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A B S T R A C T   

Construction industry is indirectly the largest source of CO2 emissions in the atmosphere, due to 
the use of cement in concrete. These emissions can be reduced by using industrial waste materials 
in place of cement. Self-Compacting Concrete (SCC) is a promising material to enhance the use of 
industrial wastes in concrete. However, there are very few methods available for accurate pre-
diction of its strength, therefore, reliable models for estimating 28-day Compressive Strength 
(C–S) of SCC are developed in current study by using three Machine Learning (ML) algorithms 
including Multi Expression Programming (MEP), Extreme Gradient Boosting (XGB), and Random 
Forest (RF). The ML models were meticulously developed using a dataset of 231 points collected 
from internationally published literature considering seven most influential parameters including 
cement content, quantities of fly ash and silica fume, water content, coarse aggregate, fine 
aggregate, and superplasticizer dosage to predict C–S. The developed models were evaluated 
using different statistical errors including Root Mean Square Error (RMSE), Mean Absolute Error 
(MAE), coefficient of determination (R2) etc. The results showed that the XGB model out-
performed the MEP and RF model in terms of accuracy with a correlation R2 = 0.998 compared to 
0.923 for MEP and 0.986 for RF. Similar trend was observed for other error metrices. Thus, XGB is 
the most accurate model for estimating C–S of SCC. However, it is pertinent to mention here that 
it does not give its output in the form of an empirical equation like MEP model. The construction 
of these empirical models will help to efficiently estimate C–S of SCC for practical purposes.   

1. Introduction 

The surge in greenhouse gas emissions such as CO2 pose a significant environmental threat to the mankind. Most of the emissions 
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are due to human activities. Construction industry is a substantial emitter of CO2 contributing almost 50 % to the global emissions [1]. 
Concrete is the intensely used building material due to its adaptability and ease of usage. The annual production of concrete is more 
than 25 billion tons [2]. Traditional concrete uses Portland cement as the main binding agent and it is the leading contributor of CO2 
emissions from concrete [3]. The manufacturing of cement accounts for 7 % of the global CO2 emissions [4]. The yearly production of 
cement is about 4000 million tons, and it is set to increase to 6000 million tons in 2060 [5]. The emission of these harmful gases into 
the atmosphere brings about climate change. Thus, the invention and production of green construction materials is desirable to lower 
the annual carbon emissions and to conserve precious natural resources. 

The concrete industry has undergone significant advancements in recent years. One notable development is the production of green 
concrete by using industrial waste materials in concrete. The process of cement manufacture utilizes large amount of energy and 
contributes significantly to greenhouse gas emissions. To reduce impact of cement production on environment, industrial wastes like 
limestone, fly ash, silica fume etc. have been used [6]. The use of these industrial wastes as Secondary Cementitious Materials (SCMs) 
in concrete resulted in a decrease in cement utilization across the globe and reduced the dangerous effects of cement production on the 
environment [7]. The use of SCMs has been seen by researchers as an effective way to reduce the emissions from the construction 
industry [8,9]. These waste materials also have other applications. For instance, metakaolin, fly ash, silica fume etc. are frequently 
used in soilcrete mixtures to modify their properties [10–12]. The use of SCMs in concrete not only reduces the carbon emissions from 
construction industry but also reduces the stress on depleting natural resources by meeting the growing demand for concrete in the 
modern world [13]. 

The increase in use of SCMs in concrete designing technology have resulted in the invention of SCC [14]. It is a concrete having the 
property to flow and compact itself under the influence of its own weight, without needing external compaction. This property of SCC 
makes it a preferable choice for use in complex forms or confined spaces, where traditional methods of vibration are not feasible or 
desirable, such as in the presence of delicate rebar structures. Additionally, SCC offers several other benefits, including improved 
surface finish, higher resistance to segregation and bleeding, and increased strength and durability as shown in Fig. 1. Different studies 
have explored the subject of using SCMs in SCC production [15–19]. The use of SCC containing industrial wastes results in cost savings, 
as it reduces the time required for concrete placement and finishing. Therefore, SCC has the ability to make the concrete industry more 
sustainable and environment friendly and improve the quality, efficiency, and safety of construction projects [20]. 

The mixture composition of SCC is designed to achieve the desired flowability and Self-compacting characteristics. One key 
component of SCC is to use high levels of fines, such as sand and other admixtures like fly ash, silica fume etc, which help to fill in the 
spaces between the coarse aggregate particles. These fines are typically mixed with a superplasticizer, which is a type of chemical 
admixture that helps to increase the flowability of the mixture. In general, SCC has a higher water-to-cement ratio and a lower coarse 
aggregate content, which helps to achieve the required flowability and Self-compacting characteristics [21]. SCC is widely utilized in 
construction practices, but the literature contains few reliable methods that can predict its compressive strength based on its mixture 
composition. It is because C–S of SCC exhibits a non-linear relation with the concrete mixture composition [22]. The SCC requires an 
appropriate mix design process to achieve its desirable properties. According to Boukendakdji [17], changes in cement or mineral 
admixtures, as well as changes in aggregate type, can result in significant variations in the properties of SCC. Another reason for the 
lack of reliable prediction methods is the lack of familiarity and expertise in the use of SCC. Thus, it is very important to have a robust 
quantitative method, which can accurately predict C–S of SCC. There are physical tests available to check C–S of concrete by casting 

Fig. 1. Benefits of SCC.  
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cubic or cylindrical specimens, but these methods are less economical, ineffective and time consuming. Also, these methods contribute 
to the construction waste as the specimens are destroyed and thrown after conduction the test. Thus, it is inevitable to have a fast, 
convenient yet accurate method to estimate C–S of SCC. 

Recently, the estimation of different properties of concrete having industrial wastes using machine learning (ML) algorithms have 
captured the attention of researchers as an efficient way to enhance the use of SCMs in concrete as an alternative of cement. ML 
techniques have an advantage that they are capable of capturing the underlying mechanisms, even in situations where there is a lack of 
information regarding specific parameters. This advantage stems from the ability of ML algorithms to learn patterns and associations 
from data, which can help to reveal the hidden relationships between variables [23]. By using this ability, ML techniques can effec-
tively extract meaningful insights and make accurate predictions, even in complex situations. Due to these advantages, ML techniques 
have found extensive use in civil engineering to predict different concrete properties, soil properties, soil classification, slope stability 
and process control etc [24–34]. For instance, Asteris et al. [35], utilized artificial neural network (ANN) to predict different me-
chanical properties of sandcrete mixtures. Similarly, Sarrir et al. [36], utilized GEP and ANN to predict bearing capacity of steel tube 
columns filled with concrete. 

Regarding the C–S prediction of SCC, Farooq et al. [37] used GEP alongside ANN and support vector machine (SVM) to predict C–S 
of SCC containing fly ash as an admixture. The best performing algorithm was selected having the least average error value. The results 
revealed that GEP is the most accurate algorithm having the least error value of 3.714 MPa compared to 5.428 MPa and 5.023 for ANN 
and SVM respectively. The study revealed an added advantage of GEP algorithm that it gives its output in the form of an empirical 
equation for C–S prediction unlike ANN and SVM. However, ANN gives the higher R value of 0.9588 compared to 0.9344 and 0.935 of 
SVM and GEP respectively. Similarly, Asteris et al. [38] leveraged ANN to estimate C–S of SCC containing a various admixture 
including limestone powder, fly ash, slag, and silica fume. The author used 169 data points and the results showed that ANN can be 
efficiently used to predict SCC strength. The coefficient of correlation for the developed ANN model was 0.9825 showing the excellent 
predicting capabilities of neural networks. Similarly, another study [39] utilized three algorithms: decision trees (DT), light gradient 
boosting machine (LGBM), and XGB to predict C–S of fibre-reinforced SCC having admixtures like fly ash, nano silica, marble powder 
etc. Fiber-reinforced SCC is a promising material to be used in place of normal concrete because of it offers many advantages such as 
crack resistance, cost savings and high strength etc. The authors revealed that XGB surpassed all other algorithms and proved to be the 
most accurate one with R2 = 0.992 and mean absolute error of 1.438 MPa. Thus, the developed XGB model can be effectively used to 
foster the use of SCC reinforced with fibres in the construction industry. 

There are several other studies attributed to predicting SCC strength containing recycled aggregates using different boosting al-
gorithms. For example, a study [40] utilized random forest (RF), k-nearest neighbor (KNN), XGB, gradient boosting (GB), category 
boosting (CB), and extremely randomized trees (ERT), to predict the C–S of SCC having recycled aggregates. The study applied the 
algorithms on 515 data points from the literature and this study confirmed that RF technique is the most robust to predict C–S with 
testing R2 = 0.7128. Furthermore, there are several studies that undertook the prediction of different SCC properties such as flexural 

Table 1 
Summary of SCC properties prediction by different researchers.  

S. 
No 

Machine learning method Data 
set 

Output Year Admixtures References 

1. DT, XGB, LGBM 387 C–S 2023 Fly ash, Limestone, Basalt powder, 
Marble powder, Nano silica, Metakaolin 

[39] 

2. ANN 111 C–S 2011 Fly ash, Bottom ash [43] 
3. Ridge Regression, DT, Linear Regression, Lasso 

Regression, RF, Multi-layer Perceptron 
Regression 

99 C–S 2022 Silica flour, Polypropylene Fiber [44] 

4. CB, KNN, XGB, LGBM, Inverse Gaussian, ERT, 
Poisson Gaussian, RF, GB 

515 C–S 2022 Fly ash [40] 

5. M5′ algorithm, Multivariate adaptive regression 
splines (MARS) 

114 C–S, V-funnel time, L- 
box ratio, Slump flow 

2018 Fly ash [45] 

6. SVR 327 C–S 2023 Fly ash [46] 
7. GEP 26 C–S, Slump flow, J Ring 2009 Fly ash [47] 
8. Multivariate Regression (MVR) 63 C–S, Modulus of 

Elasticity, Flexural 
Strength 

2020 Silica fume with crumb rubber [42] 

9. ANN 169 C–S 2016 Limestone powder, Fly ash, Slag, Silica 
fume, Rice husk ash 

[38] 

10. ANN 114 C–S, Slump flow, V- 
funnel time L-box ratio, 

2016 Fly ash [48] 

11. SVR 115 Slump flow, L-box ratio, 
C–S, V-funnel time, 

2019 Fly ash [41] 

12. Extreme Learning Machine, long short-term 
memory (LSTM) 

48 Slump flow, J Ring 2021 Slag, Fly ash, Limestone powder, Silica 
fume 

[49] 

13. ANN, SVM 85 C–S 2022 Fly ash, Silica fume [50] 
14. RF, Multilayer perceptron network (MLP), KNN 1030 C–S 2022 Fly ash, Slag [51] 
15. SVM, ANN, GEP 300 C–S 2021 Fly ash [37] 
16. SVR, Deep Learning (DL) 24 C–S, Splitting tensile 

strength 
2021 Fly ash, Silica fume [52]  
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strength, slump flow etc. Saha et al. [41] leveraged the support vector regression (SVR) to predict different properties of SCC. The study 
utilized 115 data points having fly ash as a mineral admixture to predict the L-box ratio, slump flow, V-funnel time, and C–S. The value 
of coefficient of correlation achieved for slump flow is 0.965 followed by 0.954 for L-box ratio, 0.979 for funnel time and 0.977 for 
strength indicating the robustness of these techniques to predict different properties of SCC. Apart from the mineral admixtures, 
several other industrial wastes such as crumb rubber etc have been used in SCC to impart special properties to SCC. Robert et al. [42] 
incorporated silica fume and rubber waste in SCC and used multivariate regression models to predict flexural strength, C–S, and 
modulus of elasticity. The study used crumb rubber of size ranging from 0.5 to 3.5 mm and replaced sand by crumb rubber by different 
percentages such as 5 %, 10 %, 20 % and 30 % of the aggregate volume. The model was created on a set of 63 instances and achieved R2 

value of 0.931 for C–S, 0.922 for modulus of elasticity and 0.937 for flexural strength. The summary of prediction of different 
properties of SCC using various ML algorithms is shown in Table 1. 

The significance of this study is prediction of C–S of SCC incorporating silica fume and fly ash as mineral admixtures by using 
newest machine learning algorithms in a comparative manner. For this purpose, three machine learning algorithms including MEP, RF 
and extreme gradient XGB were used. Particularly, the novelty of this research is leveraging MEP to predict the strength of SCC. The 
accuracy of the developed models was compared using statistical evaluation and the accurate model was selected among the developed 
models. 

2. Machine learning models 

2.1. Multi Expression Programming 

MEP was introduced by Oltean and Dumitrescu [53]. It involves building and evolving several mathematical expressions to find the 

Fig. 2. Flow chart of MEP algorithm.  
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solution to a problem. MEP encode solutions using linear chromosomes, with a unique ability of encoding various solutions within one 
chromosome. On the basis of fitness of individuals, the optimal solution is selected to be the representation of the chromosome [54]. 
Compared to other GP techniques that allow to only encode one solution in one chromosome, MEP has the advantage that it does not 
rise the complexity of the equation [55]. The MEP techniques starts by generating a population of random individuals. To evolve the 
optimal solution over specific generations until a termination criterion is reached, MEP employs the following steps [53,55].  

• The process of selection of two parents utilizing the binary tournament is done in first step, followed by recombination with a 
specified probability for crossover.  

• Two offsprings are produced by recombining two parents.  
• The obtained offspring is mutated, and the worst performing individual is replaced with the best offspring. 

MEP is a versatile optimization technique that offers several advantages over other methods, particularly in its ability to handle 
complex optimization problems without relying on specific mathematical models or assumptions. Many studies suggest that MEP’s 
iterative process of generating and evaluating mathematical expressions, along with its multi-expression chromosome, makes it a 
useful tool for solving optimization problems [56–59]. The flow chart of MEP algorithm [60] is shown in Fig. 2. 

2.2. Random forest (RF) 

Leo Breiman and Cutler Adele introduced the RF technique [61], which is utilized for classification and regression problems. The 
RFR algorithm has several advantages, including its efficiency in handling large data sets, its robustness against overfitting [62], and its 
lower complexity compared to other machine learning techniques. In geotechnical engineering, RFR is increasingly being employed 
[63,64]. Additionally, RFR is used in structural engineering to predict the properties of concretes with various admixtures. 

RF is composed of two key components: Decision Tree (DT) and Bagging technique. Prior to implementing the algorithm, the 
feature space is further divided into a number of segments. This segmentation is done iteratively until the stop threshold is met. It 
results in the formation of three components: internal, external, and branches. The internal nodes are continually connected with 
functions to choose which node to contact next. DT nodes, which can no longer be split, are referred to as output nodes, terminals, or 
leaf nodes. The RFR algorithm has proven to be more reliable in various tasks compared to one decision tree [65]. The RF method is an 
ensemble learning algorithm that utilizes bagging to predict outputs [66]. This algorithm constructs a huge number of decision trees 
and summarizes their results on the training sample set. If the problem being solved is a problem of classification, the RF algorithm 
predicts the classification category based on decision trees. On the other hand, if the problem encountered is a regression one, the 
algorithm calculates the mean of the regression trees to obtain the result. Fig. 3 shows the diagram of the RF technique [67]. 

Fig. 3. Flow Chart of RF algorithm.  
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2.3. Extreme gradient boosting (XGB) 

Chen and Guestrin [68] introduced extreme gradient boosting (XGB) in 2016. It is an ensemble ML method for boosting of trees. 
XGB is useful for both machine learning (ML) and data mining applications. This approach controls overfitting and improve perfor-
mance, resulting in a decrease in model complexity and a significant reduction in overfitting [69]. By controlling overfitting, XGB can 
achieve superior results in comparison to other tree boosting algorithms. 

It involves the use of a decision tree along with gradient boosting [70]. DT are known for their ability to provide insights into the 
importance of inputs in calculating the output. However, XGB takes this a step further by providing users with enhanced capabilities to 
learn the aforementioned insights [71]. It achieves this by iteratively training decision trees using gradient boosting, a technique that 
involves the optimization of a loss function by minimizing the errors of the previously trained tree. This iterative process enables the 
model to learn complex relations between inputs and the output, resulting in enhanced accuracy and interpretability. Thus, XGB offers 
an improved decision tree algorithm that not only provides accurate predictions but also offers a deeper understanding of the un-
derlying data. Furthermore, it has been observed that extreme gradient boosting outperforms gradient boosting (GB) in terms of 
predictive accuracy, particularly when dealing with vast amounts of data. This can be attributed to XGB’s implementation of a reg-
ularization and loss function to access the model’s fitness [72]. 

3. Data acquisition and presentation 

The most important step in the creation of a ML model is gathering reliable data. To achieve this goal, a thorough literature review 

Fig. 4. Scatter matrix of inputs and output variables.  
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is performed, and a database was compiled from published research [19,21,73–83] containing 231 data points for prediction of C–S. To 
select the most influential parameters, a thorough evaluation was carried out, and the effectiveness and performance of numerous 
early trials were calculated. Thus, to forecast C–S of SCC, seven input factors were chosen: cement (kg/m3), fly ash (kg/ m3), silica fume 
(kg/m3), water (kg/m3), coarse aggregate (kg/m3), fine aggregate (kg/m3), and superplasticizer (kg/m3). These seven input parameters 
were used to build the prediction models for C–S (MPa). 

The variance and covariance of the regressions between the variables can be better understood by using a descriptive statistical 
technique known as a scatter matrix. It is frequently used alongside other statistical analysis techniques to visualize the data and get 
useful insights about the regressions of the variables used in the model. It provides information on the fluctuation of each variable and 
the relationships between the inputs and the output. Fig. 4 demonstrate the scatter matrix of input and output variables. It is also called 
a pair plot because it shows pairwise relationships that exists in the dataset. The x-axis and y-axis of the pair plot are associated with 
rows and with columns respectively. Thus, it is a gird of axis that shows the associations between all the variables used in the 
development of the model [84]. It also shows the relation of C–S with the input variables. The diagonal of the scatter matrix presents a 
graphical representation of the input and output parameters distribution used in the creation of the models. Table 2 provides 
description of the data used to create the ML models. To obtain reliable predictions of C–S of SCC, it is advised to utilize the models 
within the specified range of variables presented in Table 2. These measures will contribute to the model’s accuracy and overall 
validity. For the development of robust ML models, the dataset needs to be split into subsets. Thus, the 231 instances are randomly split 
into two data parts, named as training and validation data sets. The training set constitutes 70 % of the data, while the validation set 
comprises 30 % [85,86]. Out of the two data sets, the training data help in the creation of the models. On the other hand, the validation 
data is used to confirm the generalization capacity of the proposed model [87]. The reason behind this approach is to make sure that 
the model is not overfitted and can accurately predict outputs for unseen data. 

4. Model development and performance assessment 

4.1. MEP model development 

It is necessary to mention that MEPX 2021.05.18.0 a computer software tool, is used to employ the MEP algorithm. Before 
modelling, numerous MEP fitting parameters must be established for constructing an efficient and generalised model. The inputs are 
chosen using recommendations from the literature and a trial-and-error method [88]. The optimized set parameters utilized to create 
the model are depicted in Table 3. The total number of programs present in the solution is specified by the size of subpopulation. 
Increase in subpopulation size increases the accuracy and complexity of the resulting equation but increasing it beyond a limit may 
cause overfitting. 

4.2. RF model development 

The random forest (RF) model is constructed using the Scikit-Learn module in Python. The algorithm’s hyperparameters were 
carefully chosen through an iterative process, aiming to attain the highest accuracy. The number of estimators in the random forest 
regression (RFR) model, directly associated with the quantity of decision trees constructed, was predetermined prior to computing the 
maximum forecast averages. Increasing the number of trees enhances the model’s effectiveness, but at the expense of increased 
computational requirements. The hyperparameter max depth signifies the depth each decision tree in the forest. The chosen hyper-
parameters are presented in Table 3. 

4.3. XGBOOST model development 

The XGB model was developed using Python programming language. An initial XGB model was constructed then the model was 
allowed to find out the most optimal hyperparameters with the lowest RMSE. Eventually, the model with optimal hyperparameters as 
shown in Table 3 was created. 

Table 2 
Statistical description of the data used in model development.   

Symbol Average Minimum Maximum Standard Deviation 

Cement x0 311.98 135 542.10 102.45 
Fly ash x1 145.45 0 390 112.54 
Silica Fume x2 17.90 0 67.5 21.90 
Coarse Aggregate x3 829.58 565 1091.4 162.27 
Fine Aggregate x4 851.36 630 1120 116.80 
Water x5 180.79 150 202.10 10.55 
Superplasticizer x6 1.33 0 8.70 2.15 
Strength f′

c 45.50 21.54 94.40 17.95  
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4.4. Performance assessment criteria of the models 

Statistical evaluation is carried out to access the accuracy of the developed models. The statistical error metrices used to evaluate 
the model’s performance are given below. In the expressions given below, x and y indicate experimental, and model predicted values 
respectively. Moreover, n indicates the total number of samples in a dataset and n20 shows the number of samples having ratio of 
actual and predicted values between 0.80 and 1.20. 

Mean Absolute Error (MAE)=
Σ |x - y|

n  

Root Mean Squared Error (RMSE)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(x - y)2

n

√

Root Square Error=
∑

(x - y)2

∑
(xmean-x)2  

Coefficient of Correlation(R)=
(n

∑
xy − (

∑
x)(

∑
y))

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
n
∑

x2 − (
∑

x)2
)( n

∑
y2 − (

∑
y)2)

√

Coefficient of Determination
(
R2)= 1−

∑
(x − y)2

∑
(y − ymean)

2  

Performance index(ρ)=RRMSE
1 + R  

a20-index =
n20

n 

The R2 value is used to check accuracy of a model. A reliable and accurate model should have high R2 value and minimum values of 
other error metrices. The R2 value greater than 0.8 denotes a high relation between input and output variables [30]. However, it cannot 
be solely used to check a model’s accuracy because it is not sensitive to multiplication or division of output with a constant [89]. Other 
statistical error metrices are also used alongside R2. The average magnitude of mistakes is depicted by MAE and RMSE. A large RMSE 
value shows that the prediction with large errors is greater than the desired and should be reduced. The value of ρ ranges from 0 to 
infinity and a good model should have ρ value less than 0.2 [90]. It is worth mentioning that ρ considers RRMSE and R simultaneously 
and its value closer to zero indicates model’s accuracy. The a20-index is also a very useful metric to assess the accuracy of ML models. It 
measures the proportion of predictions that deviate ±20 % from the predicted values [91]. It has been recommended in literature that 
for a perfect ML model, the a20-index value should be 1 [92]. 

The error metrices calculated for training and validation sets of the three algorithms are shown in Table 4. Notice that R2 values of 
all the developed models are greater than 0.8 and surpassed 0.9 for both training and validation datasets. Also, according to the a20- 
index criteria, the developed models are accurate and robust. The a20-index value is 1 or close to 1 for both datasets of all the models. It 
indicates that the model predicted values are very close to the experimental values and none of the predicted values deviate more than 

±20 % from the actual values. It is important to mention that the validation error metrices are less than the training ones which shows 

Table 3 
Hyperparameters of the algorithms used for model development.  

Parameters Settings 

MEP Parameters  

No. of Subpopulations 200 
Size of Subpopulation 1000 
Code Length 40 
Number of Generations 1500 
Runs 20 
Functions +, -, x, ÷, sqrt 
RF Parameters  
n-estimators 100 
Max-depth 40 
Random State 10 
XGB Parameters  
Max. Depth 3 
n estimators 100 
Initial Learning Rate 0.01  
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excellent generalization capabilities of the models, and that the overfitting has been dealt effectively. Based on the error metrices, the 
XGB model outperformed both MEP and RF model and has the lowest values of RSE, RMSE, average error, and highest values of R2. 
Thus, the most accurate model is XGB model, and MEP is the least accurate model, however it is important to mention that XGB does 
not generate an empirical equation like the MEP model. 

5. Results 

5.1. MEP result 

In the development of a MEP model, the selection of most important parameters is the most important step. Thus, numerous trials 
were performed and the resulting equation for C–S is a function of the variables given in Equation (1). 

f ′
c =(x0, x1, x2, x5, x6) (1)  

The output of MEP algorithm is decoded to get empirical equation for the C–S. The equation thus derived is given below: 

f ′
c =

(
x6

2

̅̅̅̅̅x0
√

− x1

)3

+2
(

x1

x5

)2

+
x2

2 +
( (
(x1 + x0)

̅̅̅̅̅x0
√ )

− x0
)

x5 +
̅̅̅̅̅x0

√ ++
34.6105x6

x0 − x1+3.31565− x2
(2)  

Notice that Equation (2) is formulated using only the basic arithmetic operations and square root function. It is done to keep the 
equation simple and compact. The statistical error metrices calculated for MEP model are shown in Table 4. Note that the R2 values of 
training and validation dataset are 0.924 and 0.923 respectively which shows the strong relation between the actual and predicted 
values. It is also evident from the scatter plots of MEP training and validation data shown in Fig. 5. The performance index values of 
training and validation are also closer to 0 which shows the accuracy of the algorithm. 

5.2. RF result 

The results of RF algorithm give a clear depiction of relation between the actual and predicted values of SCC compressive strength 
as shown in Fig. 6. The RF algorithm is more accurate than MEP algorithm with training R2 = 0.984 and validation R2 = 0.986. Also, 
the other error metrices like RMSE and average error are lower for RF algorithm than MEP as shown in Table 4. Similarly, the value of 
performance index of RF algorithm is closer to 0. Thus, the overall accuracy of RF algorithm is significantly greater than MEP, but it 
does not give an empirical equation like MEP. 

5.3. XGB result 

The excellent predictive capability of the XGB algorithm is evident from the scatter plots of actual versus predicted C–S values for 
both data sets. The scatter plots for the models are shown in Fig. 7. Also, the R2 values of training and validation are 0.997 and 0.998 
respectively which shows that XGB model is incredibly accurate, and it surpassed both the other algorithms. Moreover, the other error 
metrices such as MAE, RMSE, RSE and ρ are lowest for XGB algorithm. 

5.4. Statistical comparison of the models 

The excellent correlation that exists between the experimental and predicted C–S is evident from the scatter plots drawn for the 
three developed models. However, as discussed earlier, the accuracy of the algorithms is checked by calculating different statistical 
error metrices and the best model will be chosen having the highest correlation and minimum errors [30]. The comparison of R2, 
average error and performance index of the three developed models is shown in Fig. 8. Notice from Fig. 8 (a) that the value of co-
efficient of determination R2 is the highest for XGB model. Both training and validation R2 values are approaching 1 for XGB model. 
Also, the a20-index values are nearly equal to 1 for MEP and exactly equal to 1 for RF and XGB. It shows that the model predicted values 

Table 4 
Statistical evaluation of developed models.   

MEP RF XGB  

Training Validation Training Validation Training Validation 
MAE 3.45 3.58 1.45 1.35 0.527 0.45 
RMSE 4.84 4.68 2.14 2.02 0.66 0.69 
RSE 0.069 0.086 0.0145 0.0124 0.001 0.001 
R 0.965 0.962 0.993 0.994 0.998 0.999 
R2 0.924 0.923 0.984 0.986 0.997 0.998 
ρ 0.04 0.056 0.044 0.0426 0.006 0.007 
a20-index 0.975 0.94 1 1 1 1  
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Fig. 5. Scatter plots of MEP training and validation data.  

Fig. 6. Scatter plots of RF training and validation data.  

Fig. 7. Scatter plots for training and validation data sets.  
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lie close to the experimental values and doesn’t deviate much from the experimental values. Similarly, it has the lowest average error 
out of the three developed models with training error 0.527 and validation error 0.47. Moreover, the value of performance index is also 
the lowest for XGB as shown in Fig. 8 (c). Also, notice from Fig. 8 (b) that MEP model has the highest absolute error for both datasets. 
The MEP validation error is 3.58 compared to 1.35 and 0.45 for RF and XGB respectively. Also, the R2 values are the least for MEP 
model and highest for XGB. Thus, it can be concluded that XGB is the most accurate and robust model for predicting C–S of SCC having 
the least average error and highest correlation, followed by RF and MEP. However, MEP offers a significant advantage of presenting the 
result in the form of an empirical equation while RF and XGB do not yield an empirical equation. 

Overfitting is a common problem that can occur when using ML algorithms. It means that a model performs well on the training 
data but cease to perform well on the validation or unseen data [93]. It is of sheer importance to check and avoid the overfitting of the 
ML models. Overfitting can be checked by comparing the training and validation error metrices for the model. If the validation errors 
are significantly less than the training error, means the model is overfitted to the training data [94]. Notice from Table 4 that almost all 
the validation error metrices are closer to the training ones and no validation error is significantly lesser than the training error 
metrices. It can also be verified from average error and correlation coefficient comparison given in Fig. 8. Thus, the developed models 
have good generalization capacity as they performed equally good on the validation data are not overfitted to the training data. 

5.5. Sensitivity analysis (SA) 

XGB model is considered for SA because it performed well than the other two algorithms. It is conducted to find the relative 

Fig. 8. Error comparison of the developed models; (a) R2; (b) Average Error; (c) Performance Index.  
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contribution of inputs used in estimating fc ′ of SCC, using Equations (3) and (4). Sensitivity analysis tells that how much the output is 
dependent on the input variables. The results of SA are shown in Fig. 9. 

Ni = fmax(xi) − fmin(xi) (3)  

SA=
Ni

∑j=1

n
Nj

(4)  

Where. 

xi = i tℎ input variable keeping other variables constant 
fmax(xi) = maximum predicted output 
fmin(xi) = minimum predicted output 

It is evident from Fig. 9 that every input plays a significant role in prediction of output. However, cement has a pivotal contribution 
in prediction of C–S contributing almost 35 % alone. The remaining parameters fly ash, silica fume, coarse aggregate, fine aggregate, 
water, and superplasticizer contributes 16.05 %, 12.64 %, 12.24 %,5.22 % and 16.75 % respectively. These conclusions are also in line 
with the findings of other studies [95]. A similar study attributed to finding C–S of SCC also concluded that cement is the most 
important factor in predicting the strength followed by admixtures like silica fume and fly ash [85]. The author concluded that small 
changes in the cement or mineral admixtures content can have a profound effect on C–S and other properties of SCC. Similarly, 
superplasticizer is also very important in achieving the strength and desired properties of SCC [96–98]. Also, the comparatively lesser 
role of fine aggregate and water content in the prediction of C–S has been explained in many studies [14,21,99]. 

6. Conclusions 

This study employed MEP, RF and XGB to forecast C–S of SCC using a reliable dataset collected from literature. The models were 
evaluated using different statistical error metrices and the following conclusions are drawn from the developed models.  

• The MEP predicted values showed a strong correlation with experimental values having validation R2 equal to 0.923. The RF and 
XGB models also showed excellent accuracy with RF validation R2 equal to 0.986 and XGB validation R2 equal to 0.998. Thus, these 
algorithms are more accurate than MEP, but it is of paramount importance to mention that RF and XGB did not yield an empirical 
equation to predict strength like MEP.  

• XGB had an average error of 0.45 compared to the 1.35 and 3.58 for RF and MEP respectively which shows that XGB is the most 
accurate of all the algorithms used. The same trend is observed for other error metrices.  

• The scatter plots drawn between actual and predicted values show that the models are well-fitted across both datasets as evident 
from R2 values for training and validation data. However, XGB model has the highest R2 value, so it gives the most accurate 
predictions.  

• The sensitivity analysis is done to study the influence of explanatory variables on the C–S and the results revealed that the trend of 
the relative importance of explanatory variables used in XGB followed the order: Cement (35.18 %) > Superplasticizer (16.75 %) >
Fly ash (16.05 %) > Silica Fume (12.64 %) > Coarse aggregate (12.24 %) > fine aggregate (5.22 %) > water (1.3 %). 

7. Limitations and future work 

The aim of this study was to develop accurate prediction models for C–S of SCC to foster its use in the construction industry. While 
this study used a dataset of 231 points, it is recommended to use a larger dataset in subsequent research for the development of more 
comprehensive empirical models. The empirical models in the current study used seven explanatory variables, but it is crucial to 
consider other variables like age of concrete, different types of chemical and mineral admixtures etc. in future research endeavours. 
Also, the input variables used in the study had a limited range as given in Tables 2 and it is recommended to develop models with a 
broader range of input and output variables. Furthermore, predictive models for other mechanical properties of SCC like flexural 
strength, modulus of elasticity, tensile strength etc. should be developed to facilitate its use in the industry. 
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