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Abstract: Supervised machine learning and its algorithm is an emerging trend for the prediction
of mechanical properties of concrete. This study uses an ensemble random forest (RF) and gene
expression programming (GEP) algorithm for the compressive strength prediction of high strength
concrete. The parameters include cement content, coarse aggregate to fine aggregate ratio, water,
and superplasticizer. Moreover, statistical analyses like MAE, RSE, and RRMSE are used to evaluate
the performance of models. The RF ensemble model outbursts in performance as it uses a weak base
learner decision tree and gives an adamant determination of coefficient R? = 0.96 with fewer errors.
The GEP algorithm depicts a good response in between actual values and prediction values with an
empirical relation. An external statistical check is also applied on RF and GEP models to validate
the variables with data points. Artificial neural networks (ANNs) and decision tree (DT) are also
used on a given data sample and comparison is made with the aforementioned models. Permutation
features using python are done on the variables to give an influential parameter. The machine learning
algorithm reveals a strong correlation between targets and predicts with less statistical measures
showing the accuracy of the entire model.

Keywords: strength concrete; prediction; genetic engineering programming

1. Introduction

High strength concrete (HSC) has its popularity spread wide and far for its superior performance.
HSC has been deemed superior for its substantial high strength and durability [1-4]. Its strength has
been witnessed to be higher than that of conventional concrete, a quality that has drastically increased
its use in the modern-day construction industry [5]. A new technology that results in homogenous and
dense concrete, and also bolsters the strength parameters, is the reason for the permeation in its use
within the construction industry [5,6]. It has been commonly used in concrete-filled steel tubes, bridges,
and columns. As per the American Concrete Institute (ACI), “HSC is the one that possesses a specific
requirement for its working which cannot be achieved by conventional concrete” [7]. Numerous
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researchers suggested different methods for the mix design of HSC. All the methods of mix design
require a specific set of experimental trials to achieve the target strength. It is an ineluctable truth that
the experimental work is time consuming and requires a substantial amount of money. In addition,
amateur technicians and error in testing machines raise questions on the veracity of the experimental
work conducted across the globe. Various researchers used different statistical methods to predict
different properties of HSC. Some of the studies are summarized in Table 1. However, this field still
requires further exploration.

Table 1. Algorithm used in prediction properties of high strength concrete.

Properties Data Points Algorithm References

Compressive strength, Slump test 187 ANN [7]
Elastic modulus 159 ANN [8]

Elastic modulus 159 FUZZY [9]

Elastic modulus 159 SVM [10]

Elastic modulus 159 ANFIS and nonlinear [11]
Compressive strength 20 ANN [12]
Compressive strength 324 ELM [13]
Compressive strength 357 GEP [14]

In recent years, concepts of machine learning are used successfully in various fields for
the predictions of different properties. Likewise, the civil engineering construction industry has
also adopted such techniques to overcome cumbersome experimental procedures. For instance,
some of these approaches include multivariate adaptive regression spline (MARS) [15,16], genetic
engineering programming (GEP) [17-20], support vector machine (SVM) [21,22], artificial neural
networks (ANN) [23-25], decision tree (DT) [26-28], adaptive boost algorithm (ABA), and adaptive
neuro-fuzzy interference (ANFIS) [29-32]. Javed et al. [18] predict the axial behavior of a concrete-filled
steel tube (CFST) with 227 data points by using gene expression programming. The author achieves
adamant strong correlation between prediction and experimental axial capacity [18]. Farjad el al. [33]
used gene expression programming in the prediction of mechanical properties of waste foundry sand
in concrete. Gregor et al. [34] adopted the ANN approach to evaluate the compressive strength of
concrete. It was witnessed that ANN depicts the experimental values accurately; thus, it proves to
be an exceptional prediction tool. Amir et al. [35] predict the compressive strength of geopolymer
concrete incorporating natural zeolite and silica fume by using ANN. ANN thus established a good
relationship and gave obstinate accuracy in prediction of geopolymer concrete. Zahra et al. [32]
predict the compressive strength of concrete with ANN and ANFIS models. The authors reveal
that ANFIS gives a more adamant and stronger correlation than the ANN model. Javed et al. [36]
predict the compressive strength of sugar cane bagasse ash concrete by conducting the experimental
and literature-based study. Experimental work is used to validate the model and remaining data
were gathered from published literature. The author used the GEP algorithm and obtained a good
model between target values. Nour et al. [37] used the GEP algorithm to predict the compressive
strength of concrete filled steel columns incorporating recycled aggregate (RACFSTC). The author
used 97 data points in the modeling aspect of the RACFSTC column and observed adamant correlation.
Junfei et al. [38] modeled the compressive strength self-compacting concrete by using beetle antennae
search-based random forest algorithm. The author obtained an obstinate strong correlation of R?
= (.97 with experimental results. Qinghua et al. [26] employed random forest approach to predict
the compressive strength of high-performance concrete. Similarly, Sun et al. [39] used evolved random
forest algorithm on 138 data samples to predict the compressive strength of rubberized concrete which
was collected from published literature. This advanced-based approach gave better performance
with a strong coefficient correlation of R?> = 0.96. ANN and other models have been adopted for
predicting the mechanical strength parameters of high-performance concrete and recycled aggregate
concrete [40—44]. Pala et al. [45] studied the influence of silica and fly ash on the compressive strength



Appl. Sci. 2020, 10, 7330 30f18

of concrete. A comprehensive experimental was carried out to analyze the impact of varying wjc
ratios and varying percentages of silica and fly ash on the performance of concrete. In addition, ANN
was adopted to depict the effect on the strength parameters of concrete [45]. Azim et al. [44] used
a GEP-based machine learning algorithm to predict the compressive arch action of a reinforced concrete
structure. The author found that GEP is an effective tool for prediction performance.

This paper aimed at evaluating the performance of compressive strength of a high strength
concrete (HSC) using ensemble random forest (RF) and gene expression programming (GEP). The data
points used to model were attained from published articles and are listed in Table S1. Anaconda
spyder python-based programming [46] and GENEXprotool software [47] are used for prediction
of the compressive strength of HSC. The parameters used in model contain cement, water, coarse
aggregate to fine aggregate ratio, superplasticizer as input, and compressive strength as output for
model development. Hex contour graphs are made to show the relationship of the input and output
parameters. Sensitivity analysis (SA) and permutation feature importance (PFI) that address the relative
importance of each variable on the desired output parameters are conducted. Moreover, the model
evaluation is also carried out by using statistical measures.

2. Research Methodology

2.1. Random Forest Regression

Random forest regression is proposed by Breiman in 2001 [48] and is considered an improved
classification regression method. The main features of RF include the speed and flexibility in creating
the relationship between input and output functions. In addition, RF handles the large datasets more
efficiently as compared to other machine learning techniques. RF has been used in various fields, for
instance, it had been used in banking for predicting customer response [49], for predicting the direction
of stock market prices [50], in the medicine/pharmaceutical industry [51], e-commerce [52], etc.

The RF method consists of the following main steps:

1. Collection of trained regression trees using training set.
2. Calculating average of the individual regression tree output.
3. Cross-validation of the predicted data using validation set.

A new training set consisting of bootstrap samples is calculated by replacing the original training
set. During implementation of this step, some of the sample points are deleted and replaced with
existing sample points. The deleted sample points are collected in separate set, known as out-of-bag
samples. Afterwards, 2/3rd of the sample points is utilized for estimating regression function. In this
case, the out-of-bag samples are used for the validation of the model. The process is repeated several
times till the required accuracy is achieved. This in-built process of deleting the points for out-of-bag
samples and utilizing them for validation purpose is the unique capability of RFR. The total error is
calculated for each expression tree at the end and shows the efficiency of each expression tree.

2.2. Gene Expression Programming

GEP is proposed by Ferreira [53] as an improved form of genetic programming (GP). It uses
a linear string and parse tree of varying lengths. The GEP model includes function set, terminal set,
terminal conditions, control parameters, and objective function. GEP creates an initial set of selected
individuals and converts them to expression trees of different sizes and shapes. This step is necessary
to represent the solutions of GEP in mathematical form. Finally, the predicted value is compared
with the experimental one to calculate the fitness of each data point. The model stops working when
the overall fitness of the complete dataset stops improving. The best result giving chromosome is
selected and passed to next generation. The process repeats itself until satisfactory fitness is obtained.
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Chromosomes in GEP consist of different arithmetic operations and a constant length variable.
An example of a GEP gene is shown in Equation (1):

+.v.VB.B.—.+.AD.C2B.C3 (1)
where A, B, C, D are variables (terminal set) and 2, 3 are constants.
3. Experimental Database Representation

3.1. Dataset Used in Modeling Aspect

Model evaluation is based on data sample and the number of parameters used. A total of 357
datasets were obtained from published literature (See Table S1). These points were trained, validated,
and tested during modeling to build a numerical-based empirical relation for HSC. This is done
to minimize the over fitting of data in machine learning approaches. The samples were divided
into 70/15/15 sets to give adamant correlation coefficient. Behnood et al. [54] predict the mechanical
properties of concrete with data taken from published literature. The samples were randomly
distributed for training (70%), validation (15%), and testing (15%) sets. Similarly, Getahun et al. [55]
forecasted the mechanical properties of concrete by distributing the data in the same way as discussed.
Training is usually done to train the model with given values which then predict the values of strength
of unknown values, namely the test set.

3.2. Programming-Based Presentation of Datasets

Anaconda-based python version (version 3.7) programming [46] has been adopted to depict
the influence of various input parameters upon the mechanical strength of HSC. Compressive strength
of concrete is influenced by the number of parameters used in experimental work. Thus, cement
content (Type 1), water, superplasticizer (polycarboxylate), and fine and coarse aggregate (20 mm)
were used in modeling of the compressive strength of HSC. The impact of these input parameters was
visualized with the use of python which is done in Jupitar notebook [56] as shown in Figure 1.

©

o
©
o
©
o

= £ £
gso 280 280
o 70 o 70 o 70
= = =
(723 (723 w
3 60 3 60 ¢ 3 60 P
S e IS . S
£ 50 \ £ 50 *q E 50
&) o }g (&)

40 40 € 40

200 400 600 500 1000 1500 500 750 1000
Cement Coarse aggregate Fine aggregate
(@) (b) O

90 90 90
£= £ £
280 280 280
© 70 70 o 70
= = =
w w w
260 ¢ 260 %60
I J I <Y
§ 50 ‘ § 50 t} § 50 QJ

40 40 40

0 5 10 150 200 250 300 40 60 80
Super plasticizer Water Compressive strength
(d) (e) ®)

Figure 1. Hex contour graph of input parameters; (a) Cement; (b) Coarse aggregate; (c) Fine aggregate;
(d) Super plasticizer; (e) Water; (f) Compressive strength.
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Figure 1 represents the quantities which have adamant influence on the mechanical properties
of HSC. The darkish region shows the optimal/maximum concentration of variables as depicted
in Figure 1. Python is an effective machine learning approach that enables users to have a deep
understanding of the parameters that alter the functioning of the model. Python uses the seaborn
command to plot the correlation among the desired parameters. The description of the data variables
(see Table 2) used in the model consist of training set, validation set, and testing set as represented in
Tables 3-5. The parameters that define and ensure that optimum results are achieved for all techniques.
Identifying these parameters is of core importance.

Table 2. Statistical description of all data points used in model (Kg/m?3).

Parameters Cement Fine/Coarse Water Superplasticizer
Aggregate
Mean 384.34 0.96 173.56 2.34
Standard Error 4.92 0.01 0.82 0.14
Median 360 0.92 170 1.25
Mode 360 1.01 170 1
Standard Deviation 93.00 0.26 15.56 2.69
Sample Variance 8650.50 0.06 242.19 7.24
Kurtosis 0.36 6.45 15.59 2.88
Skewness 0.14 2.12 2.45 1.79
Range 440 1.86 170.08 12
Minimum 160 0.23 132 0
Maximum 600 2.1 302.08 12
Sum 137,212.84 344.07 61,963.8 837.61
Count 357 357 357 357

Table 3. Statistical description of training data points used in the model (Kg/m?).

Parameters Cement Fine/Coarse Water Superplasticizer
Aggregate
Mean 383.29 0.97 173.72 242
Standard Error 6.06 0.01 1.08 0.17
Median 360 0.92 170 1.37
Mode 320 1.01 170 1
Standard Deviation 95.95 0.27 17.17 2.74
Sample Variance 9206.57 0.07 295.07 7.54
Kurtosis 0.60 5.82 14.42 2.96
Skewness 0.19 2.08 248 1.82
Range 420 1.86 170.08 12
Minimum 180 0.23 132 0
Maximum 600 2.1 302.08 12
Sum 95,823.1 242.79 43,431.75 606.43
Count 250 250 250 250

Table 4. Statistical description of testing data points used in the model (Kg/m?).

Parameters Cement Fine/Coarse Water Superplasticizer
aggregate

Mean 387.04 0.92 172.18 1.98

Standard Error 12.46 0.02 1.34 0.33
Median 400 0.90 170 1
Mode 360 0.75 170 1

Standard Deviation 95.76 0.18 10.35 2.55

Sample Variance 9170.56 0.03 107.25 6.55

Kurtosis 0.22 6.82 0.18 4.75

Skewness 0.17 1.66 0.33 2.19
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Table 4. Cont.

Parameters Cement Fine/Coarse Water Superplasticizer
aggregate
Range 440 1.22 45.2 12
Minimum 160 0.58 154.8 0
Maximum 600 1.80 200 12
Sum 22,835.54 54.38 10,159.18 117.09
Count 54 54 54 54

Table 5. Statistical description of validate data points used in the model (Kg/m?3).

Parameters Cement Fine/Coarse Water Superplasticizer
Aggregate
Mean 390.52 0.90 173.07 2.10
Standard Error 12.58 0.02 1.21 0.34
Median 378 0.90 175 1
Mode 360 1.04 180 0.5
Standard Deviation 89.86 0.15 8.67 2.47
Sample Variance 8076.29 0.02 75.21 6.11
Kurtosis 1.08 0.52 -0.18 2.17
Skewness 0.17 0.61 -0.62 1.65
Range 440 0.73 38.32 10.5
Minimum 160 0.66 154 0
Maximum 600 1.39 192.32 10.5
Sum 19,916.87 46.34 8826.8 107.57
Count 55 55 55 55

4. GEP Model Development

The secondary objective during this research work was to derive a generalized equation for
the compressive strength of HSC. For this purpose, a terminal set, a function set, and four parameters
(do: cement content, d;: fine to coarse aggregate, d,: water, ds: superplasticizer) were used in modeling.
These input parameters were utilized for the development of the model based on gene expression
programming. In addition, simple mathematical operations (+, —, /, X) were used which were part of
the function set. A simple arithmetic operation was used to build an empirical-based relation which is
the function of the following parameters

e
aggregate, water, superplasticizer 2
coarse g8reg perp )

f'. = f|cement content,

The GEP-based model, like all genetic algorithm models, is significantly influenced by the input
parameters (variables) upon which they are modeled. These variables had a substantial impact on
the generalizing fitness of these models. The variables used during this study are tabulated in Table 6.
The model time is an important parameter to analyze the effectiveness of the model. Thus, efforts shall
be made while selecting the sets which control the model time to ensure that the generalized model
always developed within due time. The selecting of these parameters is based on hit and trial method
to get maximum correlation. Root mean squared error (RMSE) was adopted in modeling. Moreover,
the performance of the model based on GEP is expressed by tree like architecture structures. This
structure consists of head size and number of genes [57].
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Table 6. Input parameters assigned in the gene expression programming (GEP) model.

Parameters Settings
General L
Genes 4
Chromosomes 30

Linking function Addition
Head size 10

Function set +,—, X, +

Numerical constants

Constant per gene 10
Lower bound -10
Data type Floating number
Upper bound 10
Genetic Operators
Two-point recombination rate 0.00277
Gene transposition rate 0.00277

5. Model Performance Analysis

To assess the viability of any model and to evaluate its performance, various indicators have been
used. Each indicator has its method of inferring the performance of these models. The indicators
commonly used include root mean squared error (RMSE), mean absolute error (MAE), relative mean
square error (RSE), relative root mean squared error (RRMSE), and coefficient of determination (R?).
The mathematical expressions for these indicators are given below.

" (ex; — mo;)?
RMSE = \/le ( Y; 2 ®)
" lex; — moj
MAE = % 4)
Y (moj_ex;)?
RSE = % ()
Y (ex —ex;)
" (ex; —mo;)*
RRMSE — 1 \/M (6)
e n
R — Y.\ (ex; —ex;) (mo; — mo;) )
VI (exi = )2 S (mo; — 7y
RRMSE
T 1+R ®)

where:

ex; = experimental actual strength.

mo; = model strength.

ex ; = average value of the experimental outcome.

mo; = average value of the predicted outcome.

In this paper, the performance of the model is also evaluated by using the coefficient of
determination (R?). The model is deemed effective when the value of R? is greater than 0.8 and is
close to 1 [58]. The value obtained through model is the reflection that shows the correlation between
the experimental and predicted outcomes. Lower values of the indicator errors like MAE, RRMSE,
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RMSE, and RSE indicate higher performance. Machine learning is a good approach in the prediction
of properties. However, overfitting issues in a dataset have a malignant effect in validation and
fore casting of mechanical aspect of HSC. Thus, overcoming this problem of overfitting has become
a dire need in supervised machine learning algorithms. Researchers used objective function (OBF) for
the accuracy of models. OBF uses overall data samples along with the error and regression coefficient.
This then provides a more accurate generalized model with adamant higher accuracy and is represented

in Equation (8) [59].
NTest
n

n in—Nn
OBF = <W>Pﬂain + 2( )pTest (9)

6. Results and Discussion

6.1. Random Forest Model Analysis

Random forest is an ensemble modeling algorithm which uses a weak learner to give the best
performance as depicted in Figure 2. These algorithms are supervised learners giving adamant accuracy
in terms of correlation. The model is divided into twenty submodels to give maximum determination
of coefficient as illustrated in Figure 2a. It can be seen that sub-model equal to 10 outbursts and gives
a strong relationship. It is due to incorporation of a weak learner (decision tree), which then uses it in
the ensembling algorithm. Moreover, the model gives an obstinate correlation of R? = 0.96 between
experimental and predicted values and gives good validation results as illustrated in Figure 2b,c. In
addition, the model performance shows less error as illustrated in Figure 2d. All the predicted data
points lie in the same range of experimental values with an error less than 10MPa. This shows that
the random forest ensemble algorithm gives adamant good results.

0.98 100
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096 o RE=096 7 Pearson'sr | 0.97862
] R®=0.95 90 |R-Square (COD = 0.9577 .
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Figure 2. Model evaluation (a) Ensemble model with 20 submodels; (b) validation based on RF; (c)
testing based on RF; (d) error distribution of the testing set.
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Statistical analysis checks are applied to check the model performance using random forest. This
is an indirect method which shows model performance. These statistical analyses check the errors
in the model; thus, RMSE, MAE, RSE, and RRMSE are used as shown in Table 7. The RF model is
ensemble one and thus shows lesser error in the prediction aspect.

Table 7. Random forest (RF) statistical analysis.

Model RMSE MAE R?
Validation Testing Validation Testing Validation Testing
1.22 142 0.475 0.495 0.967 0.041
Fc RRMSE RSE P(row)
Validation Testing Validation Testing Validation Testing
0.0186 0.021 0.072 0.053 0.024 0.025

6.2. Empirical Relation of HSC Using the GEP Model

Gene expression programming is an individual supervised machine learning approach which
predicts the mechanical compressive strength using tree-based expression. Moreover, GEP gives
an empirical relation with input parameters as shown in Equation (9). This simplified equation is
then used to predict the compressive strength of HSC. This equation comes from the expression tree
which used a function set and terminal set with the mathematics operator as shown in Figure 3. It
shows the relationship between input parameters and output strength. GEP utilizes linear as well as
non-linear algorithms in the forecasting of mechanical properties.

fe(MPa) =A+B+C (10)
where
_ 19.97 * cement (1)
~ \ (water + superplasticizer) + 15.31
+
(— Fofgg) -+ superplasticizer
— — — — C | —
B=|(-5.32+(-241)) ~050 Cagg) (12)
+

-4.77 . -
C= ((—0.77 S ——C T ((water + superplasticizer) 8.64)) + superplastzazer) (13)

Before running the GEP algorithm, the procedure starts with the selection of the number of
chromosomes and basic operators that are provided by GEP software. The model uses hit and trial
techniques where chromosomes of varying sizes and gene numbers are used with operational operators,
thus ensuring the selection of the best model. The selected model has the best/fittest gene available
within the population which gives adamant performance in making the model. The most feasible
and desirable outcome used in the GEP model is f., which is expressed in the form of an expression
tree as shown in Figure 3. Expression tree uses a linkage function with a basic mathematical operator
with some constants. It is worth mentioning here that the GEP algorithm uses the RMSE function for
its prediction.
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Figure 3. Expression tree of high strength concrete (HSC) using gene expression.

6.3. GEP Model Evaluation

Model evaluation and its representation between observed and predicted values is illustrated
in Figure 4. GEP-based machine learning algorithm is an effective approach to assess the strength
parameters of HSC. Model assessment in machine learning is usually done with regression analysis.
Regression analysis shows the accuracy of any model with value close to one is an adamant accurate
model as represented in Figure 4b. It shows that the regression line of the testing and validation sets is
close to 1. Figure 4a,b represent the regression analysis of validation and testing sets with coefficient
of determination R?. This value is greater than 0.8 which depicts the accuracy of the model as 0.91
and 0.90 for the testing (see Figure 4a) and validation (see Figure 4b) sets, respectively. Normalization
of gathered data from published literature was also done within the range of zero and one to show
the accurateness of data as illustrated in Figure 4c.
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Figure 4. Model evaluation (a) Validation results of data based on GEP; (b) testing results of data; (c)

normalized range of data.

Statistical measures are used to evaluate the performance of the model by using MAE, RRMSE,
RSE, and RMSE as done similarly in a random forest model as shown in Table 8. Low error and higher
coefficient give better performance of the model. Most of the errors lies below 5 MPa with an R? value
greater than 0.8. Thus, it depicts the accuracy of the finalized model. Further analysis is also performed
to evaluate the performance of the model by determining the standard deviation (SD) and covariance
(COV). The values of SD and COV are determined to be 0.16 and 0.059, respectively.

Table 8. Statistical calculations of the proposed model.

Model RMSE MAE RSE
Validation Testing Validation Testing Validation Testing
1.42 1.62 0.575 0.595 0.092 0.023
Fc RRMSE R P(row)
Validation Testing Validation Testing Validation Testing
0.0286 0.031 0.957 0.031 0.014 0.015

The accuracy and performance of the machine learning-based model is evaluated by conducting
error distribution between actual targets and predicted values of the testing set as shown in Figure 5. It
can be seen that the model predicted the outcome nearly or equal to the experimental values. Moreover,
the error distribution of the testing set shows that 86% of the data sample lies below 5 MPa and 13.88%
of the data lies in the range of 5 MPa to 8§ MPa with 7.47 MPa as maximum error. Thus, the GEP-based
model not only gives obstinate accuracy in terms of correlation but also gives the empirical equation
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shown in Equation (9). This equation will help the users to predict the compressive strength of concrete

by using hand calculations.
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Figure 5. Distribution of data with error range.

7. Statistical Analysis Checks on RF and GEP Model

80

The accuracy of any model is based on data points. The higher the points, the greater will be
the accuracy of the entire model [60]. Frank et al. [60] present an ideal solution based on the ratio of
input data samples to its parameters involved. This ratio should be equal to or greater than three for
good performance of the model. This study uses 357 data samples with the 4 variables mentioned
earlier with the ratio equal to 89.25. This ratio value is exceptionally higher, indicating the accuracy
of the model. Farjad et al. [33] used a similar approach to validate the model and yield adamant
results with a ratio greater than 3. Researchers suggest different approaches for the validation of
a model using external statistical measures [61,62]. Golbraikh et al. [62] validate their model using
the slope of the regression line (k” or k) of the model. This line measures the accuracy of the model by
using experimental and predicted values. Any value greater than 0.8 or close to 1 will yield obstinate
performance of the model [61]. All these external checks have been presented in tabulated in Table 9.

Table 9. Statistical analysis of RF and GEP models from external validation.

S.No Equation Condition RF Model GEP Model
1 k= Rl 0.85 <k < 1.15 0.99 0.98
2 K = Zalexm) 0.85 < k < 1.15 1.00 1.00
2 Tia(m-e)’ 2

3 R2- o0 =kxm; RZ=1 0.99 0.97
Lity (mimmg)™"

4 R2 - Lo (@m) o — K xe; RZ=1 0.9 0.99
Lis (e—¢) !

8. Comparison of Models with ANN and Decision Tree

Ensemble RF and GEP approach are compared with other supervised machine learning algorithms,
namely ANN and DT as depicted in Figure 6. These techniques, along with GEP, are individual
algorithms. However, RF is an ensemble one which incorporates a base learner as an individual
learner and model it with bagging technique to give an adamant strong correlation. It should be kept
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in mind that all models are based on python (anaconda). The comparison of models is presented
in Figure 6. The RF outburst in performance of the model can be seen with R? = 0.96 and its error
distribution as shown in Figure 6a,b. Whereas individual models ANN, DT, and GEP show good
response with R = 0.89, 0.90, and 0.90, respectively. Figure 6d represents the error distribution of
decision tree with maximum error below 10 MPa. However, 18.19 MPa is reported as the maximum
error. A similar trend has also been observed for ANN and GEP models with maximum error values
of 11.80 MPa and 7.48 MPa, respectively as shown in Figure 6f h. Moreover, researchers used different
algorithm-based machine learning techniques for the prediction of mechanical properties of high
strength concrete. Ahmed et al. [63] used an ANN algorithm and forecasted the mechanical properties
(slump and compressive strength) of HSC. The author evaluated its model with ANN and revealed
strong correlation for slump and compressive of about 0.99. Singh et al. [64] forecasted the mechanical
properties of HSC by using RF and M5P algorithms and reported strong correlation for the testing set

of 0.876 and 0.814, respectively.
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Figure 6. Model evaluation with errors (a) RF regression analysis; (b) error distribution based on the RF
model; (c) decision tree (DT) regression analysis; (d) error distribution based on DT; (e) artificial neural
network (ANN) regression analysis; (f) error distribution based on ANN; (g) GEP regression analysis;
(h) error distribution based on GEP.

9. Permutation Feature Analysis (PFA)

Permutation feature analysis (PFA) is performed to determine the most influential parameters
affecting the compressive strength of HSC. PFA is performed by utilizing an extension of python
programming. Figure 7 shows the results of PFA. The results show that all the variables considered
in this study strongly affect the compressive strength property of HSC. However, the effect of super
plastizer is more as compared to the other variables.
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Figure 7. Permutation analysis of input variables (a) model base (b) contribution of input variables.
10. Conclusions

Supervised machine learning predicts the mechanical properties of concrete and gives outmost
result. This will help the user to forecast the desire properties rather than conducting the experimental
setup. The following properties are deduced from using the machine learning algorithm.

1. Random forest is an ensemble approach which gives adamant performance between observed
and predicted value. It is due to incorporation of a weak learner as base learner (decision tree)
and gives determination of coefficient R? = 0.96.
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2. GEP is an individual model rather than an ensemble algorithm. It gives a good relation with
the empirical relation. This relation can be used to predict the mechanical aspect of high strength
concrete via hand calculation.

3.  Comparison of the RF and GEP models is made with ANN and DT. However, RF outbursts
and gives an obstinate relation of R? = 0.96. GEP model gives R* = 0.90. ANN and DT models
give 0.89 and 0.90, respectively. Moreover, RF gives less errors as compared to others individual
algorithms. This is due to the bagging mechanism of RF.

4. Permutation features give an influential parameter in HSC. This help us to check and know
the most dominant variables in using experimental work; thus, all the variables have an effect on
compressive strength.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7330/s1,
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