.41 MPa, representing a 28.5% decrease from its value at room temperature. At 10% and 20% replacement ratios (90S-10SCB and 80S-20SCB), the compressive strengths decreased to 91.42 MPa and 91.46 MPa. This represents decreases of 27.5% and 29.6%, respectively. Again, the mixture with a 30% replacement ratio (70S-30CB) exhibited superior performance, retaining a strength of 94 MPa, representing a 31.5% reduction. At 40% and 50% replacement ratios (60S-40CB and 50S-50CB), the compressive strengths were 93.98 MPa and 91.2 MPa, representing a decrease of 28.8% and 30.4%, respectively. At 600 °C, the compressive strength of all mixtures decreased significantly owing to severe thermal deterioration. The dewatering of the C-S-H compound continued, causing its structure to collapse, and Ca(OH)2 decomposed into calcium oxide (CaO) and water, creating voids and further weakening the matrix. Thermal damage also extended to the bond between the aggregate and matrix, which weakened owing to chemical degradation and increased microcracks. This explains the significant drop in strength, as the strength of the standard mixture decreased from 122.19 MPa at 25 °C to 87.41 MPa at 600 °C, while the 30% replacement mixture (70S-30CB) retained a relatively higher strength of 94 MPa. These results highlight the superior thermal performance of the mixture with 30% replacement, likely owing to the influence of pozzolanic and alkali–silica interactions that contributed to the formation of thermally stable compounds [70,71,72].




3.1.4. Compressive Strength After Submerging to Sulfates


The experimental results in Figure 10 illustrate the compressive strength performance of the UHPC containing CBA as a partial replacement for sand. The measurements were taken after 28 days under standard curing conditions and following exposure to a 3.5% sodium sulfate solution. The study included six mixed designs: 100S, 90S-10SCB, 80S-20SCB, 70S-30CB, 60S-40CB, and 50S-50CB. Under normal conditions, the compressive strength ranged between 122.18 MPa for the 100S mix (reference mix) and 137.28 MPa for the 70S-30CB mix with a standard deviation of ±1.5 MPa, demonstrating enhancement in strength up to a 30% replacement level. Thereafter, a minor decrease in strength was noted when the 50S-50CB mixture attained a compressive strength of 131.03 MPa. Under sulfate exposure conditions, the compressive strength of all mixtures was reduced because of the adverse effects of sodium sulfate on matrix integrity. The residual strength ranged between 74.80 MPa for the 50S-50CB mixture and 83.05 MPa for the 70S-30CB mixture with a small standard deviation of ±2 MPa, highlighting the superior performance of the latter in maintaining strength under aggressive environments. The results show that replacing sand by up to 30% with CBA improves the sulfate resistance and mechanical properties of high-performance concrete. The results highlight the effect of the CBA replacement levels on the compressive strength (CS) of UHPC under normal and sulfate exposure conditions. The reduction factor, which represents the relative decrease in compressive strength owing to sulfate attack [73,74,75,76], ranged from 37.8% for the reference mix (100S) to 42.9% for the mix with the highest CBA content (50S-50CB). A consistent trend was observed, with the decline factor increasing as the CBA substitution levels increased. At low substitution levels (100S to 70S-30CB), the sulfate resistance was relatively high, likely because of the high matrix density and low porosity, which limited the penetration of sulfate ions. The mixture 70S-30CB showed the best performance, with a reduction factor of 39.5%. However, sulfate resistance decreased at high replacement levels (60S-40CB and 50S-50CB). This can be attributed to the increased porosity and weak CB in the matrix resulting from the high percentage of CBAs [18,77], which allows sulfate ions to penetrate more quickly and cause more significant damage [78]. These reactions include the formation of ettringite and gypsum, which decalcifies C-S-H, resulting in a decrease in the compressive strength. These results highlight the need to balance sustainability goals with durability considerations when designing UHPC mixtures.





3.2. Durability and Mass Transport


3.2.1. Chloride Penetration


The results in Figure 11 show an improvement in the chloride penetration resistance in UHPC with an increasing proportion of CBA, indicating an improved performance with gradual replacement of the conventional aggregate. The reference mixture (100S) exhibited the largest chloride penetration depth (244 coulombs), whereas increasing the proportion of CBAs gradually reduced the penetration depth: 10% CB (217 coulombs, ~11% improvement), 20% CB (196 coulombs, ~20% improvement), 30% CB (177 coulombs, ~20% improvement) 27%), 40% CB (158 coulombs, ~35% improvement), and 50% CB (143 coulombs, ~35% improvement ~41%). The standard deviation was found to be 2. This improvement was attributed to the properties of CBAs made from sesame ash and waste glass, which may contribute to reduced permeability through improved microscopic density and increased pozzolanic interaction between the aggregate and matrix [79]. These results indicate that high performance can be achieved with higher substitution levels (30–50%), with further improvement possible by optimizing the manufacturing process and using additives to enhance chemical reactions within the matrix.




3.2.2. Sorptivity


The results shown in Figure 12 explain a significant reduction in sorptivity as the proportion of CBA used as a replacement for natural sand increased. This trend indicates the enhanced durability of UHPC when CBA is incorporated under self-curing conditions with a pre-packed aggregate system. The absorption improvement rate, which was calculated for the 100S mixture, provides additional insight into the efficiency of CB use. For the 90S-10CB mixture, the absorption rate decreased by approximately 11.55% compared to that of 100S. The 80S-20CB mixture achieved a reduction of 14.98%, whereas the 70S-30CB mixture exhibited a greater improvement of 21.2%. This trend continued with the 60S-40CB and 50S-50CB mixtures, which achieved reductions of 22.7% and 23.1%, respectively. These results highlight a decreasing rate of improvement as the CB content increases beyond 30%, indicating that the density and remobilization effects resulting from replacing sand with CB begin to stabilize. This behavior indicates that while replacing sand with CB enhances the matrix density and reduces capillary porosity [80], there is an optimal replacement level, perhaps around 30–40%—where the benefits of reducing the absorption rate are most apparent. After this point, the effect of adding CB to reduce the absorption rate becomes marginal [45].





3.3. Microstructural Assessments


3.3.1. FTIR


Figure 13 shows the FTIR spectra, indicating the transmittance of UHPC containing CB prepared using sesame ash and waste glass in different proportions, denoted as S100, S70CB30, and S60CB40. Representing S100, distinctive peaks were observed at 796.56, 1076.21, 1433.02, 1641.32, and 1799.48 cm−1. This was due to the bending vibrations of the Si–O–Si bond, stretching of the Si–O bond, and carbonate groups. The addition of sesame ash and waste glass to samples S70CB30 and S60CB40 led to noticeable changes in the locations and intensities of these peaks of 482.88, 711.69, 1082.00, 1431.09, 1633.61, 1793.49 at S70CB30, and 473.70, 790.76, 1091.64, 1425.31, 1631.61, and 1791.76 cm−1. The peaks appeared especially at 1082.00 cm−1 and 1425.31 cm−1, reflecting enhanced silicate polymerization and increased formation of carbonate compounds as a result of the pozzolanic activity of sesame ash and the high content of amorphous silica in waste glass [81]. The peaks in the range 790–800 cm−1 and 1633–1793 cm−1 indicate the formation of C-S-H and calcium carbonate, which indicates improved hydration reactions and increased carbonation in high-performance concrete with a higher proportion of CBAs. Adding sesame ash and waste glass to CBA improves the microstructure of concrete and enhances its chemical stability, density, and durability.




3.3.2. Thermogravimetric Analysis (TGA)


Figure 14 shows the TGA results for UHPC containing varying proportions of CBAs as sand substitutes, indicating a clear relationship between the aggregated aggregate content and thermal stability. The control sample (S100) containing 100% sand exhibited the highest thermal stability with minimal weight loss across the temperature range. In contrast, samples with increasing aggregate content (80S-20CB, 70S-30CB, and 60S-40CB) showed progressively greater mass loss, indicating decreased thermal stability [82]. In the first stage, absorbed water is physically lost at low temperatures. All mixtures showed a weight reduction, but mixtures containing CB in higher proportions, such as 70S-30CB and 60S-40CB, lost less water, indicating the effect of CB in reducing free water absorption.



In the second stage, the decomposition of the C-S-H compound, Sample S100, showed less weight loss, indicating that it contained the lowest proportion of hydrated compounds. Conversely, as the CB content increased, the weight loss increased, indicating that CB promoted the formation of C-S-H or affected the hydration process.



In the third stage, portlandite (Ca(OH)2) decomposes, releasing water vapor. S100 exhibited the highest weight loss at this stage, indicating that it contained more portlandite. As the CB ratio increased, the weight loss decreased, indicating a reduction in the Ca(OH)2 formation in the cement system.



Finally, in the fourth stage, calcium carbonate (CaCO3) decomposes at the highest temperatures, turning into calcium oxide (CaO) and releasing carbon dioxide (CO2). The curve shows that S100 lost the most significant mass during this stage, whereas increasing CB led to a lower weight loss ratio, indicating reduced CaCO3 formation in mixtures containing CB. Comparing the behavior of the different mixtures, it is obvious that S100 (pure sample) shows the highest weight loss in all stages, indicating that it contains the highest percentage of hydrated cementitious compounds and carbonates. In contrast, as the percentage of CB, such as 80S-20CB, 70S-30CB, and 60S-40CB, increased, the weight loss gradually decreased at each stage, indicating less formation of cementitious products such as C-S-H, portlandite, and carbonate. In general, the addition of CB affects the stability of refractory compounds. It modifies the degradation behavior, which may improve the heat resistance of materials and reduce the effect of conventional cementitious reactions during hydration.



In conclusion, all samples experienced a slight weight loss below 200 °C owing to the evaporation of free water, gradual dissolution of hydration products such as hydrated CSH and CH between 200 °C and 600 °C [38], and a sharp mass decline between 700 °C and 800 °C, primarily due to the breakdown of calcium carbonate into calcium oxide and carbon dioxide. The largest mass loss was recorded in the 60S-40CB sample, indicating that increasing the aggregate content introduces more thermally unstable phases and may increase porosity, accelerating the decomposition process [83].




3.3.3. Differential Scanning Calorimetry (DSC)


Figure 15 shows that the DSC analysis of UHPC with different percentages of CB as a surrogate for sanding provides important insights into its behavior and evolutionary transformations. The temperature–flow curves for the ductile (100S) and modified extracts (80S-20CB, 70S-30CB, and 60S-40CB) modalities remained similar, with noticeable printing pipette peaks. An initial decrease in the heat flux was observed below 200 °C in all the samples, this is primarily a result of the evaporation of unbound waters as well as water from the hydration shells figuring around the solid. An endothermic peak between 400 and 600 °C was observed which marks the transition from CH to CaO and is also the release of steam.



The prominent endothermic peak near 600–900 °C is attributed to the dissociation of calcium carbonate (CaCO3) into calcium oxide and carbon dioxide. It is worth noting that the intensity of these endothermic reactions increased with increasing CBA content, especially in the 60S-40CB sample, indicating greater thermal activity and increased phase transformations. This behavior suggests that increasing the content of CBAs introduces thermally sensitive phases or increases the porosity, facilitating decomposition reactions. However, the overall thermal response remained similar across all mixtures.




3.3.4. Scanning Electron Microscope at Normal Condition


Figure 16 shows SEM images of the sample (100S) (100% sand control mixture), which illustrate considerable growth in porosity as well as the formation of microcracks. From the SEM image, it can be noticed that the interfacial transition zones (ITZs) between the aggregated aggregate and cement paste become more evident, which may constitute weak points within the structure. The CSH gel also appeared less cohesive and the matrix showed increased structural variation. The SEM image shows a slightly less dense structure than the control sample in the (80S-20CB) sample, where CBAs replaced 20% of the sand. Small gaps and microcracks begin to appear, most likely because of the introduction of aggregates, which can create areas with weaker bonds. However, the overall structure remained relatively compact with a good distribution of C-S-H gels throughout the matrix. The (70S-30CB), with 30% sand replaced by aggregate, showed a dense, cohesive microstructure with very low porosity. The hydration products appear well-developed, with tightly packed C-S-H phases and an almost complete absence of microcracks or interstices. This dense structure contributes to the high mechanical strength and thermal stability of the control mixture. The absence of weak transition zones or loose bonds reflects the homogeneity of concrete. The SEM image reveals a noticeably porous and heterogeneous structure in the sample (60S-40CB), with 40% of the sand replaced by aggregates. Large gaps and areas with weak bonds are visible, along with increased microcracks [53]. The CSH gel appeared more friable and less homogeneously distributed [84], indicating that a high proportion of aggregated aggregates significantly weakened the matrix cohesion [85]. The interfacial transition zones also became more pronounced, reflecting the weakening of the bonds between the aggregate and the cement paste.






4. Discussion


The enhancement of compressive strength may be interpreted by the principles involving the core chemical processes taking place in the concrete matrix owing to the use of sesame ash and glass waste. One of the main reactions is the pozzolanic reaction of silica (SiO2) in sesame ash and glass waste with CH, which is a byproduct of the cement hydration reaction [29]. This reaction produces C-S-H, which is the primary compound responsible for the strength of concrete. In addition, an alkali–silica reaction happens between the silica in glass waste and potassium hydroxide (KOH) in cement paste, leading to the formation of potassium silicate (K2SiO3) and water [86]. These interactions contribute to the production of additional binders that reduce voids and increase the density of the concrete matrix, leading to an improved compressive strength. A compressive strength of 147.2 MPa was recorded as the average of three specimens tested at 90 days, with a low standard deviation, confirming the repeatability of this value under consistent mixing, casting, and curing conditions. Multiple batches were tested and yielded similar results, attributed to precise control over the mix design, as well as the use of the prepacking method, which minimized internal voids and enhanced the paste-to-aggregate bond. When compared to commercial UHPC, which typically exhibits compressive strengths in the range of 120–150 MPa [7,9,38,87,88,89], the achieved value falls within or even slightly exceeds this range. This highlights the effectiveness of the developed system, particularly since the mix did not rely on high volumes of steel fibers or advanced thermal curing methods, offering a high-performance solution with favorable cost and processing considerations. At high temperatures. The strength of the standard mixture (100S) decreased from 122.19 MPa at 25 °C to 108.28 MPa at 300 °C, while the mixture with a 30% replacement ratio (70S-30CB) retained the highest thermal resistance, as its strength decreased from 137.28 MPa to 119.24 MPa. Pascal showed better stability than other mixtures due to the formation of stable compounds such as potassium silicate (K2SiO3) and a denser microstructure [67,68,69]. At 600 °C, although all mixtures showed a decrease in strength at elevated temperatures, the mixture with a 30% replacement ratio showed the best resistance to thermal damage, supporting its feasibility for applications requiring high thermal resistance. Furthermore, the cold bonding process may have contributed to the improvement in the granular distribution within the mixture, reducing the chloride penetration depth. After sulfates, the mixture 70S-30CB showed the best performance, with a reduction factor of 39.5%. However, sulfate resistance decreased at high replacement levels (60S-40CB and 50S-50CB). This can be attributed to the increased porosity and weak CB in the matrix resulting from the high percentage of CBAs [18,77].



Various instruments such as SEM using Zessis devise sourced from Oberkochen, Gemany, FTIR using Bruker sourced from Rheinstetten, Germany, TGA, and DSC device NETZSCH sourced from Selb, Germany were used to complete a comprehensive analysis that established the correlation between microstructure and mechanical properties. Microscopic examination of CBAs 30% mixtures (70S-30CB) showed the SEM-70S-30CB having the best microstructure with low levels of microcracking, high levels of interfacial bonding, and dense structure. This observation matched the predicted outcomes of compressive and tensile strength, meaning it was the highest value estimation. FTIR was able to detect higher levels of silicate polymerization, enabling more carbonates to form at this level of replacement suggesting greater intensity of pozzolanic as well as alkali–silica reactions, and therefore better continuity and strength of the matrix. Lowered portlandite levels leading to improved decomposition temperatures supported the finding of enhanced thermal stability, enabling better durability of the material as demonstrated in TGA and DSC. Optimized microstructural development in CBA-containing mixes drove the superior performance in mechanical and durability resulting from improved structural performance withstanding stress CBA blends.



Finally, in conclusion, the optimal level of the 30% replacement ratio was chosen to be the most favorable based on mechanical, durability, and microstructural assessment synergies. Of all mixtures tested, the 70S-30CB mixture had the highest compressive strength 147.2 MPa at 90 days), which was an 11.93% increase over the control. It also had the highest splitting tensile strength, the best thermal stability at 300 °C and 600 °C, and the best sulfate resistance with the lowest strength reduction factor (39.5%). Chloride penetration and sorptivity results corroborated a reduction in permeability at this level. Additionally, SEM images showed a dense and well-bonded microstructure. FTIR and TGA results showed greater amounts of silicate formation and lower amounts of portlandite. There was a decrease in strength and an increase in porosity with higher replacement ratios of 40% and 50%, but performance remained acceptable. Therefore, the best balance between strength, durability, and microstructural integrity was found to be a 30% replacement of CBA, making it the optimal proportion in the study.




5. Mechanism


Figure 17 shows the UHPC mechanism without CBAs. The 100S mix presents challenges under various conditions. At ambient temperature (25 °C), it has a high compressive strength owing to the high density and bond strength between the components; however, problems begin to appear when exposed to high temperatures (300 °C and 600 °C). At 300 °C, the strength decreased owing to the loss of internal moisture and the thermal expansion of the aggregate. Although concrete retains some strength, 600 °C causes a significant loss of strength owing to the thermal decomposition of hydraulic products and microcracks due to sand expansion, which weakens the internal cohesion in terms of chloride resistance. The mixture showed good durability owing to its high density and low porosity; however, it was still susceptible to the long-term absorption of chloride ions. In contrast, when exposed to sulfate, the mixture shows significant weakening owing to chemical reactions between sulfate and cement products, leading to the formation of ettringite and gypsum and causing crack expansion and erosion of the cement matrix, affecting durability over time.



Figure 18 shows that the mechanism for concrete reactions occurs because of the substitution of CBAs as sand replacements. The results indicate that using CBAs prepared from sesame ash and glass waste as partial sand substitutes significantly enhances the compressive strength of high-performance concrete through chemical reactions, particularly at an optimal replacement ratio of 30%. These reactions involve the reaction of silica with calcium hydroxide to form a C-S-H compound, which increases the binder content and improves the concrete matrix [59]. In addition, the alkali–silica reaction between glass waste and potassium hydroxide produces a potassium silicate compound (K2SiO3), which fills voids and increases density [17]. At 300 °C, all mixtures showed a moderate compressive strength reduction compared to room temperature, owing to several main processes. Free water began to evaporate from the capillary pores at temperatures between 100 and 150 °C, which increased the porosity of the concrete matrix and weakened its structure. In addition, the dewatering process of C-S-H, the primary binder in concrete, begins, resulting in an associated chemical water loss and a decrease in bond strength. The internal stresses that lead to microcracks are caused by the differential thermal expansion between the aggregate and cement paste [66]. At 600 °C, all mixtures’ compressive strength decreased significantly due to severe thermal deterioration. The dewatering of the C-S-H compound continued, causing its structure to collapse, and Ca(OH)2 decomposed into calcium oxide (CaO) and water, creating voids and further weakening the matrix. Thermal damage also extended to the bond between the aggregate and matrix, which became weaker due to chemical degradation and increased microcracks. Sulfate resistance allows sulfate ions to penetrate more easily and cause greater damage [78]. These reactions include the formation of ettringite and gypsum, which decalcifies C-S-H, resulting in an observed decrease in compressive strength. These results highlight the need to balance sustainability goals with durability considerations when designing UHPC mixtures. Curing is essential in the development of strength, durability, and microstructural integrity in UHPC. These include external water curing, steam curing, and membrane curing. Each approach offers a specific merit or drawback in UHPC systems. For example, steam curing greatly accelerates the hydration and early-age strength development of UHPC, but it also requires specialized equipment and incurs high energy costs. Additionally, rapid thermal gradients might cause microcracking. Although external water curing is quite popular with conventional concrete, it may be less effective in UHPC due to the material’s low permeability and dense microstructure that impede external moisture penetration. While membrane curing is more efficient in dry or windy conditions, its lack of moisture addition makes it less efficient in low water-to-binder ratio systems. On the other hand, self-curing through internal curing agents like PEG may be better suited for UHPC, especially in field applications where external curing poses logistical challenges [13]. PEG-based self-curing maintains internal relative humidity by releasing vaporized water, which supports continued hydration and mitigates autogenous shrinkage. The results of this study showed that the use of 1% PEG 400 as an internal curing agent increased durability and compressive strength without the addition of external water [15,16,90,91]. This is consistent with other research that states internal curing is particularly beneficial for high-strength and low w/b ratio high-performance concretes. This means that self-curing is a simple and effective method for enhancing the field performance of UHPC over time. The 70S-30CB mix featured 70% sand and 30%CBA prepared from sesame ash and waste glass in the presence of potassium hydroxide and slag, significantly improving the performance compared with 100S. At ambient temperature (25 °C), this mixture provides a similar compressive strength but with improved internal bonding owing to the pozzolanic reaction between the slag and potassium, which increases the density and durability. When exposed to high temperatures (300 and 600 °C), 70S-30CB performed better than 100S. At 300 °C, the slag and potassium hydroxide reduced the strength loss by improving the stability of the hydration products. In contrast, at 600 °C, the presence of waste glass and ash enhanced the heat resistance by forming a more stable structure, reducing thermal expansion and microcracks. In the chloride resistance test, this mixture showed improvement owing to the pozzolanic reaction between the slag and ash, which led to the formation of denser and less permeable cement products, thus reducing the penetration of chloride ions further than 100S. Regarding exposure to sulfates, the performance of 70S-30CB is better than that of 100S because the slag contributes to the formation of a matrix that is more resistant to sulfate reactions. This reduced the formation of ettringite and gypsum, thus reducing the structural deterioration of the concrete compared with the 100S mix. Although the 100S mixture suffers from a loss of strength at high temperatures and is highly susceptible to sulfates, the 70S-30CB mixture shows a clear improvement under these conditions because of the effect of slag and potassium hydroxide in improving the stability of cement products, as well as increased resistance to chlorides and reduced susceptibility to sulfates, making it a more durable option.




6. Conclusions


	
This research focused on the behavior of UHPC made with pre-packed coarse aggregate as well as varying sand substitutes with CBAs between 10% and 50%. The concrete’s mechanical properties, including compressive strength along with splitting tensile strength, were measured at different ages. Along with microstructure investigation, soudanaite and calcium sulfate durability, chloride porosity, and high-temperature performance were assessed. The conclusions are as follows:



	
The optimal replacement ratio of CBAs was found to be 30%, which showed the highest compressive strength (147.2 MPa at 90 days, representing an improvement of 11.93% compared to the control mixture.



	
The 30% CBAs replacement ratio also exhibited the highest split tensile strength, reaching 1.64352 MPa, an improvement of 14.5% over the control mixture.



	
While all mixtures showed decreased strength at high temperatures, the 30% CBA replacement mixture demonstrated the best thermal resistance, retaining a higher strength than the other mixtures at 300 °C and 600 °C.



	
The 30% CBA replacement mixture exhibited superior performance in maintaining strength under sulfate exposure, with a reduction factor of 39.5% compared to the control mix (100S).



	
Increasing the proportion of CBAs improved the chloride penetration resistance, with the 50% CBA mixture showing a 41% improvement compared with the control.



	
The SEM images revealed that the 30% CBA mixture had a dense cohesive microstructure with very low porosity, contributing to its high mechanical strength and thermal stability compared to the control mix without CBAs.



	
FTIR peaks in the range 790–800 cm−1 and 1633–1793 cm−1 in the case of 30% CBAs indicate the formation of C-S-H and calcium carbonate, which indicates improved hydration reactions.



	
DSC showed that endothermic reactions increased with a higher CBA content, indicating greater thermal activity and increased phase transformations.



	
TGA demonstrated that as the CBA content increased, the weight loss increased, indicating that CBAs facilitated the formation of C-S-H or affected the hydration process.






There are several limitations to this study that should be noted while interpreting the results. First, the experimental program considered only laboratory-scale specimens and controlled curing conditions, which might not capture the true field performance influenced by external factors like humidity, temperature changes, or mechanical loading, while thorough assessments were made of the mechanical and durability performance, there was no investigation into long-term durability under realistic cyclic conditions (e.g., freeze–thaw cycles, carbonation) which are present in real-world scenarios. Future work should explore field validation of these findings, investigate alternative self-curing methods, and study the long-term aging impacts of CBA-based UHPC in extreme environments.
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Figure 1. Preparation of CBAs. 
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Figure 2. Sieve analysis for fine aggregate. 
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Figure 3. Mixing procedures of UHPC. 
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Figure 4. Mechanical, mass transport, and microstructure tested performed on UHPC. 
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Figure 5. Testing procedures. 
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Figure 6. Furnace and heating procedure. 
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Figure 7. Compressive strength for UHPC contains CBAs. 
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Figure 8. Splitting strength for UHPC contains CBAs. 
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Figure 9. Residual compressive strength for UHPC contains CBAs. 
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Figure 10. Residual compressive strength for UHPC contains CBA after a sulfate attack. 
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Figure 11. Chloride penetration resistance for UHPC contains CBAs. 
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Figure 12. Sorptivity for UHPC contains CBAs. 
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Figure 13. FTIR for UHPC contains CBAs. 
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Figure 14. TGA for UHPC contains CBAs. 
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Figure 15. DSC for UHPC contains CBAs. 
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Figure 16. SEM for UHPC contains with and without CBAs. (a) SEM micrograph for control mix (100S). (b) SEM micrograph for 80S-20CB. (c) SEM micrograph for 70S-30CB. (d) SEM micrograph for 60S-40CB. 
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Figure 17. Mechanism for UHPC without CBAs. 
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Figure 18. Mechanism for UHPC contains CBAs. 
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Table 1. XRF for binder materials.
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	Oxides %
	Cement
	Silica Fume
	GGBS
	Waste Glass
	Sesame Ash





	SiO2
	23.9
	96.55
	37.9
	71.9
	22.08



	Al2O3
	7.45
	0.19
	9.92
	0.27
	8.19



	Fe2O3
	3.02
	0.32
	0.3
	1.12
	5.69



	CaO
	57.3
	0.98
	36.4
	12.09
	38.01



	MgO
	3.94
	0.73
	10.9
	2.1
	5.82



	SO3
	3.23
	-
	0.1
	0.17
	1.91



	Na2O
	0.29
	0.38
	0.48
	10.9
	1.2



	K2O
	0.87
	0.85
	0.9
	0.09
	17.1



	LOI
	-
	-
	3.1
	
	







All chemical elements are expressed as percentages (%).













 





Table 2. Mix proportions in kg/m3.
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Mixes

	
Binders

	
Aggregate

	
SP

	
Water




	

	
Cement

	
SF

	
Dolomite

	
Sand

	
CBA

	
SP

	
Water






	
100S

	
850

	
85

	
750

	
375

	
0

	
28.5

	
168.3




	
90S-10CB

	
850

	
85

	
750

	
337.5

	
37.5

	
28.5

	
168.3




	
80S-20CB

	
850

	
85

	
750

	
300

	
75

	
28.5

	
168.3




	
70S-30CB

	
850

	
85

	
750

	
262.5

	
112.5

	
28.5

	
168.3




	
60S-40CB

	
850

	
85

	
750

	
225

	
150

	
28.5

	
168.3




	
50S-50CB

	
850

	
85

	
750

	
187.5

	
187.5

	
28.5

	
168.3
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