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Abstract 

This study leverages machine learning techniques to predict 

pozzolanic concrete's compressive strength accurately. Using 

artificial neural networks (ANN), random forest (RF), and gradient 

boosting regressor (GBR) models trained on a dataset of 482 

samples, the study divides the data into 70% training and 30% 

testing subsets with seven input parameters. Model performance is 

assessed through metrics like coefficient of determination (R2), root 

mean square error (RMSE), and mean absolute error (MAE). The 

RF model excels, achieving R2 values of 0.976 in training and 0.964 

in testing, along with the lowest RMSE (2.84 MPa) and MAE (2.05 

MPa) during training and RMSE values of 7.81 MPa and MAE 

values of 5.89 MPa during testing, demonstrating superior 

predictive accuracy. Sensitivity analysis highlights the pivotal role 

of cement as an input parameter, contributing significantly to the 

model's accuracy. Employing K-fold cross-validation confirms the 

RF model's robustness with an average R2 value of 0.959. This 

research underscores the RF model's reliability and effectiveness in 

forecasting pozzolanic concrete compressive strength, with 

practical applications for concrete optimization and construction 

practices, establishing it as the preferred choice compared to other 

machine learning models. 

1. Introduction

Concrete is the second most widely used material in the world's construction 

industry (Gagg, 2014). Today, the most significant component of the industry 

business is concrete, which has a high variability of material owing to being 

composed of a variety of different materials (de-Prado-Gil et al., 2022; Zaid et al., 

2022). Concrete is a crucial construction material due to its well-established 

mechanical properties, e.g., compressive strength (Rout, Biswas, & Sinha, 2023; 
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Ziyad Sami et al., 2023). The construction industry has witnessed significant 

utilization of cement, with approximately 3.5 billion tons being employed. 

Furthermore, it is projected that cement usage will experience a considerable 

increase of 25% over the next decade in the context of concrete applications, and it 

is not sustainable due to carbon dioxide (CO2) production (Meng et al., 2022). The 

increased cement usage may raise concerns regarding its environmental impact. It 

highlights the importance of implementing sustainable practices, such as using 

alternative sustainable cementitious materials to reduce emissions during production 

(Rout et al., 2023). 

The use of pozzolanic and chemical admixtures in concrete offers numerous 

benefits, ranging from improved strength and durability to enhanced workability 

and reduced environmental impact on the construction industry in terms of 

constructing long-lasting and sustainable structures (Hossain et al., 2021; Sata et al., 

2007). Pozzolanic materials, such as fly ash, silica fume, or slag, are commonly used 

as supplementary cementitious materials to enhance concrete properties (Juenger et 

al., 2012). These materials, such as fly ash and slag, are by-products of industrial 

processes, and utilizing them in concrete reduces the demand for primary cement 

production. This results in lower carbon dioxide (CO2) emissions associated with 

cement manufacturing, reducing the carbon footprint (Vargas & Halog, 2015). 

Chemical admixtures, on the other hand, are substances added to concrete during 

mixing to modify its fresh or hardened properties (Mehta & Monteiro, 2014). It 

includes superplasticizers or viscosity modifiers, enhancing concrete cohesion and 

minimizing segregation and bleeding risk (Khayat & Mikanovic, 2012). Enhanced 

workability facilitates construction, particularly in complex structures or congested 

reinforcement areas (ACI Committee 212, 2010). However, adding pozzolanic and 

chemical admixtures to mixed-design concrete offers various benefits but can also 

pose challenges in controlling the resulting mixture's properties. While these 

admixtures can enhance certain aspects of concrete performance, their incorporation 

requires careful consideration and precise dosing to achieve the desired mechanical 

properties (Khayat et al., 2019; Sikora et al., 2020). 

Furthermore, it is critical to recognize that attaining the necessary final strength 

of concrete strongly relies on proper mix design. Conducting several different 

laboratory experiments, which may be both time-consuming, error-associated, and 

expensive, is necessary to develop an optimized mix design model to gain proper 

concrete compressive strength (Shahmansouri et al., 2022; Sun et al., 2019; Zhang 

et al., 2019). However, the nonlinear solid relationship between the compressive 

strength and concrete components makes it challenging to derive an accurate 

regression expression for predicting the concrete compressive strength (Feng et al., 

2020). 

Many researchers focus on soft computing strategies to overcome this 

complexity today (de-Prado-Gil et al., 2022). In recent years, machine-learning 

techniques have emerged as promising computational approaches for predicting 

concrete properties and modeling (Deifalla et al., 2021; Marani & Nehdi, 2020). For 
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resolving, especially concrete compressive strength prediction problems, several 

ML algorithms are used; among them, preferred ones are linear regression (LR), 

artificial neural networks (ANN), support vector machine (SVM), and random forest 

(RF) (Bassi et al., 2023; Farooq et al., 2021). However, several machine learning 

algorithms are used in material science, such as recycled aggregate concrete 

(Khademi et al., 2016), silica fume concrete (A. Nafees et al., 2021), concrete using 

blast furnace slag (Boğa et al., 2013; Sarıdemir et al., 2009), or concrete using fly 

ash (Chopra et al., 2018).  

Several researchers have explored the application of machine learning for 

predicting concrete compressive strengths. For instance, Ling et al. (2019) used a 

support vector machine to predict compressive strength based on concrete 

composition, achieving good results for various input scenarios. Kandiri et al. 

(2021) employed a modified ANN optimized with genetic algorithm (GA), salp 

swarm algorithm (SSA), and grasshopper optimization algorithm (GOA) techniques 

to predict the compressive strength of recycled aggregates, with SSA-ANN showing 

superior accuracy. Behnood & Golafshani (2021)  utilized decision trees to predict 

concrete compressive strength with fly ash and other waste materials, producing 

reliable predictions for mechanical properties. In another research, Hassan et al. 

(2019) evaluated prediction methods for concrete compressive strength with 

metakaolin (MK) and silica fume (SF) admixtures. The ANN model, trained on 132 

concrete samples, demonstrated high accuracy in predicting compressive strength 

(correlation coefficients: 0.996, 0.990, and 0.985 for training, validation, and test 

stages. The multiple linear regression (MLR) model achieved a lower correlation 

coefficient of 0.794, indicating ANN's superiority in predicting MK and SF 

admixture concrete strength. In recent years, research on predicting pozzolanic 

concrete compressive strength using GBR has garnered significant attention. 

Several studies have investigated the effectiveness of this machine learning 

technique, showcasing its accuracy and reliability in making predictions (Eyo et al., 

2022; Gogineni et al., 2023). Turland et al. (2018) explored the application of GBR 

and conducted a comprehensive comparison with other regression methods. Their 

findings demonstrated the superiority of GBR in terms of accuracy and predictive 

power. Similarly, Zhang et al. (2021) conducted a study to predict concrete strength 

using GBR, RF, and SVR. The results consistently favored GBR, outperforming the 

other two algorithms and providing more accurate predictions. Furthermore, Zhu et 

al. (2021) compared GBR with XGBoost and LightGBM. Their results indicated 

that GBR attained higher R2 values, showcasing better explanatory power and 

overall predictive performance. Collectively, these studies present compelling 

evidence for the effectiveness of GBR in predicting pozzolanic concrete 

compressive strength. Its remarkable performance and potential as a valuable tool 

in the construction industry make it an essential asset for optimizing mix designs 

and ensuring concrete quality. 

This research aims to evaluate and compare the effectiveness of three machine 

learning algorithms' effectiveness in predicting pozzolanic concrete's compressive 

strength. Lin & Wu (2021) investigated the ANN algorithm using 85% training and 
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15% testing data, while Kao et al. (2018) utilized ANN with 96% training and 4% 

testing data from 482 samples. Going beyond previous ANN-centric approaches, 

this study employs advanced models that offer enhanced predictive capabilities and 

insights into key factors. This choice is substantiated by their proven applicability 

in concrete property prediction tasks, as documented in relevant literature. ANNs 

excel in capturing intricate nonlinear relationships within data, RF demonstrates 

proficiency in handling mixed data types and elucidating feature importance, while 

GBR excels in capturing complex interactions. By comparing these algorithms, the 

study seeks to uncover their respective strengths and weaknesses in the context of 

pozzolanic concrete's compressive strength prediction, contributing to the 

optimization of predictive modeling techniques in concrete engineering. 

Incorporating ANN and two ensemble algorithms with a split of 70% training and 

30% testing data contributes to understanding concrete behavior for improved 

production decisions and sustainability considerations. Performance evaluation 

metrics, including the coefficient of determination (R2), root mean square error 

(RMSE), and mean absolute error (MAE), were employed to assess the models. 

In this study, several novel aspects contribute to the existing knowledge on 

predicting the compressive strength of pozzolanic concrete. Firstly, we employ three 

distinct machine learning models—Artificial Neural Networks (ANN), Random 

Forest (RF), and Gradient Boosting Regressor (GBR)—to comprehensively assess 

their predictive capabilities. The focus on the ensemble nature of the Random Forest 

model is a distinctive feature, showcasing its superiority over traditional models like 

ANN and GBR. Additionally, the study meticulously evaluates the influence of 

various input parameters, specifically emphasizing the pivotal role of cement and 

pozzolanic materials in accurate strength predictions. The insights gained from this 

research provide a nuanced understanding of how these factors impact concrete mix 

designs. Moreover, the study's approach to addressing biases in existing literature 

data and exploring a broader range of algorithmic options contribute novel 

perspectives to the field. This study offers a fresh and comprehensive examination 

of machine learning applications in predicting pozzolanic concrete strength, 

presenting valuable insights for academia and the concrete industry. 

Furthermore, this study goes beyond its immediate focus and has implications 

for material science overall. It delves into how algorithms and material properties 

interact, offering a foundation for precise predictive models. Key takeaways 

highlight the importance of cement and pozzolanic materials in predicting outcomes, 

providing valuable insights for improving concrete mixes and construction methods. 

This unique perspective adds a new dimension to existing research, thoroughly 

exploring machine learning models in the specific context of predicting pozzolanic 

concrete strength. Additionally, the proposed machine learning system for designing 

concrete mixes holds promise for generating solutions accepted in engineering. It 

caters to user-defined parameters like required strength, pozzolanic admixture 

replacement rates, and material costs, making it a versatile tool for estimation, 

prediction, decision-making, and diagnosis. 
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2. Material and Methods 

2.1 Data Collection 

In this research, a substantial amount of 482 experimental data on pozzolanic 

concrete compressive strength was collected to develop prediction models. The data 

was obtained from the following study by Shen (2013) consisting of 482 concrete 

compressive strength test results. This study utilized Ordinary Portland Cement 

(OPC) CEM Type-I, as the binder to formulate 12 concrete mix designs based on 

the ACI 211.1 code. The dataset is available for download from the NCTU library 

website (https://ir.nctu.edu.tw/handle/11536/71533). The concrete samples were 

tested with seven factors mixed in 1m³ concrete, including water, cement, fine 

aggregate, coarse aggregate, hearthstone, fly ash, and superplasticizer. The 

compressive strength of the concrete was obtained through standard compressive 

test procedures on the cylinder specimens. The experimental data comprises eight 

parameters in total, and Table 1 presents the name, unit, minimum/maximum values, 

mean value, variance, and standard deviation of these parameters. Furthermore, 

histograms were generated for each parameter utilizing the distribution fitting 

function in OriginPro 2018 software. These histograms displayed the parameter 

distribution and incorporated fitting of corresponding normal distribution curves, as 

depicted in Figure 1. 

 

Figure 1: Normal distribution curve of the parameters 
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In this research, before initiating the learning procedure, it is essential to 

identify the input and output variables for predicting concrete compressive strength 

accurately. The ingredients used in the concrete mix and the curing time are 

recognized as influential factors that impact the final compressive strength of the 

concrete. Consequently, the study considers seven input variables (X = X1, X2, ..., 

X7) and one output variable (Y). 

The input variables (X1 to X7) represent the ingredients mixed in 1m³ concrete, 

which include water, cement, fine aggregate, coarse aggregate, hearthstone, fly ash, 

and superplasticizer. These factors significantly contribute to the concrete's 

properties and strength. In contrast, the output variable (Y) corresponds to the 

concrete's compressive strength, which is the target variable for prediction. To 

provide a comprehensive understanding of the dataset, Table 1 presents the list of 

input and output variables and their respective ranges of values.  

Table 1: Numerical characteristics of the parameters 

Parameter Range Mean 
Varianc

e 

Standard 

Deviation 
Type 

X1:Water (kg/m3) 116.5-

255 

185.0 851.4 29.18 Input 

X2:Cement (kg/m3) 74-599 280.8 8412.0 91.72 Input 

X3:Fine Aggregate (kg/m3) 30-1293 829.7 31014.7 176.11 Input 

X4:Coarse Aggregate 

(kg/m3) 

436-

1226 

854.3 20942.0 144.71 Input 

X5:Hearthstone  (kg/m3) 0-375 74.8 6319.4 79.49 Input 

X6:Fly Ash (kg/m3) 0-330 91.5 4664.3 68.30 Input 

X7:Super Plasticizer (kg/m3) 0-27.17 4.5 16.8 4.09 Input 

Y: Actual Concrete Strength 

(MPa) 

5.66-

95.3 

45.0 235.1 15.33 Outpu

t 

 

2.2 Dataset Pre-processing 

Standardizing input and output parameters is essential to ensure meaningful 

comparisons and prevent errors arising from differing scales (Schielzeth, 2010). 

This statistical standardization measure enables machine learning estimators to work 

effectively with features that resemble standard normal distributions (Duan et al., 
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2020). The sklearn library in Python provides the Standard Scaler function, which 

calculates the z-score, or standard score, for cluster analysis. By applying this 

approach, the study achieves standardized variables and reliable results. Equation 1 

represents the standard score formula used for the sample data (Saisana, 2014). 

                             𝑧
=   (𝑎
− 𝜇)
/𝑠                                                                                                            (1) 

Where, z is the standard score (z-score), a is the sample data, 𝜇 is the mean of the 

sample data, and s is the standard deviation of the sample data. The z-score obtained 

reflects the extent to which the raw score deviates from the mean in terms of standard 

deviations. A positive z-score signifies a raw score above the mean, while a negative 

z-score signifies a raw score below the mean. 

2.3 Data Splitting 

The classical approach of dividing the database was employed to ensure robustness, 

using 70% (337 samples) of the entire experimental dataset as the training set and 

the remaining 30% (145 samples) as the test set. The algorithms were then built on 

the training datasets and tailored to address the problem. Applying proposed 

algorithms for concrete prediction empowers one to gain valuable insights into the 

factors influencing concrete strength and make informed decisions during concrete 

mix design and optimization. 

2.4 Methodology 

Figure 2 illustrates the schematic representation of the proposed methodology. It 

visually depicts the step-by-step process and the interconnected components used in 

the study. 

Initially, the available experimental dataset is divided into five subsets. Four 

subsets are utilized for constructing the prediction model using a robust learner 

algorithm, while the fifth subset is reserved exclusively for model validation. This 

approach ensures that each subset takes a turn as the validation set, with the model 

being trained and tested five times, each time using a different subset as the 

validation data. Ultimately, the performance metrics obtained from each validation 

iteration are aggregated, providing a more robust assessment of the model's 

generalization capacity and minimizing the risk of overfitting (Li et al., 2023a). This 

systematic procedure aids in optimizing the model's predictive accuracy and 

reliability by accounting for variations in dataset composition and enhancing its 

potential for practical, real-world applications. 

For the sensitivity analysis, a methodical approach to gauging the influence of 

input parameter fluctuations on model outcomes involves several vital steps (Li et 

al., 2021). First, a representative model, such as the best-fit model in this context, is 

chosen. Second, the specific input parameters expected to impact the model's 
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predictions substantially are identified. Subsequently, a range of values for each 

selected parameter is defined. The model is then executed multiple times, varying 

the parameter values to create a dataset of resultant output predictions. The 

variations in output predictions across different parameter values are scrutinized, 

often utilizing statistical measures like correlation coefficients or constructing 

response surfaces. The outcomes are meticulously interpreted to discern the relative 

significance of each input parameter on the model's ultimate output. This 

comprehensive sensitivity analysis process significantly enhances comprehension 

of parameter sensitivities, aids in optimizing model performance, and facilitates 

informed decision-making grounded in the varying influences of individual 

variables. The method of K-fold cross-validation involves several sequential steps 

to improve prediction model performance while mitigating bias due to random 

sampling (Chou et al., 2014). 

In this study, the process involved conducting a comprehensive hyperparameter 

tuning or optimization, often referred to as a grid search or randomized search. 

During this procedure, a predefined range of hyperparameter values was 

systematically explored, and the combinations that yielded the best performance 

metrics, such as R2, RMSE, and MAE, were selected as the optimal configuration 

for each model. This method ensures the models are fine-tuned to maximize their 

predictive accuracy and generalizability to unseen data. The specific 

hyperparameters tuned would depend on the characteristics of each algorithm; for 

instance, in Random Forest, parameters like the number of trees and maximum depth 

were likely considered. The transparency and reproducibility of this hyperparameter 

tuning process contribute to the models' reliability and robustness in predicting 

pozzolanic concrete's compressive strength. 

 

Figure 2: Proposed methodology of the study 
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2.4.1 Artificial Neural Networks  

The Artificial Neural Network (ANN) is a sophisticated analytical tool used to 

forecast the output variable based on input variables (Dantas et al., 2013). Inspired 

by the biological neural architecture of animal brains, the ANN consists of 

interconnected neurons, weights, and biases. This intricate structure enables the 

development of a model that learns from experience to anticipate future results  

(Thapa, Sharma, & Halder, 2022). The ANN has gained widespread acceptance 

across various fields, including pattern recognition, time series forecasting, and 

more (Sezer et al., 2020). For successful implementation, the ANN algorithm's 

effectiveness relies on appropriate learning algorithms, activation functions, and an 

optimal number of neurons in the hidden layer (Imam, Salami, & Oyehan, 2021). 

In this study, the Back Propagation (BP) algorithm, proposed by (Rumelhart, 

Hinton, & Williams, 1986), is used for the artificial neural network. The BP 

algorithm adjusts the weights and biases based on the difference between predicted 

and actual outputs, iteratively minimizing the error (Basheer & Hajmeer, 2000; 

Kewalramani & Gupta, 2006). The neural network architecture comprises input, 

hidden, and output layers. Specifically, the concrete mix proportioning database 

used in this study involves seven neurons in the input layer and one neuron in the 

output layer. Four hidden layers establish connections between these layers, where 

each neuron is unidirectionally linked to all neurons in the preceding layer, enabling 

the signal to propagate from input to output across the hidden layers. Despite its 

computational intensity, the ANN offers robust generalization capabilities, making 

it suitable for handling complex, limited, or noisy datasets. The schematic 

representation of the Back Propagation-ANN utilized in this research is illustrated 

in Figure 3. 

 

Figure. 3: Illustration of a three-layer Artificial Neural Network (ANN) model 
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2.4.2 Random Forest Regression 

Random forest (RF) is a robust ensemble machine learning algorithm that builds 

upon the decision tree model within the bagging framework, initially introduced by 

Breiman (2001). The algorithm constructs multiple decision trees using random 

subsets of the dataset and combines their predictions to obtain the final result. Each 

decision tree learns from different features and data points, creating a diverse model 

set that yields robust predictions. This ensemble learning approach mitigates the risk 

of overfitting and enhances the model's generalization capability (Breiman, 2001; 

Liaw & Wiener, 2002). 

Therefore, using random forest in this study to evaluate concrete compressive 

strength brings significant benefits. The random forest can effectively capture 

complex nonlinear relationships among input variables, such as mix proportions, 

curing conditions, and aggregate properties often present in concrete mixtures. This 

enables the model to accurately capture the intricate interdependencies of these 

variables (Han, Gui, Xu, & Lacidogna, 2019; Pengcheng, Xianguo, Hongyu, & 

Tiemei, 2020). Furthermore, the random forest does not impose stringent 

assumptions regarding data distribution, offering flexibility in modeling real-world, 

concrete scenarios (Cutler et al., 2007; Prasad, Iverson, & Liaw, 2006). Moreover, 

random forest handles many input variables and automatically selects the most 

informative features, simplifying the modeling process and enhancing 

interpretability (Breiman, 2001; Liaw & Wiener, 2002). Python Colab, with its 

support for decision tree-based algorithms, enables the utilization of libraries like 

Scikit-learn. Users can import the necessary libraries, pre-process their data, and 

implement regression tree models directly within Colab notebooks. The interactive 

nature of Colab facilitates model training, visualization of decision trees, and 

performance evaluation, providing a comprehensive environment for working with 

these models. In random forest regression, the algorithm generates results from 

multiple decision trees and calculates their average value. The regression equation 

for the random forest algorithm analysis is summarized as follows (Wang et al., 

2022): 

M̅(x) =
1

N
∑(yi(x, θn))

n

i=1

                                                                            (2) 

Where, 𝑀̅(𝑥) is the prediction result, 𝑦𝑖 is aggregating the predictions of individual 

decision tree, 𝜃𝑛 an independent distributed random variable that determines the 

growth process of a single decision tree, N is the total number of decision trees. 

2.4.3 Gradient Boosting Regressor 

The Gradient Boosting Regressor (GBR) is a machine learning algorithm belonging 

to the ensemble learning method family. It is particularly effective for predicting the 

compressive strength of pozzolanic concrete due to its ability to handle complex 
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relationships and non-linearities in the data (Ikeagwuani, 2021; Phoeuk & Kwon, 

2023). 

For this study, the first step in using GBR is to gather and pre-process the data 

using libraries like Scikit. The dataset includes input features or parameters, such as 

cement, water, fine aggregate, coarse aggregate, pozzolanic material type, and other 

mixed design characteristics. The target variable is the compressive strength of the 

pozzolanic concrete samples. The dataset is split into a training set (typically 70% 

of the data) and a testing set (the remaining 30%) to evaluate the model's 

performance. The GBR is an ensemble learning technique, combining multiple 

weak learners (usually decision trees) to form a strong predictive model (Koya et 

al., 2022). The model is constructed in an iterative manner. Each iteration, or 

boosting round, fits a decision tree to the residuals (the differences between the 

predicted and actual compressive strength values) of the previous round (Marani & 

Nehdi, 2020). Decision trees are used as weak learners in GBR. A decision tree 

splits the data into smaller subsets based on the input features to create a set of 

prediction rules (Nyirandayisabye et al., 2022). However, individual decision trees 

tend to have high variance and may over fit the training data. The boosting technique 

in GBR addresses this issue by combining the predictions of multiple decision trees 

to improve accuracy. During each boosting round, the GBR model identifies the 

samples with high prediction errors and assigns them higher weights. This focuses 

the subsequent decision trees on the previously poorly predicted samples, allowing 

the model to learn from its mistakes and reduce errors (Gayathri et al., 2022; Marani 

et al., 2023). 

After training the GBR model, it is evaluated using the testing set. Performance 

metrics such as R2, RMSE, and MAE assess the model's accuracy and ability to 

generalize to unseen data. The strength of the GBR lies in its ability to capture 

complex relationships between the input parameters and the compressive strength 

of pozzolanic concrete. It can handle both numerical and categorical features and 

automatically handle missing data (J.-F. Jia et al.). Additionally, GBR is less prone 

to overfitting than individual decision trees, as the ensemble approach helps improve 

generalization (Marani et al., 2020). Overall, the GBR is a robust and effective 

algorithm for predicting the compressive strength of pozzolanic concrete, and its 

performance can be further enhanced through careful implementation and 

hyperparameter tuning (Salami et al., 2021). 

2.4.4 Performance Assessment  

The study evaluates the machine learning model’s accuracy using standard 

performance measurements, including R2, RMSE, MAE, and SD. These 

measurements reflect the level of linear correlation between the predicted and actual 

data values (Li et al., 2023b). Generally, the predicted accuracy will be the highest 

value among models when its coefficient of determination R2 value is near 1 

(Badarloo, Kari, & Jafari, 2018). Furthermore, RMSE and MAE demonstrate the 

deviation between the predicted and actual values (Tran et al., 2021). The RMSE is 

an efficient measure of data change and remains unaffected by the unit and size of 
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predicted and actual values (D. Yao et al., 2021). On the other hand, the MAE 

calculates the average error using the absolute difference between actual data and 

predicted results (Wang et al., 2022). 

The highest R2 is closer to 1, the lowest RMSE, and the MAE values are near 

zero, which shows the selected model's higher accuracy. The mathematical 

expression for these three evaluation metrics is shown in Equations (3) to (5) 

(Rahman et al., 2021). 

 
𝑅2 = 1 −

∑ (𝑝𝑦 − 𝑜)2𝑛
𝑖=1

∑ (𝑜 − 𝑜̅𝑛
𝑖=1 )2

 

 

(3) 

 
𝑀𝐴𝐸 =

1

𝑛
∑|(𝑝𝑦 − 𝑜)|

𝑛

𝑖=1

 

 

(4) 

 𝑅𝑀𝑆𝐸 = √
1

𝑛
∑[(𝑝𝑦 − 𝑜)]

2
𝑛

𝑖=1

 

(5) 

 

Where, n is the number of observations, py is the value predicted by the model, o is 

the observed value, and 𝑜 ̅is the average of the actual values. 

Moreover, Taylor diagrams were utilized as a visual representation to compare 

the predicted target variable with the observed results (Taylor, 2000). These 

diagrams incorporate statistical measures such as the correlation coefficient, and 

standard deviation ratio (Chen et al., 2022). The algorithm outputs can be evaluated 

concerning the actual results by analyzing these statistics. Taylor diagrams offer a 

quick and intuitive assessment of the agreement between the model predictions and 

observations, providing insights into the model's potential over or under-prediction 

tendencies (Shubham et al., 2023). Additionally, the sensitivity analysis of the 

strength-predicting models was employed to determine the importance of the feature 

of the input parameters on the output. This analysis allows assessing the influence 

and significance of the various input parameters on the predicted strength values 

(Nguyen et al., 2023). 

3. Results and Discussions 

3.1 Correlation Analysis by Heat Map 

The Pearson correlation matrix and statistical analysis are vital in developing 

predictive models for concrete compressive strength (Gupta & Sihag, 2022). The 
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model’s accuracy can be significantly improved by measuring the degree of linear 

correlation between input and output variables (Kim, Pham, Park, Oh, & Choi, 

2020). In Figure 4, two-dimensional heat maps illustrate the correlation analysis 

between input and output variables. The correlation values are represented in 

different colors, corresponding to the numerical values within the range of [-1, 1]. 

A higher absolute coefficient value indicates a stronger correlation, while a value 

closer to 0 suggests a weaker correlation (Wang, Kang, Liu, Su, & Li, 2022). The 

correlation analysis reveals that the actual concrete strength shows positive 

correlations with cement, coarse aggregate, hearthstone, and superplasticizer, while 

it exhibits negative correlations with water, fine aggregate, and fly ash. Notably, the 

correlation between actual concrete strength and cement is 0.46, whereas the 

correlation between fine aggregate and coarse aggregate is the most negative, at -

0.61. Based on the provided instruction, the Pearson correlation matrix analysis 

indicates that no variables show a correlation greater than 0.80, suggesting a lack of 

multicollinearity (de-Prado-Gil et al., 2022). This analysis, facilitated by the 

standard scaler function in the sklearn library of Python, provides valuable insights 

into the relationships between input variables and concrete compressive strength in 

the pozzolanic concrete mix design. 

 

Figure 4: Heat map for Pearson correlation analysis graph of input and output variables 

3.2 Model Prediction Results  

The primary objective of model training is to create a model capable of effectively 

generalizing and accurately predicting unseen data. In this investigation, regression 

plots (Figure 5(a), 5(b), and 5(c)) illustrate the relationship between actual concrete 

compressive strength and model predictions for the three models. During the 

training phase, all three models exhibited challenges in capturing the intricate 

patterns within the observation data, leading to a notably high correlation coefficient 

with the predicted outcomes. Specifically, the RF and GBR models displayed strong 
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correlation values during training, reaching 97.5% and 94.7%, respectively, 

indicative of robust generalization. 

Based on the analysis based on regression Figure 5, the RF model is the most 

effective and robust approach for predicting the compressive strength of pozzolanic 

concrete. Overall, the RF outperformed GBR and ANN for predicting the 

compressive strength of pozzolanic concrete due to several key factors. RF employs 

an ensemble learning technique that combines multiple decision trees, reducing 

overfitting and improving generalization on unseen data by capturing complex 

relationships more effectively. It is robust to overfitting as it randomly selects data 

subsets and features during tree building, mitigating the risk of memorizing noise in 

the training data (Sarker, 2021).  

Additionally, the Random Forest (RF) model's superiority lies in its ensemble 

learning approach, which combines multiple decision trees to achieve robust and 

accurate predictions. This ensemble nature mitigates overfitting, a common 

challenge in machine learning, and enhances the model's ability to handle complex, 

non-linear relationships within the data. Unlike single decision trees, the RF model 

averages predictions from various trees, resulting in a more stable and reliable 

outcome. Also, the diversity of trees created by RF's randomness enhances its 

predictive performance compared to GBR, which builds trees sequentially, 

potentially leading to correlated trees. RF's simplicity in hyperparameter tuning 

requires fewer parameters to optimize, leading to quicker convergence to optimal 

settings. This approach contributes to improved generalization and predictive 

accuracy, making RF particularly effective for the concrete compressive strength 

prediction task compared to other models like ANN and GBR. 

Furthermore, the decision tree’s ability in RF to handle nonlinear relationships 

in the data contributes to its superior performance in predicting complex 

characteristics like compressive strength in pozzolanic concrete. Overall, RF's 

ensemble method, robustness to overfitting, simplicity in tuning, efficient 

implementation, and handling of nonlinear relationships collectively make it the 

preferred algorithm for accurate predictions. 

 

(a) 
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Figure 5: Regression plots of training dataset; (a) ANN model, (b) RF model, and (c) GBR 

model 

3.3 Performance Analysis Between ML Algorithms 

Assessing a prediction model's performance involves measuring the disparity 

between predicted outcomes and actual values. Performance indicators such as R2, 

(b) 

(c) 
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RMSE, and MAE are employed to ensure an objective evaluation. The selected 

model demonstrated accurate predictions during the training phase. A comparative 

analysis of three machine learning models (ANN, RF, and GBR) for pozzolanic 

concrete strength prediction is detailed in Table 2, encompassing evaluation metrics 

for training, testing, and overall datasets. 

The ANN model achieved an R² of 0.808 and 0.799 on the training and testing 

datasets, respectively, indicating moderate predictive performance. However, the 

RMSE for training and testing is 6.54 and 7.22, respectively, while the MAE is 4.95 

for training and 5.74 for testing, demonstrating moderate predictive accuracy. The 

overall dataset shows an RMSE of 6.76 and an MAE of 5.21, with a standard 

deviation 13.14. However, the RF demonstrated superior performance with an 

impressive R² of 0.976 on the training dataset and 0.964 on the testing dataset, 

showcasing its ability to capture complex patterns and relationships. It also achieves 

the lowest RMSE for training (2.84) and testing (7.81), as well as the lowest MAE 

for training (2.05) and testing (5.89), showcasing its accuracy. The overall dataset's 

RMSE is 2.85, and the MAE is 2.03, with a standard deviation 13.42. Moving to 

GBR, it exhibits an R² of 0.947 for training and 0.816 for testing, showing a good 

correlation with the target variable. However, it had higher RMSE and MAE values 

compared to RF but lower than ANN, implying better predictive accuracy than ANN 

but falling slightly behind RF. 

Table 2: Summary of performance index of each model 

 

Mode

l 

Name 

R² RMSE MAE Standard Deviation 

Trai

ning 

(70

%) 

Test

ing 

(30

%) 

Over

all 

Data

set 

Traini

ng 

(70%

) 

Testi

ng 

(30

%) 

Over

all 

Data

set 

Traini

ng 

(70%

) 

Testi

ng 

(30

%) 

Over

all 

Data

set 

Traini

ng 

(70%) 

Test

ing 

(30

%) 

Ove

rall 

Dat

aset 

ANN 0.8

08 

0.7

99 

0.80

5 
6.54 7.22 6.76 4.95 5.74 5.21 13.14 

14.

34 

13.

47 

RF 0.9

76 

0.9

64 

0.96

5 
2.84 7.81 2.85 2.05 5.89 2.03 13.42 

12.

63 

13.

95 

 

GBR 

0.9

47 

0.8

16 

0.92

7 
3.43 6.89 4.12 2.62 5.28 3.15 13.61 

13.

69 

13.

77 

 

The performance comparison between predicted and actual concrete strength 

outputs is visualized in Figure 6. The scatter plots in Figure 6(a), 6(b), and 6(c) 

depict the prediction results of the ANN, RF, and GBR models, respectively. Upon 

analyzing the post-training performance indices, it's evident that the RF model 

demonstrates superior performance. The RF model exhibits a higher R2 than the 

ANN and GBR models, showing an advantage of 1.20% and 1.03%, respectively. 
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Similarly, regarding RMSE, the RF model excels with a value of 2.84, showcasing 

a better performance than the ANN and GBR models by 2.30% and 1.20%, 

respectively. Additionally, the RF model stands out with the lowest MAE values 

among all models, measuring at 2.05. 

The study evaluated three distinct machine learning models: ANN, RF, and 

GBR, focusing on their performance in predicting the compressive strength of 

pozzolanic concrete. RF emerged as the top performer among these models due to 

its ensemble approach. RF combines multiple decision trees, which helps address 

overfitting issues often encountered in complex prediction tasks. This attribute 

enhances the model's robustness and ability to generalize well to new data (Sun et 

al., 2021). In contrast, ANN can be sensitive to hyperparameter tuning and may 

become trapped in local minima during training. This makes their performance less 

consistent, especially in cases where the dataset is limited or noisy (Ouyang et al., 

2021). 

Additionally, ANN architecture's complex and interconnected nature may not 

always suit the nuances of pozzolanic concrete strength prediction, which involves 

intricate relationships between various input parameters. Furthermore, GBR is 

another popular machine learning technique, yet in this study, it was outperformed 

by RF. GBR builds an ensemble of weak learners sequentially, and while it can 

handle non-linearity to some extent, its performance may lag when dealing with 

intricate interactions among factors influencing pozzolanic concrete strength. For 

the specific context of predicting pozzolanic concrete compressive strength, the 

ensemble nature of RF, coupled with its ability to handle complex relationships and 

mitigate overfitting, makes it the most suitable and accurate choice among the 

evaluated models. 
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Figure 6: Comparison of measured compressive strength with predictions for training 

dataset; (a) ANN model, (b) RF model, and (c) GBR model 
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Figure 7 analyzes the relative error (RE) between the actual and predicted 

values. The study employed various ML algorithms to identify patterns in the actual 

data and compared the variation in predicted datasets with the ML models. A higher 

difference between the actual dataset and ML algorithms indicates higher errors. 

During the training phase, 337 samples were tested, and each sample's relative error 

(RE) percentage was calculated. The RE value serves as a measure of prediction 

model stability and indicates the extent of errors between the predicted and actual 

values. Analyzing Figure 7 shows that the RF model exhibits the highest stability, 

with an absolute error percentage of 4.70%. 

On the other hand, the ANN and GBR models demonstrate relatively higher 

absolute errors, with error percentage values of 13.31% and 6.70%, respectively. 

This analysis confirms that the RF model outperforms the other ML algorithms in 

terms of prediction stability and accuracy, making it the most reliable choice for this 

specific regression problem. This analysis confirms that the RF model outperforms 

the other ML algorithms regarding prediction stability and accuracy, making it the 

most reliable choice for this specific regression problem. 

 

Figure 7: Relative error (RE) plots for the training dataset samples; (a) ANN model, 

(b) RF model, and (c) GBR model 

3.4 K Fold Cross-Validation Analysis for Best-Predicted Model 

The results of the five-fold cross-validation demonstrate a strong correlation 

between the predicted and actual compressive strength values, with a mean R2 value 

of 0.959. The high level of accuracy in predicting the mean compressive strength 

value of 45.0 MPa is evident from the results. Furthermore, the model's predictive 

accuracy is quantified by the mean RMSE value of 3.04 MPa and the mean MAE 

value of 2.23 MPa, providing valuable insights into the model's performance. Table 

3 presents comprehensive statistical data on the outcomes of the five-fold cross-

validation operations, showcasing the model's consistency and overall high accuracy 
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despite occasional fluctuations. Overall, the results suggest that the machine 

learning model, specifically the one based on RF, performs excellently in predicting 

compressive strength in pozzolanic concrete. The model demonstrates strong 

correlation, high accuracy, and reliable generalizability, making it a promising and 

efficient approach for predicting concrete properties and optimizing its composition 

in construction applications.  

Table 3: Summary of five-fold cross-validation results 

 

Folds 

Performance Indicators 

R² RMSE MAE 

Fold 1 0.959 3.05 2.22 

Fold 2 0.962 2.90 2.18 

Fold 3 0.954 3.17 2.33 

Fold 4 0.955 3.18 2.28 

Fold 5 0.963 2.89 2.11 

Average 0.959 3.04 2.23 

 

3.5 Sensitivity Investigation 

The selected RF model, deemed the most proficient for this analysis, underwent a 

sensitivity assessment illustrated in Figure 8. The results highlight cement as the 

predominant influencer, commanding 28% of the total input parameters and 

significantly impacting the RF model's predictive accuracy. Notably, higher 

concentrations of superplasticizer, reaching up to 25.2%, correlate with increased 

compressive strength in concrete. Additionally, fine aggregates, coarse aggregates, 

and hearthstone exhibit comparable contributions of 10.50%, 7.60%, and 13.70%, 

respectively, in shaping the model's predictive outcomes. Only a small portion of 

cement can be substituted by fly ash. As a result, fly ash has less impact on concrete's 

compressive strength than aggregates. Finally, the water content has a favorable 

effect, which indicates that concrete's compressive strength increases as water 

content rises (Oner & Akyuz, 2007; J. Shen & Xu, 2019). In general, feature 

importance evaluations are carried out when the suggested RF model is evaluated. 

Each input variable's impacts on the compressive strength of concrete, including 

pozzolanic material, are accurately simulated by the feature importance analysis.   
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Figure 8: Input parameter’s relative importance relevance to pozzolanic concrete 

strength 

3.6 Influence of Input Variable Number 

This analysis aims to ascertain the influence on the model's performance when 

specific data inputs are omitted. Table 4 presents the outcomes of anticipated values 

compared to actual values and the corresponding performance metrics for seven 

combinations of input variables. The initial combination, which incorporates all 

seven inputs (water, cement, fine aggregate, coarse aggregate, hearthstone, fly ash, 

and superplasticizer), yields the most favorable outcomes as it utilizes the entirety 

of the accessible data. However, combination six exhibited the lowest performance 

among all the combinations, as evidenced by an R2 value of 0.893, an RMSE value 

of 4.89 MPa, and an MAE value of 3.60 MPa. As evidenced by combinations two 

through seven, it can be inferred that enhancing model correctness does not 

necessarily arise solely from including additional input variables. It is noteworthy 

that combination seven, comprising six input variables (excluding cement), exhibits 

just a slight improvement in performance compared to combination two, as seen by 

an R2 value of 0.958, an RMSE value of 3.04 MPa, and an MAE value of 2.20 MPa. 

In contrast, combination three, which incorporates five input variables 

(excluding fly ash and superplasticizer), performs better than combinations two and 

four. The key factors that significantly contribute to the attainment of accurate 

forecasts are the utilization of cement and pozzolanic materials. The above findings 

underscore the significance of considering these particular inputs within the model. 
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Table 4: Statistics on performance for analyzing various combinations of input 

variables 

 

Combinations 

Performance Indicators 

R² RMSE MAE 

i. X1,X2,X3,X4,X5,X6,X7 0.961 2.96 2.12 

ii. X1,X2,X3,X4,X5,X6 0.958 3.04 2.20 

iii. X1,X2,X3,X4,X5 0.960 2.99 2.15 

iv. X1,X2,X3,X4 0.940 3.67 2.65 

v. X1,X2,X3 0.927 4.03 2.93 

vi. X1,X2 0.893 4.89 3.60 

vii. X1,X3,X4,X5,X6,X7 0.956 3.13 2.26 

 

3.7 Taylor Diagram for Comparative Analysis 

The Taylor diagram is a valuable tool for the comparative analysis of model 

performance and longitudinal evaluation of a single model's effectiveness (K. Khan 

et al., 2022). Within the context of this study, prediction models encompass three 

algorithms: ANN, RF, and GBR. The utilization of the Taylor diagram, depicted in 

Figure 9, aids in comprehending model performance within a unified scale, 

consolidating all prediction model outcomes within a singular visualization. 

Notably, the 'Actual' bold dotted line, representing a standard deviation of 15.33 for 

actual compressive strength, serves as a reference point. Models (ANN, RF, and 

GBR) falling within this range are deemed suitable for prediction. 

Analysis of the Taylor diagram reveals RF and GBR to be closely aligned with 

low standard deviation for training datasets depicted in Figure 9(a). In contrast, the 

ANN model demonstrates comparatively diminished performance in predicting 

compressive strength. Evaluation of the testing datasets in Figure 9(b) underscores 

the proximity of the RF model to the REF point, distinguishing it as superior among 

the two predictive modeling approaches (ANN and GBR). 
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Figure 9: Taylor diagram illustrating the three algorithms utilized in this study 

4. Conclusions 

This research showcases the potency of machine learning in predicting the 

compressive strength of pozzolanic concrete, leveraging a dataset of 482 samples. 

The algorithms were then tailored using the training datasets to address the identified 

problem. Key findings include the superiority of the RF model over ANN and GBR 

in concrete strength prediction, attributed to its decision tree ensemble effectively 

handling overfitting and nonlinear relationships. The RF model achieved the highest 

R2 values (0.976 in training, 0.964 in testing) with the lowest RMSE and MAE 

values, signifying exceptional predictive accuracy. In comparison to ANN and 

GBR, the RF model demonstrated higher R2 and lower RMSE and MAE, affirming 

its reliability in predicting concrete strength. The RF model's stability, assessed 

through K-fold cross-validation, consistently exhibited high performance. Cement 

emerged as the most influential input parameter (28%) for accurate strength 

prediction, followed by superplasticizer concentration (25.2%). In conclusion, this 

study advocates for the RF model as the optimal method for predicting pozzolanic 

concrete's compressive strength in regression analysis, underscoring the pivotal 

roles of cement and pozzolanic materials. The findings offer practical insights for 

improving concrete mix designs and construction procedures, urging future research 

to address biases and explore diverse algorithmic options for broader applications 

in the concrete industry. 

Availability of data, material, and code Some or all data, models, or codes 
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Dataset link  https://github.com/Sirfowahid/Dataset/blob/main/CCS.xlsx 

https://journal.iubat.ac.bd/
file:///C:/Pendrive/Raju/Journal%20and%20paPER/Concrete%20&%20Mechanical%20Properties/Concrete%20Research_ML/Papers/re/
https://github.com/Sirfowahid/Dataset/blob/main/CCS.xlsx


 

113 

https://journal.iubat.ac.bd/ 

 A Comparative Analysis of Machine …. 

Conflict of interest 

The authors declare no potential conflict of interest regarding the publication of this 

work. In addition, the ethical issues including plagiarism, informed consent, 

misconduct, data fabrication and, or falsification, double publication and, or 

submission, and redundancy have been completely witnessed by the authors. 

 

References 

Asadollahfardi, G., Yahyaei, B., Salehi, A., and Ovesi, A. (2020). Effect of 

admixtures and supplementary cementitious material on mechanical properties 

and durability of concrete. Civil Engineering Design, 2. 

https://doi.org/10.1002/cend.201900016 

Aug, T. (2003). Report on Chemical Admixtures for Concrete ACI NOV 2010. 

Badarloo, B., Kari, A., and Jafari, F. (2018). Experimental And Numerical Study To 

Determine The Relationship Between Tensile Strength And Compressive 

Strength Of Concrete. Civil Engineering Journal, 4(11), 2787. 

https://doi.org/10.28991/cej-03091198 

Bakhta Boukhatem  Said Kenai, and Arezki Tagnit-Hamou, M. G. (n.d.). Prediction 

of Efficiency Factor of Ground-Granulated Blast-Furnace Slag of Concrete 

Using Artificial Neural Network. ACI Materials Journal, 108(1). 

https://doi.org/10.14359/51664216 

Basheer, I. A., and Hajmeer, M. (2000). Artificial neural networks: fundamentals, 

computing, design, and application. Journal of Microbiological Methods, 

43(1), 3–31. 

         https://doi.org/https://doi.org/10.1016/S0167-7012(00)00201-3 

Bassi, A., Manchanda, A., Singh, R., & Patel, M. (2023). A comparative study of  

machine learning algorithms for the prediction of compressive strength of rice 

husk ash-based concrete. Natural Hazards, 1-30.  

Behnood, A., & Golafshani, E. M. (2021). Artificial intelligence to model the 

performance of concrete mixtures and elements: a review. Archives of 

Computational Methods in Engineering, 1-24. 

Boğa, A. R., Öztürk, M., and Topçu, İ. B. (2013). Using ANN and ANFIS to predict 

the mechanical and chloride permeability properties of concrete containing 

GGBFS and CNI. Composites Part B: Engineering, 45(1), 688–696. 

https://doi.org/https://doi.org/10.1016/j.compositesb.2012.05.054 

Breiman, L. (2001). Random Forests. Machine Learning, 45(1), 5–32. 

https://doi.org/10.1023/A:1010933404324 

Chen, C., Zhang, Q., Kashani, M. H., Jun, C., Bateni, S. M., Band, S. S., Dash, S. 

S., & Chau, K.-W. (2022). Forecast of rainfall distribution based on fixed 

sliding window long short-term memory. Engineering Applications of 

Computational Fluid Mechanics, 16(1), 248-261.  

Chopra, P., Sharma, R. K., Kumar, M., & Chopra, T. (2018). Comparison of 

machine learning techniques for the prediction of compressive strength of 

concrete. Advances in Civil Engineering, 2018.  

https://journal.iubat.ac.bd/


 

114 
https://journal.iubat.ac.bd/ 

M. R. Raju et al.... 

Chopra, P., Sharma, R. K., Kumar, M., and Chopra, T. (2018). Comparison of 

Machine Learning Techniques for the Prediction of Compressive Strength of 

Concrete. Advances in Civil Engineering, 2018, 5481705. 

https://doi.org/10.1155/2018/5481705 

Chou, J.-S., Tsai, C.-F., Pham, A.-D., and Lu, Y.-H. (2014). Machine learning in 

concrete strength simulations: Multi-nation data analytics. Construction and 

Building Materials, 73, 771–780. 

https://doi.org/https://doi.org/10.1016/j.conbuildmat.2014.09.054 

Cutler, D. R., Edwards, T. C., Beard, K. H., Cutler, A., Hess, K. T., Gibson, J., and 

Lawler, J. J. (2007). Random forests for classification in ecology. Ecology, 

88(11), 2783–2792. https://doi.org/10.1890/07-0539.1 

de-Prado-Gil, J., Palencia, C., Jagadesh, P., and Martínez-García, R. (2022). A 

Study on the Prediction of Compressive Strength of Self-Compacting 

Recycled Aggregate Concrete Utilizing Novel Computational Approaches. 

Materials, 15(15). https://doi.org/10.3390/ma15155232 

Deifalla, A. F., Zapris, A. G., and Chalioris, C. E. (2021). Multivariable Regression 

Strength Model for Steel Fiber-Reinforced Concrete Beams under Torsion. 

Materials, 14(14). https://doi.org/10.3390/ma14143889 

Diptikanta Rout, M. K., Biswas, S., and Sinha, A. K. (2023). Evaluation of 

Mechanical Properties of Rigid Pavement with High RAP Content. In M. V. 

L. R. Anjaneyulu, M. Harikrishna, S. S. Arkatkar, and A. Veeraragavan (Eds.), 

Recent Advances in Transportation Systems Engineering and Management 

(pp. 285–298). Singapore: Springer Nature Singapore. 

Dantas, A. T. A., Leite, M. B., & de Jesus Nagahama, K. (2013). Prediction of 

compressive strength of concrete containing construction and demolition 

waste using artificial neural networks. Construction and Building Materials, 

38, 717-722.  

de-Prado-Gil, J., Palencia, C., Jagadesh, P., & Martínez-García, R. (2022). A 

comparison of machine learning tools that model the splitting tensile strength 

of self-compacting recycled aggregate concrete. Materials, 15(12), 4164.  

Deifalla, A. F., Zapris, A. G., & Chalioris, C. E. (2021). Multivariable regression 

strength model for steel fiber-reinforced concrete beams under torsion. 

Materials, 14(14), 3889.  

Duan, T., Anand, A., Ding, D. Y., Thai, K. K., Basu, S., Ng, A., & Schuler, A. 

(2020). Ngboost: Natural gradient boosting for probabilistic prediction. 

Eyo, E. U., Abbey, S. J., & Booth, C. A. J. M. (2022). Strength predictive modelling 

of soils treated with calcium-based additives blended with eco-friendly 

pozzolans—A machine learning approach. 15(13), 4575.  

Farooq, F., Ahmed, W., Akbar, A., Aslam, F., & Alyousef, R. (2021). Predictive 

modeling for sustainable high-performance concrete from industrial wastes: A 

comparison and optimization of models using ensemble learners. Journal of 

Cleaner Production, 292, 126032.  

Feng, D.-C., Liu, Z.-T., Wang, X.-D., Chen, Y., Chang, J.-Q., Wei, D.-F., & Jiang, 

Z.-M. (2020). Machine learning-based compressive strength prediction for 

https://journal.iubat.ac.bd/


 

115 

https://journal.iubat.ac.bd/ 

 A Comparative Analysis of Machine …. 

concrete: An adaptive boosting approach. Construction and Building 

Materials, 230, 117000.  

Fan, Z., Chiong, R., Hu, Z., and Lin, Y. (2020). A fuzzy weighted relative error 

support vector machine for reverse prediction of concrete components. 

Computers and Structures, 230, 106171. 

https://doi.org/https://doi.org/10.1016/j.compstruc.2019.106171 

Gayathri, R., Rani, S. U., Čepová, L., Rajesh, M., & Kalita, K. (2022). A 

comparative analysis of machine learning models in prediction of mortar 

compressive strength. Processes, 10(7), 1387.  

Gogineni, A., Panday, I. K., & Kumar, P. J. A. J. o. C. E. (2023). Predictive 

modelling of concrete compressive strength incorporating GGBS and alkali 

using a machine-learning approach. 1-11.  

Gupta, S., & Sihag, P. (2022). Prediction of the compressive strength of concrete 

using various predictive modeling techniques. Neural Computing and 

Applications, 34(8), 6535-6545.  

Gagg, C. (2014). Cement and Concrete as an engineering material: an historic 

appraisal and case study analysis. Engineering Failure Analysis, 40. 

https://doi.org/10.1016/j.engfailanal.2014.02.004 

Hassan, A. A., Mawat, M. J., & Dawood, A. S. (2019). Prediction of compressive 

strength of concrete containing pozzolanic materials by applying neural 

networks. Int J Civ Eng Technol, 10(2), 526-537.  

Hossain, M. U., Cai, R., Ng, S. T., Xuan, D., & Ye, H. (2021). Sustainable natural 

pozzolana concrete–A comparative study on its environmental performance 

against concretes with other industrial by-products. Construction and Building 

Materials, 270, 121429.  

Han, Q., Gui, C., Xu, J., and Lacidogna, G. (2019). A generalized method to predict 

the compressive strength of high-performance concrete by improved random 

forest algorithm. Construction and Building Materials, 226, 734–742. 

https://doi.org/10.1016/j.conbuildmat.2019.07.315 

Hassan, A., Mawat, M., and Dawood, A. (2019). Prediction of compressive strength 

of concrete containing pozzolanic materials by applying neural networks. 

International Journal of Civil Engineering and Technology, 10, 526–537. 

Hossain, M. U., Cai, R., Ng, S. T., Xuan, D., and Ye, H. (2021). Sustainable natural 

pozzolana concrete – A comparative study on its environmental performance 

against concretes with other industrial by-products. Construction and Building 

Materials, 270, 121429. 

https://doi.org/https://doi.org/10.1016/j.conbuildmat.2020.121429 

Ikeagwuani, C. C. (2021). Estimation of modified expansive soil CBR with 

multivariate adaptive regression splines, random forest and gradient boosting 

machine. Innovative Infrastructure Solutions, 6(4), 199.  

Imam, A., Salami, B. A., and Oyehan, T. A. (2021). Predicting the compressive 

strength of a quaternary blend concrete using Bayesian regularized neural 

network. Journal of Structural Integrity and Maintenance, 6(4), 237–246. 

https://doi.org/10.1080/24705314.2021.1892572 

Isaia, G. C., Gastaldini, A. L. G., and Moraes, R. (2003). Physical and pozzolanic 

https://journal.iubat.ac.bd/


 

116 
https://journal.iubat.ac.bd/ 

M. R. Raju et al.... 

action of mineral additions on the mechanical strength of high-performance 

concrete. Cement and Concrete Composites, 25, 69–76. 

https://doi.org/10.1016/S0958-9465(01)00057-9 

Jia, J.-F., Chen, X.-Z., Bai, Y.-L., Li, Y.-L., & Wang, Z.-H. (2022). An interpretable 

ensemble learning method to predict the compressive strength of concrete. 

Juenger, M., Provis, J., Elsen, J., Matthes, W., Hooton, D., Duchesne, J., … De 

Belie, N. (2012). Supplementary Cementitious Materials for Concrete: 

Characterization Needs. MRS Proceedings, 1488. 

https://doi.org/10.1557/opl.2012.1536 

Kandiri, A., Sartipi, F., and Kioumarsi, M. (2021). Predicting Compressive Strength 

of Concrete Containing Recycled Aggregate Using Modified ANN with 

Different Optimization Algorithms. Applied Sciences, 11(2). 

https://doi.org/10.3390/app11020485 

Kewalramani, M. A., and Gupta, R. (2006). Concrete compressive strength 

prediction using ultrasonic pulse velocity through artificial neural networks. 

Automation in Construction, 15(3), 374–379. 

https://doi.org/https://doi.org/10.1016/j.autcon.2005.07.003 

Khademi, F., Jamal, S. M., Deshpande, N., and Londhe, S. (2016). Predicting 

strength of recycled aggregate concrete using Artificial Neural Network, 

Adaptive Neuro-Fuzzy Inference System and Multiple Linear Regression. 

International Journal of Sustainable Built Environment, 5(2), 355–369. 

https://doi.org/https://doi.org/10.1016/j.ijsbe.2016.09.003 

Kim, D., Pham, K., Park, S., Oh, J.-Y., and Choi, H. (2020). Determination of 

effective parameters on surface settlement during shield TBM. Geomechanics 

and Engineering, 21, 153–164. https://doi.org/10.12989/gae.2020.21.2.153 

Kumar, A., Arora, H. C., Kapoor, N. R., Mohammed, M. A., Kumar, K., Majumdar, 

A., and Thinnukool, O. (2022). Compressive Strength Prediction of 

Lightweight Concrete: Machine Learning Models. Sustainability 

(Switzerland), 14(4). https://doi.org/10.3390/su14042404 

Kandiri, A., Sartipi, F., & Kioumarsi, M. (2021). Predicting compressive strength 

of concrete containing recycled aggregate using modified ANN with different 

optimization algorithms. Applied Sciences, 11(2), 485.  

Kao, C.-Y., Shen, C.-H., Jan, J.-C., & Hung, S.-L. (2018). A computer-aided 

approach to pozzolanic concrete mix design. Journal of Healthcare 

Engineering, 2018.  

Khademi, F., Jamal, S. M., Deshpande, N., & Londhe, S. (2016). Predicting strength 

of recycled aggregate concrete using artificial neural network, adaptive neuro-

fuzzy inference system and multiple linear regression. International Journal 

of Sustainable Built Environment, 5(2), 355-369.  

Khan, K., Iqbal, M., Jalal, F. E., Amin, M. N., Alam, M. W., & Bardhan, A. (2022). 

Hybrid ANN models for durability of GFRP rebars in alkaline concrete 

environment using three swarm-based optimization algorithms. Construction 

and Building Materials, 352, 128862.  

https://journal.iubat.ac.bd/


 

117 

https://journal.iubat.ac.bd/ 

 A Comparative Analysis of Machine …. 

Khayat, K. H., Meng, W., Vallurupalli, K., & Teng, L. (2019). Rheological 

properties of ultra-high-performance concrete—An overview. Cement and 

Concrete Research, 124, 105828.  

Khayat, K. H., & Mikanovic, N. (2012). Viscosity-enhancing admixtures and the 

rheology of concrete. In Understanding the rheology of concrete, 209-228. 

Koya, B. P., Aneja, S., Gupta, R., & Valeo, C. (2022). Comparative analysis of 

different machine learning algorithms to predict mechanical properties of 

concrete. Mechanics of Advanced Materials and Structures, 29(25), 4032-

4043.  

Li, K., Long, Y., Wang, H., & Wang, Y.-F. (2021). Modeling and sensitivity 

analysis of concrete creep with machine learning methods. Journal of 

Materials in Civil Engineering, 33(8), 04021206.  

Lin, C.-J., & Wu, N.-J. (2021). An ANN model for predicting the compressive 

strength of concrete. Applied Sciences, 11(9), 3798.  

Ling, H., Qian, C., Kang, W., Liang, C., & Chen, H. (2019). Combination of Support 

Vector Machine and K-Fold cross validation to predict compressive strength 

of concrete in marine environment. Construction and Building Materials, 206, 

355-363.  

Li, D., Tang, Z., Kang, Q., Zhang, X., and Li, Y. (2023a). Machine Learning-Based 

Method for Predicting Compressive Strength of Concrete. Processes, 11(2). 

https://doi.org/10.3390/pr11020390 

Li, D., Tang, Z., Kang, Q., Zhang, X., and Li, Y. (2023b). Machine Learning-Based 

Method for Predicting Compressive Strength of Concrete. Processes, 11(2), 

1–28. https://doi.org/10.3390/pr11020390 

Liaw, A., and Wiener, M. (2002). Classification and regression by randomForest. R 

News, 2(3), 18–22. 

Lin, C. J., and Wu, N. J. (2021). An ann model for predicting the compressive 

strength of concrete. Applied Sciences (Switzerland), 11(9). 

https://doi.org/10.3390/app11093798 

Liu, Y. (2022). High-Performance Concrete Strength Prediction Based on Machine 

Learning. Computational Intelligence and Neuroscience, 2022. 

https://doi.org/10.1155/2022/5802217 

Liu, Z., and Guo, A. (2021). Empirical-based support vector machine method for 

seismic assessment and simulation of reinforced concrete columns using 

historical cyclic tests. Engineering Structures, 237, 112141. 

https://doi.org/https://doi.org/10.1016/j.engstruct.2021.112141 

Marani, A., Jamali, A., & Nehdi, M. L. (2020). Predicting ultra-high-performance 

concrete compressive strength using tabular generative adversarial networks. 

Materials, 13(21), 4757.  

Marani, A., & Nehdi, M. L. (2020). Machine learning prediction of compressive 

strength for phase change materials integrated cementitious composites. 

Construction and Building Materials, 265, 120286.  

Marani, A., Zhang, L., & Nehdi, M. L. (2023). Design of concrete incorporating 

microencapsulated phase change materials for clean energy: A ternary 

https://journal.iubat.ac.bd/


 

118 
https://journal.iubat.ac.bd/ 

M. R. Raju et al.... 

machine learning approach based on generative adversarial networks. 

Engineering Applications of Artificial Intelligence, 118, 105652.  

Meng, D., Unluer, C., Yang, E.-H., & Qian, S. (2022). Carbon sequestration and 

utilization in cement-based materials and potential impacts on durability of 

structural concrete. Construction and Building Materials, 361, 129610.  

Mehta, P. K., and Monteiro, P. J. M. (2014). Concrete: Microstructure, Properties, 

and Materials (4th Editio). Retrieved from 

https://www.accessengineeringlibrary.com/content/book/9780071797870 

Meng, D., Unluer, C., Yang, E.-H., and Qian, S. (2022). Carbon sequestration and 

utilization in cement-based materials and potential impacts on durability of 

structural concrete. Construction and Building Materials, 361, 129610. 

https://doi.org/https://doi.org/10.1016/j.conbuildmat.2022.129610 

Montgomery, D., Peck, E., and Vining, G. (1983). An Introduction to Linear 

Regression Analysis. Technometrics, 25. https://doi.org/10.2307/1267869 

Muliauwan, H. N., Prayogo, D., Gaby, G., and Harsono, K. (2020). Prediction of 

Concrete Compressive Strength Using Artificial Intelligence Methods. 

Journal of Physics: Conference Series, 1625(1). https://doi.org/10.1088/1742-

6596/1625/1/012018 

Nafees, A., Amin, M. N., Khan, K., Nazir, K., Ali, M., Javed, M. F., Aslam, F., 

Musarat, M. A., & Vatin, N. I. (2021). Modeling of mechanical properties of 

silica fume-based green concrete using machine learning techniques. 

Polymers, 14(1), 30.  

Neville, A. M., and Brooks, J. J. (1987). Civil_Engineering_Materials.Pdf. 

Nyirandayisabye, R., Li, H., Dong, Q., Hakuzweyezu, T., & Nkinahamira, F. 

(2022). Automatic pavement damage predictions using various machine 

learning algorithms: Evaluation and comparison. Results in Engineering, 16, 

100657.  

National Chiao Tung University Institutional Repository：應用類神經網路配合

ACI規範輔助卜作嵐混凝土配比設計. (n.d.). Retrieved July 16, 2023, from 

https://ir.nctu.edu.tw/handle/11536/71533 

Nguyen, T.-D., Cherif, R., Mahieux, P.-Y., Lux, J., Aït-Mokhtar, A., and Bastidas-

Arteaga, E. (2023). Artificial intelligence algorithms for prediction and 

sensitivity analysis of mechanical properties of recycled aggregate concrete: A 

review. Journal of Building Engineering, 66, 105929. 

https://doi.org/https://doi.org/10.1016/j.jobe.2023.105929 

Olayiwola, T., Ogolo, O., and Yusuf, F. (2020). Modeling the acentric factor of 

binary and ternary mixtures of ionic liquids using advanced intelligent 

systems. Fluid Phase Equilibria, 516, 112587. 

https://doi.org/https://doi.org/10.1016/j.fluid.2020.112587 

Oner, A., and Akyuz, S. (2007). An experimental study on optimum usage of GGBS 

for the compressive strength of concrete. Cement and Concrete Composites, 

29(6), 505–514. 

https://doi.org/https://doi.org/10.1016/j.cemconcomp.2007.01.001 

https://journal.iubat.ac.bd/


 

119 

https://journal.iubat.ac.bd/ 

 A Comparative Analysis of Machine …. 

Ouyang, B., Song, Y., Li, Y., Sant, G., & Bauchy, M. (2021). EBOD: An ensemble-

based outlier detection algorithm for noisy datasets. Knowledge-Based 

Systems, 231, 107400.  

Phoeuk, M., & Kwon, M. (2023). Accuracy Prediction of Compressive Strength of 

Concrete Incorporating Recycled Aggregate Using Ensemble Learning 

Algorithms: Multinational Dataset. Advances in Civil Engineering, 2023. 

Pengcheng, L., Xianguo, W., Hongyu, C., and Tiemei, Z. (2020). Prediction of 

compressive strength of High-Performance Concrete by Random Forest 

algorithm. IOP Conference Series: Earth and Environmental Science, 552, 

12020. https://doi.org/10.1088/1755-1315/552/1/012020 

Prasad, A. M., Iverson, L. R., and Liaw, A. (2006). Newer Classification and 

Regression Tree Techniques: Bagging and Random Forests for Ecological 

Prediction. Ecosystems, 9(2), 181–199. https://doi.org/10.1007/s10021-005-

0054-1 

Rout, M. K. D., Sahdeo, S. K., Biswas, S., Roy, K., & Sinha, A. K. (2023). 

Feasibility Study of Reclaimed Asphalt Pavements (RAP) as Recycled 

Aggregates Used in Rigid Pavement Construction. Materials, 16(4), 1504. 

Rahman, M. M., Chen, N., Elbeltagi, A., Islam, M. M., Alam, M., Pourghasemi, H., 

… Dewan, ·. (2021). Application of stacking hybrid machine learning 

algorithms in delineating multi-type flooding in Bangladesh. Journal of 

Environmental Management, 295. 

https://doi.org/10.1016/j.jenvman.2021.113086 

Rout, M. K. D., Sahdeo, S. K., Biswas, S., Roy, K., and Sinha, A. K. (2023). 

Feasibility Study of Reclaimed Asphalt Pavements (RAP) as Recycled 

Aggregates Used in Rigid Pavement Construction. Materials, 16(4). 

https://doi.org/10.3390/ma16041504 

Rumelhart, D. E., Hinton, G. E., and Williams, R. J. (1986). Learning 

representations by back-propagating errors. Nature, 323(6088), 533–536. 

https://doi.org/10.1038/323533a0 

Salami, B. A., Olayiwola, T., Oyehan, T. A., & Raji, I. A. (2021). Data-driven model 

for ternary-blend concrete compressive strength prediction using machine 

learning approach. Construction and Building Materials, 301, 124152.  

Sarker, I. H. (2021). Machine learning: Algorithms, real-world applications and 

research directions. SN computer science, 2(3), 160.  

Sata, V., Jaturapitakkul, C., & Kiattikomol, K. (2007). Influence of pozzolan from 

various by-product materials on mechanical properties of high-strength 

concrete. Construction and Building Materials, 21(7), 1589-1598.  

Schielzeth, H. (2010). Simple means to improve the interpretability of regression 

coefficients. Methods in Ecology and Evolution, 1(2), 103-113.  

Sezer, O. B., Gudelek, M. U., & Ozbayoglu, A. M. (2020). Financial time series 

forecasting with deep learning: A systematic literature review: 2005–2019. 

Applied soft computing, 90, 106181.  

Shahmansouri, A. A., Yazdani, M., Hosseini, M., Bengar, H. A., & Ghatte, H. F. 

(2022). The prediction analysis of compressive strength and electrical 

resistivity of environmentally friendly concrete incorporating natural zeolite 

https://journal.iubat.ac.bd/


 

120 
https://journal.iubat.ac.bd/ 

M. R. Raju et al.... 

using artificial neural network. Construction and Building Materials, 317, 

125876.  

Shen, C. (2013). Application of Neural Networks and ACI Code in Pozzolanic 

Concrete Mix Design. Department of Civil Engineering, Nation Chiao Tung 

University Hsinchu City …,  

Sikora, P., Rucinska, T., Stephan, D., Chung, S.-Y., & Abd Elrahman, M. (2020). 

Evaluating the effects of nanosilica on the material properties of lightweight 

and ultra-lightweight concrete using image-based approaches. Construction 

and Building Materials, 264, 120241.  

Sun, J., Zhang, J., Gu, Y., Huang, Y., Sun, Y., & Ma, G. (2019). Prediction of 

permeability and unconfined compressive strength of pervious concrete using 

evolved support vector regression. Construction and Building Materials, 207, 

440-449.  

Sun, Y., Li, G., Zhang, N., Chang, Q., Xu, J., & Zhang, J. (2021). Development of 

ensemble learning models to evaluate the strength of coal-grout materials. 

International Journal of Mining Science and Technology, 31(2), 153-162.  

Saisana, M. (2014). Standard Scores. In A. C. Michalos (Ed.), Encyclopedia of 

Quality of Life and Well-Being Research (pp. 6321–6322). 

https://doi.org/10.1007/978-94-007-0753-5_2852 

Sarıdemir, M., Topçu, İ. B., Özcan, F., and Severcan, M. H. (2009). Prediction of 

long-term effects of GGBFS on compressive strength of concrete by artificial 

neural networks and fuzzy logic. Construction and Building Materials, 23(3), 

1279–1286. 

         https://doi.org/https://doi.org/10.1016/j.conbuildmat.2008.07.021 

Sata, V., Jaturapitakkul, C., and Kiattikomol, K. (2007). Influence of pozzolan from 

various by-product materials on mechanical properties of high-strength 

concrete. Construction and Building Materials, 21(7), 1589–1598. 

https://doi.org/10.1016/j.conbuildmat.2005.09.011 scikit-learn: machine 

learning in Python — scikit-learn 1.3.0 documentation. (n.d.). Retrieved July 

16, 2023, from https://scikit-learn.org/stable/ 

Shang, M., Li, H., Ahmad, A., Ahmad, W., Ostrowski, K. A., Aslam, F., … Majka, 

T. M. (2022). Predicting the Mechanical Properties of RCA-Based Concrete 

Using Supervised Machine Learning Algorithms. Materials, 15(2). 

https://doi.org/10.3390/ma15020647 

Shen, J., and Xu, Q. (2019). Effect of moisture content and porosity on compressive 

strength of concrete during drying at 105 °C. Construction and Building 

Materials, 195, 19–27. 

https://doi.org/https://doi.org/10.1016/j.conbuildmat.2018.11.046 

Shubham, K., Rout, M. K. D., and Sinha, A. K. (2023). Efficient compressive 

strength prediction of concrete incorporating industrial wastes using deep 

neural network. Asian Journal of Civil Engineering, (May). 

https://doi.org/10.1007/s42107-023-00726-x 

Silva, P., Moita, G., and Arruda, V. (2020). Machine learning techniques to predict 

the compressive strength of concrete. Revista Internacional de Métodos 

Numéricos Para Cálculo y Diseño En Ingeniería, 36, 1–9. 

https://journal.iubat.ac.bd/


 

121 

https://journal.iubat.ac.bd/ 

 A Comparative Analysis of Machine …. 

https://doi.org/10.23967/j.rimni.2020.09.008 

Turland, N. J., Wiersema, J. H., Barrie, F. R., Greuter, W., Hawksworth, D. L.,  

Herendeen, P. S., Knapp, S., Kusber, W.-H., Li, D.-Z., & Marhold, K. (2018). 

International Code of Nomenclature for algae, fungi, and plants (Shenzhen 

Code) adopted by the Nineteenth International Botanical Congress Shenzhen, 

China, July 2017: Koeltz botanical books. 

Taylor, K. E. (2000). Summarizing Multiple Aspects Of Model Performance In A 

Single Diagram by Program For Climate Model Diagnosis And 

Intercomparison. Journal of Geophysical Research, 106(55), 7183–7192. 

Thapa, S., Sharma, R. P., and Halder, L. (2022). Developing SonReb models to 

predict the compressive strength of concrete using different percentage of 

recycled brick aggregate. Canadian Journal of Civil Engineering, 49(3), 346–

356. https://doi.org/10.1139/cjce-2020-0631 

Topçu, İ. B., and Sarıdemir, M. (2008). Prediction of compressive strength of 

concrete containing fly ash using artificial neural networks and fuzzy logic. 

Computational Materials Science, 41(3), 305–311.  

         https://doi.org/https://doi.org/10.1016/j.commatsci.2007.04.009 

Tran, V. Q., Mai, H. V. T., Nguyen, T. A., and Ly, H. B. (2021). Investigation of 

ANN architecture for predicting the compressive strength of concrete 

containing GGBFS. PLoS ONE, 16(12 December 2021), 1–21. 

https://doi.org/10.1371/journal.pone.0260847 

Vargas, J., & Halog, A. (2015). Effective carbon emission reductions from using 

upgraded fly ash in the cement industry. Journal of Cleaner Production, 103, 

948-959.  

Vapnik, V. (1999). An overview of statistical learning theory. IEEE Transactions 

on Neural Networks, 10(5), 988–999. 

Vargas, J., and Halog, A. (2014). Effective Carbon Emission Reductions from Using 

Upgraded Fly Ash in the Cement Industry. Journal of Cleaner Production. 

https://doi.org/10.1016/j.jclepro.2015.04.136 

Wang, M., Kang, J., Liu, W., Su, J., and Li, M. (2022). Research on prediction of 

compressive strength of fly ash and slag mixed concrete based on machine 

learning. PLoS ONE, 17(12 December), 1–18. 

https://doi.org/10.1371/journal.pone.0279293 

Yao, D., Li, B., Liu, H., Yang, J., & Jia, L. (2021). Remaining useful life prediction 

of roller bearings based on improved 1D-CNN and simple recurrent unit. 

Measurement, 175, 109166. 

Yang, K.-H., Jung, Y.-B., Cho, M.-S., and Tae, S. (2014). Effect of supplementary 

cementitious materials on reduction of CO2 emissions from concrete. Journal 

of Cleaner Production, 103. https://doi.org/10.1016/j.jclepro.2014.03.018 

 Zaid, O., Hashmi, S. R. Z., Aslam, F., Abedin, Z. U., & Ullah, A. (2022). 

Experimental study on the properties improvement of hybrid graphene oxide 

fiber-reinforced composite concrete. Diamond and Related Materials, 124, 

108883.  

https://journal.iubat.ac.bd/


 

122 
https://journal.iubat.ac.bd/ 

M. R. Raju et al.... 

Zhang, J., Ma, G., Huang, Y., Aslani, F., & Nener, B. (2019). Modelling uniaxial 

compressive strength of lightweight self-compacting concrete using random 

forest regression. Construction and Building Materials, 210, 713-719.  

Zhang, W., Wu, C., Zhong, H., Li, Y., & Wang, L. (2021). Prediction of undrained 

shear strength using extreme gradient boosting and random forest based on 

Bayesian optimization. Geoscience Frontiers, 12(1), 469-477.  

Zhu, X., Chu, J., Wang, K., Wu, S., Yan, W., & Chiam, K. (2021). Prediction of 

rockhead using a hybrid N-XGBoost machine learning framework. Journal of 

Rock Mechanics and Geotechnical Engineering, 13(6), 1231-1245.  

Zaid, O., Hashmi, S. R. Z., Aslam, F., Abedin, Z. U., and Ullah, A. (2022). 

Experimental study on the properties improvement of hybrid graphene oxide 

fiber-reinforced composite concrete. Diamond and Related Materials, 124, 

108883. https://doi.org/https://doi.org/10.1016/j.diamond.2022.108883 

Ziyad Sami, B. H., Ziyad Sami, B. F., Kumar, P., Ahmed, A. N., Amieghemen, G. 

E., Sherif, M. M., and El-Shafie, A. (2023). Feasibility analysis for predicting 

the compressive and tensile strength of concrete using machine learning 

algorithms. Case Studies in Construction Materials, 18, e01893. 

https://doi.org/https://doi.org/10.1016/j.cscm.2023.e01893 

 

https://journal.iubat.ac.bd/

