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This study investigates the potential use of waste ceramic powder as a filler in concrete. Different percentages of waste ceramic powder were added to the concrete, and the compressive strength and water absorption properties were assessed. Failure mechanisms were analyzed using scanning electron microscopy (SEM). The findings revealed that incorporating 5% ceramic powder into concrete increased its compressive strength by approximately 12.5%. However, adding more than 5% ceramic powder led to a proportional decrease in strength. Additionally, water absorption increased when the ceramic content exceeded 5%. SEM analysis showed that higher ceramic content weakened the adhesion of the ceramic particles, and noticeable aggregation was observed.
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1 INTRODUCTION
Disposal of waste materials is rapidly increasing (Brekailo et al., 2022), with most of the more than 200 million tons of waste materials produced in the United States going into landfill. In Australia, total waste management will reach more than ten million tons in the coming years in Adelaide alone. Therefore, new technology should be explored to utilize different waste material components as alternatives, substitutes, cores, and/or fillers. This would contribute to the reduction of materials being disposed of. Concrete materials are very consumable and can incorporate some additives from different resources (Table 1). Much research on this has been reported. Table 1 summarizes the studies on the use of various alternative fillers in concrete. In general, the materials explored in the literature seemed to be promising. Ceramic waste can be another potential additive in concrete; it can be divided into two categories—generated fired ceramic waste (brick, blocks, and roof tiles) and fired ceramic waste (wall, floor tiles, and sanitary ware) (Pacheco-Torgal and Jalali, 2010; Abou Rachied et al., 2023). The chemical composition of fired ceramic products is unremarkably different from the raw materials used to make the products. Crushing ceramic waste can generate coarse aggregates, fine aggregates, and ceramic powder, which can be used without additional processing. Much research has been done on using waste ceramic as aggregate in concrete (Kannan et al., 2017a; Kore Sudarshan and Vyas, 2019; Zegardło et al., 2016; Mir et al., 2022). However, waste ceramic in powder form has not been comprehensively explored as a potential filler in concrete. There is, though, a growing interest in using waste ceramics in buildings to incorporate ceramic powder in concrete rather than as aggregates (Li et al., 2020; Magbool, 2022; El-Dieb and Kanaan, 2018).
TABLE 1 | Summary of the literature on additives in concrete.
[image: Table 1]In recent years, there has been increasing interest in utilizing various waste materials as fillers in concrete to promote sustainable construction. Fly ash, for instance, has been extensively studied for its pozzolanic properties which enhance the strength and durability of concrete. However, with higher fly ash content, challenges such as increased brittleness and reduced water absorption have been reported, limiting its use in certain applications. Puthipad et al. (2017) and Golewski (2018) suggest that while fly ash can improve certain properties, its effect on the interfacial transition zone (ITZ) and water permeability can be detrimental to the overall performance of the concrete mixture. Similarly, recycled glass has been investigated as a filler, offering advantages such as improved sustainability and mechanical strength. However, concerns over alkali–silica reactions (ASR) can affect the long-term durability of concrete when using recycled glass as a filler. Saribiyik and Caglar (2016) and Mansour et al. (2023) have highlighted the limitations of recycled glass in concrete, particularly regarding crack initiation and the potential for internal reactions. In contrast, waste ceramic powder, as investigated in this study, shows promise as a sustainable filler due to its finer particle size, which allows for better dispersion within the concrete matrix. Compared to fly ash and recycled glass, ceramic powder appears to improve mechanical strength at lower inclusion rates without the adverse effects of ASR or significant brittleness. This study builds upon previous research by focusing on the powder form of ceramic waste, offering a unique contribution to the field of sustainable materials science.
Previous studies have extensively explored the use of ceramic waste in concrete, with a primary focus on using ceramic fragments as coarse or fine aggregates. These studies generally show mixed results, with higher ceramic aggregate content often leading to reduced mechanical strength due to issues such as poor interfacial bonding and increased porosity. However, the potential of ceramic waste in powder form as a filler remains underexplored. Unlike aggregates, ceramic powder offers a finer particle size, allowing for better dispersion within the concrete matrix and potentially leading to improved mechanical properties at lower inclusion rates. We here investigate the use of ceramic powder as a filler, focusing on its impact on the compressive strength and water absorption properties of concrete. This study represents a novel approach to utilizing waste ceramics by focusing on the powdered form which provides a more homogeneous mix and better particle–cement interaction. By optimizing the proportion of ceramic powder in the concrete mix, this study offers new insights into sustainable materials science and contributes to a circular economy by reducing the environmental burden of ceramic waste.
2 SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE
The material selected for this study is Portland cement supplied by Bunnings’s Warehouse in Toowoomba. The sand was also purchased from there. The ceramic powder was prepared at the lab and was ground using a ball mill to reduce the particle size and ensure a finer powder suitable for use as a filler. The ceramic powder had a particle size distribution ranging from 10 µm to 100 μm, with a median particle size (d50) of approximately 50 µm. The particle size distribution was measured using a laser particle size analyzer. The ceramic powder’s chemical composition comprised SiO2 at approximately 65% (±1%), around 3% CaO (±0.5%), 18% Al2O3 (±0.3%), 3% Fe2O3 (±0.4%), 3% MgO (±0.3%), and 3% K2O (±0.2%).
Various percentages of ceramic powder were selected to investigate its effect on the compressive strength and water absorption mechanical properties of concrete. The chosen ceramic content levels—5%, 15%, 25%, 35%, and 45% by weight of cement—were based on a combination of insights from previous studies (Frías et al., 2021; de Castro Carvalho et al., 2024; Ergenç et al., 2020; Matias et al., 2014) and the need to examine a wide range of concentrations to understand the performance limits of ceramic powder as a filler. The decision to start with 5% ceramic powder content was guided by findings from existing research on similar materials, such as fly ash and ceramic aggregates, which demonstrated that low filler content often leads to improvements in mechanical properties (Vieira et al., 2020). Lower filler concentrations typically result in better integration within the cement matrix, enhancing bonding and reducing the likelihood of voids or cracks. Therefore, 5% was selected as a baseline to assess whether similar benefits could be achieved with ceramic powder, particularly given its finer particle size than aggregates.
Higher ceramic powder contents of 15%, 25%, 35%, and 45% were chosen to systematically explore the effect of increasing filler concentration. These increments were to monitor the transition from improved mechanical performance at lower content levels to the potential deterioration of properties as filler content increases. This approach is consistent with studies on other waste materials, such as recycled glass and plastic powder, which show that high filler content can reduce concrete strength due to poor dispersion and increased porosity (John et al., 2018). The increments of approximately 10% were chosen to provide meaningful differences between test samples without making the variation too granular, which might have obscured significant trends. These percentage levels strike a balance between capturing detailed data across a broad spectrum and maintaining practicality in material preparation and testing.
A weight scale was used to calculate the required amount of all the ingredients at an accuracy of ±0.1 mg. The prepared cement, water, and ceramics mixture was carefully poured into the cylinder mold (Figure 1). The samples were left for 7 days and then removed from the mold. There were three samples for each set of experiments and 7- and 14-days curing time. The samples dimensions were 150 mm × 300 mm according to standard ASTM C39. The samples were removed and water absorption was determined, as explained next.
[image: Figure 1]FIGURE 1 | Prepared samples of cement with different ratios of waste ceramic aggregates.
2.1 Experimental procedure
An MTS 810 Universal Testing Machine A6 with a capacity of 100 kN, Servo Hydraulic, and Dynamic was used to perform compressive testing. The machine can perform tensile, compressive, flexural, and dynamic loading under static and dynamic conditions (Figure 2). Three samples were tested per set following ASTM C39, and the average was determined. The samples were placed between the two compressive plates in the experiments, as shown in the figure. The feeding rate was 2 mm/min. During the experiments, the samples were monitored using an imager to gain information, which may help in understanding the experimental data later.
[image: Figure 2]FIGURE 2 | Photograph showing the sample under compressive loading conditions using the universal testing machine.
Each sample determined the water absorption, and the average of the three samples was determined. On the seventh day of the curing, the sample’s weight was measured, and again after 14 days. The weight reduction was determined by dividing the weight difference by the original weight times 100. Standard ASTM C642 was used to measure water absorption: a dry concrete specimen was weighed and then saturated by immersion in water for 24 h. After saturation, the specimen was removed, excess surface water removed, and it was reweighed. The difference in weight before and after saturation was used to calculate the water absorption as a percentage of the initial dry weight, providing valuable information about the porosity and permeability of the concrete—crucial for assessing its durability and performance.
3 RESULTS AFTER THE SEVENTH DAY OF CURING
3.1 After 7 days
The compressive testing data for the concrete without any addition of ceramic is given in Figure 3 as force vs. deformation. Three samples of the concrete were tested, as shown in the figure. Two samples have similar trends and peak values of force. One sample is out of the range, especially in deformation. This can be due to the presence of some peaks in the surface, which crashed when the testing began, and then the real test took place. However, the maximum force seems similar for the three samples, at approximately 13 kN. All three samples seem to be in brittle failure mode since the plastic deformation region drops dramatically after the peak, representing the crashed samples’ sequencing process after the test.
[image: Figure 3]FIGURE 3 | Compressive behavior of concrete containing different ceramics percent after 7 days: (A) 0%; (D) 25%; (B) 5%; (E) 35%; (C) 15%; (F) 45%.
The compressive behavior of concrete with 5% waste ceramic powder is given in Figure 3A. The curves of the three samples are in the same trend. There is high deformation with less stress at the initial stage. At approximately 200 mm deformation, the relation between force and deformation begins to be proportional, representing the deformation’s elastic region. The stress increases until the deformation reaches 400–600 mm, and then the force starts dropping, indicating the failure of the samples. Maximum force can be seen at approximately 21,000 N. In two samples, some yielding processes occur, which are at the force of approximately 16,000 N and 18,000 N. Compared to the previous section for the pure concrete without any addition of ceramic powder, there is an increase in the force required to fail the sample. This cannot be explained at this stage since the other data suggest that the addition of the ceramic reduces the strength of the concrete.
Force vs. deformation of the three samples is given in Figure 3B for the higher percentage of ceramic powder. The trends of two of the samples seem to be similar, but the third’s was different. The failure in the third sample did not last long after the peak force. More strain was achieved after the peak force for the other two samples. Maximum force can be found at approximately 14,000 N, much lower than the previous sections. This indicates that adding ceramic powder reduces the tensile properties of concrete. The reduction in the force is about 30% compared to the concrete without ceramic. The literature mentions many reasons for reducing concrete strength by adding ceramic as aggregate. The water absorption of the ceramic could deteriorate the bond between the ceramic and the concrete. The generation of voids inside the concrete creates initial cracks, reducing shear resistance. Ndambuki (Sheen et al., 2015) reported a similar effect of adding the ceramic to the concrete but in aggregate form. Aboubakr (Kore Sudarshan and Vyas, 2019) showed such a reduction in the strength of the concrete incorporated with waste ceramics.
At 25% of ceramic in the concrete, the trend and behavior of the concrete compression is similar to the previous one. However, the compressive loading resistance reduction becomes higher with a more significant amount of ceramic. At the high proportion of ceramic, there is an issue with aggregation, especially with powdered ceramic as reported in similar research in polymer composites—ceramic/epoxy composites tested by Ren et al. (2015). Figure 3C indicates that 12,000 N can be the maximum load that can be applied to concrete containing 25% ceramic powder. The figure displays a similar trend of compressive loading with a noticeable reduction in compressive load values. The maximum compressive load that can be used for concrete with 45% waste ceramic powder is 7,000 N.
3.2 After 14 days
The compressive results of the concrete samples after 14 days of curing are presented in Figure 4. Compared to Figure 3 for similar samples cured for 7 days, curing after 14 days increased the brittleness of the samples since there was not much deformation after the peak of the force. The energy under the curve was thus less after 14 days of curing than after 7 days. However, in terms of force, 14-day curing increases compressive force to approximately 15 kN; after 7 days curing, the force was only approximately 12 kN. This is the normal behavior of the majority of concrete: longer curing duration for high strength.
[image: Figure 4]FIGURE 4 | Compressive behavior of concrete containing different percentage concentrations after 14 days: (A) 0%; (D) 25%; (B) 5%; (E) 35%; (C) 15%; (F) 45%.
The force vs. deformation of the concrete with different contents of ceramic powder is given in Figures 4A–F. For the first low content of 5% ceramic, Figure 4 shows strain variation in the behavior of the concrete since two samples failed at approximately 19,000 N while one carried up to 23,000 N. Compared to the same content cured for 7 days, the average force was approximately 20,000 N. This indicates that the third sample in the fourteenth curing day is accurate, giving a high strength up to the maximum force of 23,000 N. The compressive behavior of the 15% ceramic in concrete exhibits a similar trend to 5% concrete. Significant differences exist in the trend of the three samples since they failed in different manners. The maximum force was approximately 16,000 N, greater than the one cured for 7 days only (14,000 N). The other concrete with a high proportion of ceramic showed similar trends and findings since there was an increase in the force compared to 7 days of curing. 
3.3 Influence of ceramic powder content in concert and curing duration on strength
To gain an overview of the influence of waste ceramic on concrete strength, the average compressive strength of the materials is plotted in a bar chart with an error bar for the different durations of curing (Figure 5). In general, adding ceramic reduced the strength of the concrete, especially after 15% ceramic. At 5% ceramic, there was a 25% increase in the strength of the concrete. At 15% and above, there was a decrease in strength. Regarding the effect of curing duration, 28 days of curing increased concrete strength for all percentages of waste ceramics. For 14 days of curing, the influence of curing at this period is not that remarkable since the data are scattered.
[image: Figure 5]FIGURE 5 | Strength of concrete at different ceramic contents.
For a high content of ceramic in concrete, the deterioration in strength could be due to many factors, such as the interfacial adhesion of the ceramic powder with the concrete, the void generation in the concrete due to the ceramic’s very high porosity, and the aggregation of the powder in clusters. Recent work by Öztürk (Frías et al., 2021) has suggested that the hydration of cement is the main reason for the reduction in strength due to the low amount of C3S, which is supported by Puertas et al. (2010). In these studies, the ceramic was used in aggregate form, and the concrete’s strength reduction was evident at all proportions of content. In the current study, the strength improved by 5%. Subaşı et al. (2017) found a 20% reduction in concrete strength with 15% aggregate ceramic. In our study, the reduction in the same percentage of ceramic but in powdered form is almost zero. In other words, using ceramic in powdered form is much better than use in aggregate form. This could principally be because a large amount of aggregate ceramic can dehydrate concrete at the first stage of the curing worse than with ceramic. Powdered ceramic (microscale) is very small, and the absorption and release of water can be faster than aggregate on a centimeter scale. Aboubakr (de Castro Carvalho et al., 2024) also suggested this, with results in high agreement with ours. Kannan et al. (2017b) suggested that the high porosity of concrete with a high proportion of waste ceramic powder is the main reason for a reduction in concrete strength. Recycled concrete aggregates (RCA) have been investigated as a potential reinforcement material in concrete by Nor et al. (2023), who found that 50% of prepared concrete incorporating RCA resulted in a compressive strength of approximately 36 MPa. The lower compressive strength observed in this case can be attributed to the high porosity of RCA and its poor interfacial adhesion with the aggregate, water, and cement. Zhang et al. (2020) assessed the compressive strength of fiber-reinforced concrete with recycled aggregate derived from waste clay bricks. Due to the waste clay aggregate’s inherent weakness and relatively large size, the maximum compressive strength achieved was approximately 65 MPa. Comparing these earlier findings with our current results, it becomes evident that ceramic powder presents a more promising alternative to RCA or waste clay. This is highlighted by a significantly higher compressive strength of approximately 200 MPa when utilizing 25% ceramic powder in the concrete mixture.
3.4 Water absorption
Figure 6 shows water absorption in the prepared concrete after 28 days where adding ceramic to concrete increases its water absorption. This will significantly affect the formation and setting of the concrete during the curing process. The ceramic absorbed the water, not leaving enough water for the cement to react, which resulted in a fragile structure. At the low percentage of ceramic, the increase in the absorption rate was much less compared to the high percentage of the waste ceramic, which may be the main reason for the low strength of the concrete at the high rate of ceramic.
[image: Figure 6]FIGURE 6 | Water absorption of samples after 14 days in comparison to 7 days.
3.5 SEM observation
The fractured surface of the samples after the tests is graphed in Figures 7–9 for the 0%, 25%, and 45% ceramic content. At 0% ceramic, the fractured surface seems normal. There are some detachments for the aggregate, and there is some debris on the surface, representing the concrete’s brittleness. At 25% ceramic, there is an apparent aggregation of the ceramic powder, which forms clusters. This generated a layer around the concrete’s aggregate (Figure 8). This weakened the structure of the concrete and resulted in reduced strength. This is very clear for the high percentage of ceramic as seen in Figure 9, where the aggregation of the ceramic powder is apparent and large, resulting in detachments of the ordinary aggregate in the concrete and the generation of microcracks in the structure. The sample with 0% ceramic content exhibited a porosity of approximately 5%, while the sample with 45% ceramic powder showed a significantly higher porosity of around 15%. These results align with the observed reduction in compressive strength at higher ceramic powder content, suggesting that increased porosity weakens the concrete matrix by creating more voids and reducing interfacial bonding.
[image: Figure 7]FIGURE 7 | (A) Micrographs (×100 µm) of concrete containing 0% ceramics after 28 days. (B) Micrographs (×200 µm) of concrete containing 0% ceramics after 28 days.
[image: Figure 8]FIGURE 8 | (A) Micrographs (×1 mm) of concrete containing 25% ceramics after 28 days. (B) Micrographs (×50 µm) of concrete containing 25% ceramics after 28 days.
[image: Figure 9]FIGURE 9 | (A) Micrographs (×100 µm) of concrete containing 45% ceramics after 28 days. (B) Micrographs (×200 µm) of concrete containing 45% ceramics after 28 days.
This study was conducted to better understand the influence of waste ceramic content on concrete materials. The results presented the fractured surfaces for concrete samples with different ceramic contents: 0%, 25%, and 45%. The aim was to observe how the addition of ceramic waste affected concrete’s microstructure and mechanical properties. Figure 5 shows that as the ceramic waste content increased, the concrete’s strength decreased. This suggests that the incorporation of ceramics diminished the overall performance of concrete. The SEM micrographs of the concrete samples show specific changes depending on the ceramic content. As this increased, the micrographs reveal the deterioration of the concrete’s structure. At high ceramic content (45%), there are visible aggregations of ceramic particles, acting as additional voids within the concrete matrix. These voids weaken the concrete’s structure, reducing resistance to external loading forces. At 25% ceramic content, the micrographs show a relatively better concrete structure compared to the 45% content. However, there are still signs of detachment of ceramic particles, indicating poor interfacial adhesion between the ceramic particles and the cement matrix. This poor adhesion could contribute to weaknesses in the concrete’s overall mechanical properties.
4 CONCLUSION
The results of this experimental study lead to the following conclusions.
• The investigation into the influence of ceramic powder content in concrete and of curing duration on its strength has provided valuable insights. Adding ceramic powder to concrete demonstrates a complex relationship with its strength. A significant increase in strength is observed at 5% ceramic content, but exceeding a 15% threshold results in a notable decline. This decline may be attributed to poor interfacial adhesion, void generation, and the aggregation of ceramic particles in the concrete. The difference in results between ceramic in aggregate and powdered forms suggests the latter’s superiority, possibly due to faster water absorption and release at the microscale.
• Comparisons with studies involving other reinforcement materials, such as recycled concrete aggregates (RCA) and waste clay, suggest that ceramic powder is a more promising alternative, yielding higher compressive strength, particularly at 25% ceramic content. Water absorption experiments have revealed that increased ceramic content leads to higher water absorption in the concrete, impacting its setting and formation during curing.
• Scanning electron microscope (SEM) observations provided visual evidence of the structural changes in the concrete at different ceramic content levels. At 45% ceramic content, noticeable aggregations of ceramic particles weaken the concrete’s structure, while at 25%, the detachment of ceramic particles indicates suboptimal interfacial adhesion.
• These findings underscore the importance of carefully balancing ceramic powder content in concrete mixtures to achieve optimal strength. Utilizing ceramic powder at appropriate proportions and considering the impact on water absorption and microstructural integrity can enhance performance, making it a viable option for reinforcement in concrete applications. Further research could explore optimization of the ceramic-to-concrete ratio and additional factors influencing interfacial adhesion and microstructure to maximize the benefits of ceramic incorporation in concrete construction.
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