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A detailed examination was carried out by substituting waste ceramic powder (WCP) for specific ratios of cement in concrete. To achieve this, five different WCP percentages (10%, 20%, 30%, 40%, and 50%) were used in manufacturing of concrete. First, the workability and slump values in the fresh state of concrete were determined by performing a slump test. Subsequently, several tests, including compressive strength (CS), splitting tensile strength (STS), and flexural strength (FS), were conducted on the specimens to assess the effectiveness of concrete fabricated using WCP. Variations in the strength were determined in terms of the various amounts of WCP. The findings demonstrated that by including WCP at levels of 10%, 20%, 30%, 40%, and 50%, there were corresponding reductions in CS of 5.8%, 21.8%, 47.1%, 63.2%, and 73.6%, respectively. The decreases in STS were 6.3%, 13.8%, 35.2%, 49.7%, and 65.4%, respectively, when a concrete STS value of 1.59 MPa was considered. Similarly, when the WCP content increased, FS was reduced by 15.3%, 21.4%, 31.6%, 44.9%, and 54.1%, respectively. This is very significant because it represents one of the key issues in calculating the optimal quantity of WCP in relation to both the strength and the amount of WCP utilized. Furthermore, taking into account our experimental research and previous studies on concrete produced utilizing WCP, straightforward equations were provided for practical use to predict CS, STS, and FS. In addition, scanning electron microscopy was done to validate the findings obtained from the experimental part of the study. The artificial neural network modeling technique was adopted to estimate the concrete properties with average coefficients of determination (R2) as 0.945 (CS), 0.901 (STS), and 0.856 (FS) with K-fold cross-validation.
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1 INTRODUCTION
Concrete is the main material used in building construction. Worldwide population growth and rural-to-urban migration have increased the global demand for concrete production. While the global rural population is currently over 3.4 billion, it is expected to decrease to 3.2 billion by 2050 (Leeson, 2018). Thus, the increasing demand for concrete necessitates improving its design and strength performance. In addition, considering the environmental effects of the production of concrete materials (i.e., cement and aggregate) (Jain et al., 2022), the use of demolished buildings and industrial or agricultural waste as alternatives to cement and concrete is very appealing (Osial et al., 2022). As the world population increases, accumulated waste can be categorized as biodegradable or non-biodegradable. While the type of waste may be important in concrete production, it is much more critical in terms of its environmental impact (Kishore and Gupta, 2020). Including waste materials in concrete production will prevent their disposal in the environment and preserve the natural resources of aggregate and cement.
In the literature, some of the industrial wastes employed instead of cement and aggregate are tire rubber (Al-Azzawi et al., 2019), glass waste (Bisht et al., 2020), ground granulated blast furnace slag (Tanwar et al., 2021), granite waste (Gupta et al., 2019), red mud (Putrevu et al., 2021), polymer-type waste (Sabău and Vargas, 2018), etc. One of the wastes with high potential for use as aggregate and cement in concrete is waste ceramic powder (WCP). Ceramics are exposed to very high temperatures (above 1,000°C), and their structural properties change; thus, WCPs cannot be recycled through ceramic production (Agrawal et al., 2021). These wastes are, therefore, generally dumped into the environment (Keshavarz and Mostofinejad, 2019). Hence, the use of WCPs in concrete can be beneficial from both environmental and economic perspectives.
Pacheco-Torgal and Jalali (2010) studied the influence of WCP on concrete performance. For this purpose, they considered four different types of WCPs: ceramic brick, once-fired stoneware, twice-fired stoneware, and sanitary ware. In their tests, 20% of cement was replaced with WCP. WCPs were also used as fine aggregate (FA) in mixtures. The compressive strength (CS) of concrete was reduced by a minimum of approximately 9% when WCPs were included. When WCPs were replaced with FA or coarse aggregate (CA), a 20% reduction in CS was observed. Keshavarz and Mostofinejad (2019) employed porcelain and red WCPs in the concrete samples with the substitution of CA at four different percentages (25%, 50%, 75%, and 100%). The concrete specimens containing porcelain wastes increased CS by up to 41%. In the case of red WCP involvement, CS increased by up to 29%. The splitting tensile strength (STS) and flexural strength (FS) of the concrete samples manufactured with partial porcelain WCP replacement increased by 41% and 67%, respectively.
In a study performed by Patel and Shah (2015), the impacts of using porcelain waste in concrete production on the mechanical, corrosion, capillary permeability, and rapid chloride penetration properties of concrete were studied. The porcelain WCP was substituted with 5%, 10%, 15%, or 20% of porcelain waste. In particular, when examining CS and FS, better values were obtained by using 15% porcelain WCP compared to a normal concrete mixture. Other mixing ratios do not lead to complete improvement, and even lower strength can be obtained. In terms of corrosion, capillary permeability and chloride permeability, the 15% porcelain-containing mixture performs well compared to normal porcelain waste percentages. Samadi et al. (2022) focused on the influence of using WCP as aggregate or cement in concrete on the characteristics of reinforced concrete beams (i.e., ultimate load at fracture, unit elongation in steel and concrete, crack development, and fracture mode). In addition to the reinforced concrete beams formed with the normal mixture (cement + aggregate), beams with 100% replacement of CA, 100% replacement of FA, 100% replacement of FA and CA, and 40% replacement of cement were tested. The results indicated that beams containing WCP exhibited lower displacement than beams produced from a normal concrete mix. The load at the time of the first crack and maximum load values were slightly less than or equal to the reference values. Likewise, in terms of the maximum moment-carrying capacity, the capacities of the reinforced concrete beams containing WCPs were the same or slightly lower than the reference value.
Sukesh et al. (2012) investigated the influence of 20% WCP on CS and durability of concrete. The results indicated a slight decrease in CS and an increase in durability. In the work by Raval et al. (2013a), cement was replaced with 10%, 20%, 30%, 40%, and 50% WCP. The findings showed that CS of concrete produced by utilizing up to 30% WCP instead of cement did not decrease much and could be considered optimum without affecting its fresh and hardened properties, while the strength of concrete samples produced with high amounts of WCP was lower. Tavakoli et al. (2013) studied the use of 10%, 20%, 30%, 40%, and 50% WCP instead of CA and 20%, 40%, 60%, 80%, and 100% WCP instead of FA in concrete production. A substantial improvement was observed in STS and CS of the concrete specimens when FA was replaced by WCP. Although replacing CA increased CS, no significant changes were observed in STS.
The impact of WCP on CS of concrete was studied by Fatima et al. (2013). Cement was substituted with up to 30% WCP in concrete. It was found that CS increased between 3.9% and 5.6% when 20% WCP was included. However, minor changes were observed in the FS and STS values when compared to the normal concrete mixture. Pacheco-Torgal and Jalali (2010) investigated the use of WCP for cement at different percentages. As a result of the experiments, when WCP was used instead of cement at a rate of 20%, an insignificant increase in CS and FS but a significant increase in durability were detected. Lopez et al. (2007) explored the use of WCP instead of FA in concrete and observed a noticeable increase in CS and FS.
In an experimental study by Pereira-de-Oliveira et al. (2012), red WCP was utilized instead of cement for concrete and mortar production. The results revealed that the addition of WCP had a positive effect on CS and STS of the concrete samples. Medina et al. (2011) studied the impact of using 20% and 25% of WCP instead of aggregate on concrete performance. It was found that the presence of WCP in concrete had a favorable effect on concrete performance as a result of the high pozzolanic reaction potential of the ceramic material. Another investigation was performed by Al-Tersawy et al. (2023). In this study, three types of industrial wastes were used to prepare concrete under standard manufacturing (cast-curing) conditions. A comprehensive examination of the chemical constituents and physical characteristics of the materials was accomplished. It was revealed that while the mechanical strength decreased, most samples produced using alkaline wastewater and 10% or 20% extra cementitious materials, or stone waste dust, achieved an acceptable concrete grade. Using 5%, 10%, 15%, and 20% sand as FA, Reda et al. (2023) examined the inclusion of granite powder (GP), iron powder (IP), brick powder (BP), and waste plastic particles (PP) in sustainable concrete production and evaluation. The increase in BP and GP proportions caused improvements in the mechanical properties of concrete. The highest value was achieved when the replacement ratio was 10%. Beyond this point, increasing the involvement of GP and BP led to a decline in the mechanical characteristics of concrete. Merwad et al. (2022) evaluated the lateral impact behavior of steel tubular columns filled with rubberized-fibrous concrete using both experimental and computational methods. The experimental program in the infilled columns included the use of four types of concrete: normal concrete (NC), rubberized concrete (RuC), steel fiber concrete (SFC), and hybrid RuC-SFC. The results revealed that RuC exhibited comparable lateral impact resistance to conventional concrete in the columns (Merwad et al., 2022). In another investigation performed by Mubaraki et al. (2019), FS and mode-I fracture toughness of flexible pavements were analyzed by considering various proportions of recycled reclaimed asphalt pavement. Two distinct percentages (20% and 40%) were analyzed. The experimental findings illustrated that FS and mode-I fracture toughness of flexible pavements, including 40% reclaimed asphalt pavement, surpassed those of flexible pavements without reclaimed asphalt pavement for both types of reclaimed asphalt pavement. Mubaraki et al. (2013) conducted experimental and computational investigations on the fracture behavior of recycled tire-rubber-filled concrete, specifically focusing on mixed-mode fracture. This study aimed to assess the impact of substituting 10% FA by volume with crumb rubber on fracture toughness, fracture initiation angle, and fracture course for several mode mixes. The fracture toughness was unaffected by the substitution of 10% sand with rubber particles, regardless of the mixity (Mubaraki et al., 2013).
As observed above, the analysis of the literature has displayed that most of the few experiments that have been conducted on concrete, including WCP, have focused on curing techniques. Few studies have explored the use of WCP as a constituent in concrete, specifically at a precise ratio, to determine the optimal ratio for this purpose. This study is noteworthy because it investigates the effects of different WCPs on concrete performance. For this purpose, cement was replaced by WCP at different percentages. The slump test was performed on fresh concrete. Subsequently, CS, STS, and FS tests were performed. Scanning electron microscopy (SEM) was also conducted. The results are presented with the strength values obtained from past studies, along with the best-fit curve and related empirical formulations involving the WCP content. The structure of this article consists of three main parts: materials and methods are presented first, followed by test results obtained from concrete samples. Finally, the proposed empirical models are discussed.
2 MATERIALS AND METHODS
This investigation covers the impact of substituting cement with WCP (Figure 1) on the mechanical characteristics of concrete. In order to assess the mechanical properties of concrete containing WCP, several combinations were prepared and tested. Sustainable concrete production was studied by considering a CEM I 32.5 type of cement with certain FA and CA ratios obtained from WCP. The properties of the mixtures are listed in Table 1. Three categories of tests were conducted to assess the efficiency of concrete containing WCP. CS testing was carried out on 15 cm × 15 cm × 15 cm cubic samples, while STS tests were undertaken on cylindrical samples measuring 10 cm × 20 cm. In addition, FS tests were conducted on pieces measuring 10 cm × 10 cm × 40 cm. Three repetitions were applied to each test combination. ASTM C39/C39M (2014) was followed when performing the CS tests. The STS and FS tests were conducted according to ASTM (2017) and ASTM (2010). One of the main aims of this research work was to identify the optimum amount of WCP in terms of strength. Pursuant to this goal, 10%, 20%, 30%, 40%, and 50% of cement was substituted with WCP. The design of the mixture used in the experiments for reference samples was as follows: cement 580 kg/m3, water 270 kg/m3, FA 780 kg/m3, and CA 900 kg/m3.
[image: Figure 1]FIGURE 1 | WCP.
TABLE 1 | Ingredients of mixtures.
[image: Table 1]3 RESULTS AND DISCUSSION
The primary objective of this study was to conduct a thorough analysis of various cement production assemblies by utilizing different quantities of WCP as a replacement for cement. To achieve this objective, cement was replaced by WCP at rates of 10%, 20%, 30%, 40%, and 50%, as previously mentioned. Subsequently, FS, CS, and STS tests were performed. Moreover, analysis using SEM was carried out. A modeling technique called artificial neural networks (ANNs) was also used. The results obtained are described in the following subsections.
3.1 Detailed assessment of slump test and workability
The slump test results are presented in Figure 2. Because of its large specific surface area compared to that of cement, the initial slump values tend to decrease as the degree of WCP incorporation increased (El-Dieb et al., 2019). The findings of this study are comparable to those of earlier studies. In addition, the incorporation of WCP resulted in an increase in the workability. One possible explanation for this is that WCP does not exhibit any hydraulic response, and its pozzolanic reaction is weak (El-Dieb et al., 2019).
[image: Figure 2]FIGURE 2 | Results of slump test.
3.2 Detailed assessment of CS test results of concrete produced using WCP
To perform the CS test, the CS test specimens were not deteriorated. The purpose of this test was to determine the capability of the samples to fail under force. The CS testing of all the concrete samples was conducted in accordance with ASTM C39 provisions (ASTM, 2014). In order to achieve this aim, the test specimen’s dimensions were selected as 150 mm × 150 mm × 150 mm. The CS values for 28-day period mixes are depicted in Figure 3.
[image: Figure 3]FIGURE 3 | Results of CS test.
As presented in Figure 3, cement was altered by the use of 10%, 20%, 30%, 40%, and 50% WCP; this disposition was inverted as a graded replacement of cement by WCP, reducing CS. Detailed analysis of the test consequence demonstrated that a graded exchange of WCP for cement caused a sharp decrease in the CS values. As the WCP replacement ratio increased by 10%, 20%, 30%, 40%, and 50%, the 28-day CS was reduced by 5.7%, 21.8%, 47.2%, 63.2%, and 73.6%, respectively. When WCP was used instead of cement, a remarkable reduction in CS was observed compared to the reference sample. These results are in line with the strengths described by Lavat et al. (2009) and Sánchez de Rojas et al. (2018). From these results, it can be concluded that WCP exhibits pozzolanic reactivity. Furthermore, the main reason for the reduction in CS is the smooth surface texture and flaky nature of WCP, which probably led to poor bonding with the matrix (Ikponmwosa and Ehikhuenmen, 2017). The smooth surface of WCP results in poor mechanical adherence with the matrix and is probably the cause of the decay curve in CS (Canbaz, 2016). In addition, a higher WCP content in the concrete mix increases the amount of silica, and the formation of calcium hydroxide following cement hydration can also decrease CS (Hamad et al., 2020).
3.3 Detailed STS test results of concrete produced using WCP
A comparative evaluation of STS of normal concrete and concrete obtained by substituting cement with WCP in various proportions is demonstrated in Figure 4. The trend of STS was almost similar to that of CS. Figure 4 shows that STS changed with the percentage increase of WCP. The strength of concrete decreased as the WCP content increased.
[image: Figure 4]FIGURE 4 | Results of STS test.
The general model in this study concluded that STS of concrete tended to decrease with increasing WCP. The maximum STS of the sample for the 28th day was concrete containing 10% WCP with a strength of 1.49 MPa, which was a difference of 6.3% compared to the reference sample, and the minimum STS value was the test specimen containing 50% WCP. The relationship between STS and CS is displayed in Figure 5. The model comprising CS and STS is flat. Moreover, the dashed line with an R2 value above 98% in Figure 5 indicates a strong relationship between CS and STS.
[image: Figure 5]FIGURE 5 | Comparison of CS and STS values.
3.4 Detailed assessment of FS test results of concrete produced using WCP
The FS results of the specimens are depicted in Figure 6. As observed from Figure 6, the strength values ranged from 4.5 to 9.8 MPa. Figure 6 exhibits that by adding WCP at 10%, 20%, 30%, 40%, and 50% of the cement weight, a decrease in FS was detected as 15.3%, 21.4%, 31.6%, 44.9%, and 54.1%, respectively, compared to the reference sample (9.8 MPa). After a 10% exchange, a significant decrease in FS of the samples was observed. This may be due to a decrease in the number of accessible cementing requirements. Figure 7 shows a straight-line link between FS of the test specimen and the percentage of WCP addition. At 10% WCP, the reduction in FS was 15.3%, compared to FS of the reference sample (9.8 MPa). The relationship between FS and CS is displayed in Figure 7. The dashed line with an R2 value above 95% indicates a strong relationship between CS and FS.
[image: Figure 6]FIGURE 6 | Results of FS test.
[image: Figure 7]FIGURE 7 | Comparison of CS and FS values.
3.5 Empirical models of mechanical properties
In this section of the work, the CS, STS, and FS properties of the concrete test specimens with the different percent admixtures of WCP replacing cement were investigated. Subsequently, median and best-fit curves consisting of three empirical equations are presented to represent the relationship between mechanical properties (CS, STS, and FS) and WCP amount. Because the mechanical properties of reference concrete samples (i.e., without WCP involvement in the concrete mixture) have different strength values, the absolute strength values cannot be directly evaluated. Therefore, all absolute strength values obtained from the literature and this study are normalized by their reference strength properties.
It is important to emphasize that the CS values utilized in Figure 8 were taken from the studies by Abdullah Anwar et al. (2015), Agil and Kumar (2017), Arthi (2016), Ay and Ünal (2000), Bhargav and Kansal (2020), El-Dieb et al. (2018), Fatima et al. (2013), Hilal et al. (2021), Kanchidurai et al. (2017), Kannan et al. (2017), Kumar and Reddy (2017), Lasseuguette et al. (2019), Manigandan and Saravanakumar (2017), Mohit and Sharifi (2019), Nasr et al. (2018), Patel and Shah (2015), Raval et al. (2013a), Tanwar et al. (2021), and Vejmelkova et al. (2012). The STS rates used in Figure 9 were adopted from the works by Agil and Kumar (2017), Fatima et al. (2013), and Kumar and Reddy (2017). Similarly, the FS values were obtained from the studies by Bhargav and Kansal (2020), Fatima et al. (2013), Kumar and Reddy (2017), Mohit and Sharifi (2019), Nasr et al. (2018), Patel and Shah (2015), and Vejmelkova et al. (2012). Data for FS are depicted in Figure 10.
[image: Figure 8]FIGURE 8 | Changes of normalized CS characteristics of concrete specimens treated with various amounts of WCP.
[image: Figure 9]FIGURE 9 | Changes of normalized STS characteristics of concrete specimens treated with various amounts of WCP.
[image: Figure 10]FIGURE 10 | Changes of normalized FS characteristics of concrete specimens treated with various amounts of WCP.
The best-fit curve is complemented by the median CS values of the present available associated data at 0%, 5%, 10%, 15%, 20%, 30%, 40%, and 50% of the WCP use, as shown in Figure 8. The corresponding polynomial equation describing the changes in the CS is given in Equation 1:
[image: image]
where fc is the CS value of concrete with WCP, fc′ is the CS value of the plain concrete, and WCP is the amount of WCP substituted for cement in weight percentage. Based on the data illustrated above, CS did not substantially change when up to 20% of WCP was involved, which is consistent with the literature results. The use of more than 20% WCP was found to lead to a significant decrease in CS. For instance, the use of 30% and 40% WCP resulted in 14% and 20% reductions in CS, compared to the reference value, respectively. The reduction became even more dramatic with 40% WCP.
The changes in STS as a function of WCP can be represented by a best-fit curve equation with an accuracy of approximately 92%, which is given in Equation 2.
[image: image]
where ft is the STS value of concrete with WCP and ft′ is the STS value of plain concrete. It can be concluded from the best-fit curve and the median values that WCP amounting to 10% of the cement replacement did not have a clear impact on the STS value. However, above that amount, there was a considerable reduction with increasing the WCP content. More clearly, the observed reductions were 22.5%, 20%, and 34% for the WCP contents of 15%, 20%, and 30%, respectively. The findings of this study are compatible with the trends obtained from the literature, as highlighted previously.
The normalized FS values from the literature and this study are plotted in Figure 10, along with their median and best-fit curves. The empirical formula (Equation 3) describing the FS characteristics of the WCP-blended concrete mixes can be written as:
[image: image]
where ff is the FS value of concrete with WCP and ff′ is the FS value of the reference concrete. Increasing the WCP content up to 20% in the concrete specimens did not cause a decrease in FS. In fact, FS increased by approximately 10% when 5% or 15% WCP was used. However, at 30% and 40% WCP contents, FS of the concrete specimens was reduced by 23% and 27%, respectively. A more drastic reduction (approximately 54%) was observed in the case of 50% WCP.
3.6 SEM analysis
SEM analysis was conducted to analyze and enhance the final properties of WCP-blended concrete. Figure 11A reveals a well-integrated pore structure with crack-free and delamination-free surfaces. These findings are consistent with those reported in similar studies (Yu et al., 2019). The ettringite seen in Figure 11B is a mineral phase that typically forms during the early stages of the hydration process. It helps increase the initial strength of cement; however, excessive amounts and late formation can negatively impact the long-term durability of concrete. When Portland cement mixes with water, aluminates (tricalcium aluminate, C₃A) and calcium sulfate (usually gypsum) react with water. As a result of this reaction, crystalline structures called ettringite are formed. Tricalcium aluminate (C₃A) in the cement combines with dissolved calcium sulfate (CaSO₄) in a hydrated environment to form ettringite (3CaO•Al₂O₃•3CaSO₄•32H₂O) crystals. These crystals form fine needle-like structures in the microstructure of concrete. If there is an excess of C₃A in cement or if concrete is overly exposed to water, late-stage ettringite formation can occur. In this case, ettringite continues to grow and fills the voids in concrete. This can cause expansion and sometimes cracking. The cracks in Figure 11B could potentially be attributed to delayed ettringite formation (Lubej et al., 2016; Talero, 2005; Talero, 2007). The formation of the calcium silicate hydrate (C-S-H) structure is the primary reaction that occurs during the hydration process of concrete and provides a significant portion of the concrete strength. The formation of C-S-H in the microstructure of concrete results from the reaction between cement and water. Figures 11C, D illustrate the formation of C-S-H in the concrete microstructure. The images show how C-S-H fills the voids between cement particles and binds them together, thereby enhancing the strength of concrete.
[image: Figure 11]FIGURE 11 | Results of SEM analysis.
4 ANN MODELING
ANNs are commonly used in different engineering applications because of their capacity to model complex nonlinear systems. An ANN consists of nodes or neurons interconnected by nodes, which may be studied to execute tasks by regulating the strengths of the connections.
4.1 Literature studies
An ANN was used in this section to predict engineering properties (CS, STS, and FS) (using concrete mix ratio) with the help of experimental data obtained from the literature. Data about 286 concrete test specimens were collected from Patel and Shah (2015), Raval et al. (2013a), El-Dieb et al. (2018), Kannan et al. (2017), Atkuri and Rao (2021), Raval et al. (2013b), and Abou Rachied et al. (2023) to estimate CS. Data about 143 concrete test specimens were collected from Atkuri and Rao (2021), Nalli and Vysyaraju (2022), Attaelmanan et al. (2021), and Subaşı et al. (2017) to quantify STS. Data about 138 concrete test specimens were collected from the literature to estimate FS. Six input parameters, namely, cement (kg/m3), WCP amount (kg/m3), FA (kg/m3), CA (kg/m3), water (kg/m3), and age of specimens (days), and one output parameter, CS (MPa), were collected. Most (70%) of the data were employed for training the data, and the remaining 30% were utilized for testing data lists (Attaelmanan et al., 2021; Subaşı et al., 2017). Table 2 explores the minimum, maximum, and mean values for CS, STS, and FS of WCP-blended concrete with partial replacement of cement by WCP.
TABLE 2 | Maximum, minimum, and average values of mix proportions and mechanical properties.
[image: Table 2]4.2 Training algorithm and data normalization procedures
The Levenberg–Marquardt algorithm (LMA), an effective implementation algorithm, can be used to train ANNs to predict the performance of concrete, such as CS, STS, and FS, as output variables, based upon input variables, for example, mix proportions and age of specimens. In order to optimize the mixture design of WCP-blended concrete, ANNs were applied to predict concrete properties and reduce the costs, environmental impact, and energy associated with concrete production. A normalization technique was adopted prior to pre-processing the collected data. The normalization method was utilized in this modeling, as displayed in Equation 4. Furthermore, a scaling technique has been recommended for this approach in the literature.
[image: image]
Two methods, the feedforward propagation method and the mean square performance error, were used in this study. The number of “epochs” that the learning algorithm cycles through the entire training sample is a hyperparameter.
The coefficient of determination (R2) is a statistical measure that indicates the proportion of variance in the dependent variable, which is explained by the independent variable(s). It is often employed in regression analysis to identify the strength of relationships between dependent and independent variables. R2 ranges from 0 to 1, with higher values demonstrating a superior relationship between variables.
4.3 Predicted CS
A two-layer (one input layer and one output layer) network with seven neurons in the input layer was selected to construct the proposed ANN models. For both the input and output layers, a nonlinear (TANSIG) transfer function was used. In this study, the number of neurons was seven (six input variables and one output variable) with one layer. The performance model for CS of concrete using LMA by means of an ANN is illustrated in Figures 12, 13. The performance of the epoch model in predicting CS of WCP-blended concrete is shown in Figure 12, and the effectiveness of the ANN model in identifying CS is depicted in Figure 13.
[image: Figure 12]FIGURE 12 | Epochs used to identify CS considering ANN (K = 8).
[image: Figure 13]FIGURE 13 | Training, testing, and validation of ANN model for estimating CS (K = 8).
K-fold cross-validation was employed to obtain the best model for identifying CS of WCP-blended concrete. K-fold cross-validation was utilized to obtain the best combination of predicted data, as displayed in Figure 14. The collected data were split into 10 sub-sets that were combined in different forms to obtain the best predicted CS.
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where
Cn—Normalized cement content.
WCPn—Normalized WCP.
FAn—Normalized natural FA.
CAn—Normalized natural CA.
Wn—Normalized water.
An—Normalized age of specimen.
CSn—Normalized CS.
[image: Figure 14]FIGURE 14 | K-fold (K = 8) for predicting CS using ANN. Normalized CS value is determined by Equation 5. Terms A1 to A7 are constant, with normalized values for cement (C) content (kg/m3), WCP content (kg/m3), FA content (kg/m3), CA content (kg/m3), water (W) content (kg/m3), age of specimens (A) (days), and CS (N/mm2).
Figure 15 demonstrates the predicted CS values from the ANN model; the ANN equation remains the same.
[image: Figure 15]FIGURE 15 | Training and testing values for predicted CS from ANN model and ANN equation.
4.4 Predicted STS
A two-layer (one input layer and one output layer) network with seven neurons in the input layer and one neuron in the output layer was selected to construct the proposed ANN models. A nonlinear (TANSIG) transfer function was used for both the input and output layers. The number of neurons was seven (six input variables and one output variable) with one layer. The performance model for STS of concrete with partial replacement of cement by WCP utilizing LMA via ANN is presented in Figures 16, 17. The performance of the epoch model to predict STS in WCP-blended concrete is indicated in Figure 16, and the performance of the ANN model to identify STS is demonstrated in Figure 17.
[image: Figure 16]FIGURE 16 | Epochs used to estimate STS utilizing ANN (K = 5).
[image: Figure 17]FIGURE 17 | Training, testing, and validation of ANN model for estimating STS (K = 5).
K-fold cross-validation is required to assess the most appropriate dataset for the most appropriate combination of data to obtain the maximum R2. K-fold cross-validation is illustrated in Figure 18 for predicting STS using ANN.
[image: Figure 18]FIGURE 18 | K-fold cross-validation (K = 5) for predicting STS using ANN.
K-fold cross-validation was utilized to obtain the best model for estimating STS of WCP-blended concrete. K-fold cross-validation was employed to obtain the best combination of predicted data. The collected data were split into 10 sub-sets that were combined in different forms to obtain the best predicted STS.
The normalized STS value is determined by Equation 6. Terms B1–B7 are constant, with normalized values for cement (C) content (kg/m3), WCP content (kg/m3), FA content (kg/m3), CA content (kg/m3), water (W) content (kg/m3), age of specimen (A) (days), and STS (N/mm2).
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where
Cn—Normalized cement content.
WCPn—Normalized CEP.
FAn—Normalized natural FA.
CAn—Normalized natural CA.
Wn—Normalized water.
An—Normalized age of specimen.
STSn—Normalized STS.
Figure 19 display the predicted STS values from the ANN model, where the ANN equation remains the same.
[image: Figure 19]FIGURE 19 | Training and testing values for predicted STS from ANN model and ANN equation.
4.5 Predicted FS
A two-layer (one input layer and one output layer) network with seven neurons in the input layer and one neuron in the output layer was selected for building the developed ANN models to predict FS. A nonlinear (TANSIG) transfer function was employed for both the input and output layers. The number of neurons was seven (six input variables and one output variable) with one hidden layer. The performance model for FS of concrete with partial replacement of cement by WCP using LMA via ANN is illustrated in Figures 20, 21. The performance of the epoch model in predicting FS of WCP-blended concrete is demonstrated in Figure 20, and the performance of the ANN model in estimating FS is depicted in Figure 21.
[image: Figure 20]FIGURE 20 | Epochs for estimating FS using ANN (K = 7).
[image: Figure 21]FIGURE 21 | Training, testing, and validation of ANN model for estimating FS (K = 7).
K-fold cross-validation is required to assess the most appropriate dataset for the most appropriate combination of data to obtain the optimized R2. K-fold cross-validation is indicated in Figure 22 for predicting FS using ANN.
[image: Figure 22]FIGURE 22 | K-fold cross-validation (K = 7) for estimating FS using ANN.
K-fold cross-validation was utilized to obtain the best model for estimating FS of WCP-blended concrete. K-fold cross-validation was employed to obtain the best combination of predicted data. The collected data were split into 10 sub-sets, which were combined in different forms to obtain the best predicted FS.
The normalized FS value is determined from Equation 7, where terms C1–C7 are constant with normalized value for cement (C) content (kg/m3), WCP content (kg/m3), FA content (kg/m3), CA content (kg/m3), water (W) content (kg/m3), age of specimen (A) (days), and FS (N/mm2).
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where
Cn—Normalized cement content.
WCPn—Normalized WCP.
FAn—Normalized natural FA.
CAn—Normalized natural CA.
Wn—Normalized water.
An—Normalized age of specimen.
FSn—Normalized FS.
Figure 23 shows the predicted FS values from the ANN model, where the ANN equation remains the same. A similar prediction of concrete properties was reported in the literature for different kinds of blended concretes.
[image: Figure 23]FIGURE 23 | Training and testing values for predicted FS from ANN model and ANN equation.
5 CONCLUSION
In this study, we focused on examining how the mechanical characteristics of concrete are affected when WCP is substituted with cement. Different amounts of WCP as 10%, 20%, 30%, 40%, and 50%, were used instead of cement. While the slump and workability properties of the test samples were evaluated in their fresh state, CS, STS, and FS tests were carried out in hardened conditions. Moreover, SEM analyses were also conducted to equate the strength implications obtained from the research. In the last stage of the study, simple equations were developed to estimate the CS, STS, and FS properties of the produced concrete, taking into account our experimental research and previous studies conducted by different research teams. The ANN modeling technique was also adopted to estimate the above-mentioned concrete properties. Considering this study, the following results can be identified:
• As cement was replaced by WCP, a proportional reduction in CS was observed. With the addition of 10%, 20%, 30%, 40%, and 50% WCP, a reduction in CS of 5.8%, 21.8%, 47.1%, 63.2%, and 73.6% was detected, respectively. Compared to similar results in the literature, the reason for this decrease was the smooth surface texture and flaky nature of WCP, which probably explains the weak bonding with the concrete matrix.
• The STS test results exhibited that the STS values had a similar trend to CS. At 10% implantation of WCP, STS was only 13.8% less than the reference concrete sample.
• The incorporation of WCP into the cement led to a decrease in the FS values to a certain extent. Using WCP at 10%, 20%, 30%, 40%, and 50% reduced the FS value by 15.3%, 21.4%, 31.6%, 44.9%, and 54.1%, respectively.
• The ANN modeling technique was adopted to estimate CS with K-fold cross-validation as K = 8 with an average R2 value of 0.945. A similar algorithm was employed to predict STS with K-fold cross-validation as K = 5, with an average R2 value of 0.901. The same algorithm and normalization techniques were utilized to estimate FS with K-fold cross-validation as K = 7 with an average R2 value of 0.856.
• ANN modeling techniques proposed equations to accurately estimate the CS, STS, and FS values of concrete.
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