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Abstract: The purpose of the research is to predict the compressive and flexural strengths of the
concrete mix by using waste marble powder as a partial replacement of cement and sand, based
on the experimental data that was acquired from the laboratory tests. In order to accomplish the
goal, the models of Support vector machines, Support vector machines with bagging and Stochastic,
Linear regression, and Gaussian processes were applied to the experimental data for predicting the
compressive and flexural strength of concrete. The effectiveness of models was also evaluated by
using statistical criteria. Therefore, it can be inferred that the gaussian process and support vector
machine methods can be used to predict the respective outputs, i.e., flexural and compressive strength.
The Gaussian process and Support vector machines Stochastic predicts better outcomes for flexural
and compressive strength because it has a higher coefficient of correlation (0.8235 and 0.9462), lower
mean absolute and root mean squared error values as (2.2808 and 1.8104) and (2.8527 and 2.3430),
respectively. Results suggest that all applied techniques are reliable for predicting the compressive
and flexural strength of concrete and are able to reduce the experimental work time. In comparison
to input factors for this data set, the number of curing days followed by the CA, C, FA, w, and MP is
essential in predicting the flexural and compressive strength of a concrete mix for this data set.

Keywords: concrete; compressive strength; flexural strength; support vector machines; gaussian

processes; linear regression

1. Introduction

The emission of CO; is a major environmental concern. It is important to take specific
steps in order to minimize the amount of CO, emissions into the environment. India ranks
third in the world in terms of CO, emissions. Concrete is a major contributor to increased
CO;, levels in the atmosphere. Concrete consists of three major ingredients such as cement,
which contributes to the improvement of concrete’s strength; aggregates, which provides
the bulkiness to the concrete; and water, which reacts with cement, which leads to the
hydration process and provides strength to concrete. Except for cement, all of the other
components are readily available across the world. The only method to produce cement is to
manufacture it. COj is released during cement production, which pollutes the environment.
Over-exploitation of materials is on the rise as a result of their widespread use.

Materials 2022, 15, 5811. https:/ /doi.org/10.3390/ma15175811

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma15175811
https://doi.org/10.3390/ma15175811
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-7064-0378
https://orcid.org/0000-0002-7761-0603
https://orcid.org/0000-0002-3141-2900
https://orcid.org/0000-0003-3705-4371
https://doi.org/10.3390/ma15175811
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15175811?type=check_update&version=2

Materials 2022, 15, 5811

20f22

The most efficient method for reducing the negative effects that concrete has on the
environment is to reduce the amount of cement that is used in its production. This goal
can be accomplished through the use of alternative building materials [1-3]. Concrete is
frequently utilized in industries, which increases its demand and will result in its depletion.
It would be economically viable to employ waste material in infrastructure development
if it met the required specifications [4,5]. Various hazardous wastes are generated as a
result of industrialization, which can be managed by incorporating them into basic concrete
components. Some mineral additions in concrete, for example, fly ash, silica fumes, and
blast furnace slag, might increase the demand for water in the concrete mix, which can be
addressed with the use of a superplasticizer [6].

The bond strength of the concrete matrix can be improved by using calcium carbonate
whiskers and basalt fiber in the concrete matrix [7]. Furthermore, silica fume can be used in
place of cement in concentrations ranging from 0 to 10%, which improves the interface bond.
Apart from silica-fume and basalt fiber, some researchers use coconut fiber as a partial
replacement for cement [8]. As an alternative [9-12], WMP can be used instead of cement
or fine aggregates. WMP is a promising resource that may be used to partially replace
cement and sand. CaO, SiO,, Al203, and Fe,;Oj are significant constituents, whereas
MgO, SOz, K;O, and NayO are minor constituents. India is the world’s third largest
producer of marble trash. From the beginning of the mining process until the end, waste
is produced. If the waste created by the marble business is not correctly utilized, it may
have an adverse effect on both the environment and the economy. Marble is frequently
used for ornamental purposes, increasing its market demand. Marble manufacturing
results in a variety of chemical formations that are classified as hazardous waste. Waste
disposal is not cost-effective, and the environment is also a concern. The use of properly
integrated industrial waste can help to minimize the amount of cement required in the
concrete mix [13]. Marble sludge may be recycled and used as a major component of
concrete mix, which can then be used as a construction material or in road pavements,
among other things [14]. In comparison to the nominal mix, Soliman [15] found that as
the amount of WMP in the nominal concrete in place of cement increases, it deteriorates
concrete strength. The effect of partially replacing cement with WMP and finding suggests
that tensile strength with WMP begins to deteriorate as the amount of waste marble powder
increases [16]. Replacement of 10% WMP with cement improves the tensile behavior of
concrete [17]. Many researchers use waste marble powder as a replacement for cement by
weight [18,19]. When an experiment was carried out by Kelestemur [20] on a concrete mix
containing various amounts of glass fiber, it can be seen that by adding WMDP, it achieves
the highest compressive strength. The capillarity properties of SCC were altered by adding
WMP in place of cement, and it was found that the addition of WMP had no effect on
workability, but tensile strength decreased [21]. Ashish [22] investigated the possibility
of using WMP as a partial replacement for fine aggregate and cement amalgam. Uysal
and Yilmaz [23] performed experiments incorporating lime, basalt and WMP as Portland
cement substitutes. Hebhoub [24] found that when gravel or both were substituted with
sand, the 28-day tensile strength was higher. The use of marble powder as a filler was
found to be adequate by Corinaldesi [25]. As per literature, use of 10% WMP in lieu of
sand during the 28 days of curing offers maximum compressive strength at roughly the
same workability as cement replacement. Due to its fineness, marble powder offers good
cohesiveness to mortar. SCC was used as an alternative to WMP [26]. At the 28-day curing
time, Demirel [27] discovered that when the fine particles in the matrix were replaced
with waste marble powder, the porosity decreased but the compressive strength increased.
The use of WMP as a filler affected the concrete’s mechanical and physical properties [28].
Talah [29] looked at the results of tests carried out with and without WMP and found that
MP can be used to make high-performance concrete.

Soft computing approaches are now being used by researchers to solve the issues [30-38].
The hardened property of concrete is primarily determined by the amount of cement,
aggregates, water, admixtures, and wastes used in the mix. These factors can be used as
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an input parameter to aid in the prediction of the final result. The linear and non-linear
regression approaches are mostly used in traditional methods for anticipating outcomes.
However, in recent years, Al approaches such as ANN, LR, GMDH, RF, SVM and RT have
been used to estimate the mechanical characteristics of concrete [39,40]. The majority of the
study is focused on predicting the mechanical characteristics of concrete mixes. Several
regressions, NNT, and ANFIS models are constructed by Sobhani [32] using concrete
components as input parameters in the estimation of the hardened property of concrete. The
outcome demonstrates that the NNT and ANFIs algorithms are more accurate compared to
proposed standard regression algorithms for predicting the 28-day compressive strength.
Madandoust [41] used GMDH, NNT, and ANFIs modelling for predicting the CS of concrete
using cementitious materials. A genetic algorithm was used in the study to build the GMDH
kind of neural network. In order to forecast output strength, parameters such as length
to diameter ratio, core diameter, and so on were used as input. The study was directed
by Ayat [42] to evaluate the affectability of the constructed model to some basic factors
influencing concrete compressive strength. It was discovered that the suggested ANNs
model’s performance was outstanding with a highly effective tool for the simulation of the
compressive strength with LE. Deepa [43] estimates the CS of concrete utilizing classification
methods such as M5P Tree models, Multilayer Perceptron’s, and Linear Regression. The
results show that tree-based algorithms predict better results for concrete strength.

The purpose of this study was to determine whether or not machine learning could
be used to make accurate predictions regarding the compressive and flexural strengths of
concrete mixtures by adding waste marble powder in place of cement and sand together.
To achieve the objective of the study, experimental data obtained by using waste marble
powder as a partial replacement with cement and sand in the following proportions: 0-100,
25-75, 50-50, 75-25, and 100-0, respectively, was analyzed with soft computing techniques
such as Support Vector Machines (SVM), Gaussian Processes (GP), and Linear Regressions
(LR). The findings were than compared by using statistical parameters such as Coefficient
of correlation (CC), Mean absolute error (MAE), Root mean square error (RMSE), relative
absolute error (RAE), and Root relative squared error (RRSE). Further to identify the most
relevant parameters (C, FA, CA, w, MP, and CD) in terms of predicting the compressive
and flexural strength of concrete mixes and to ascertain the best modelling technique for
predicting the compressive and flexural strength of concrete, sensitivity analysis has been
carried out.

2. Machine Learning Techniques
2.1. Support Vector Machine (SVM)

SVM, is a complex machine learning algorithm which is used by researchers to solve
challenging engineering problems such as categorization, forecasting, and regression analy-
sis. It is a part of artificial intelligence [44,45]. The SVM analysis approach includes training
and testing sub-sets coupled with input and output. The optimal margin classifier is one
of two methods used in SVM analysis to separate the linear classifier. Another alternative
is to use the kernel function technique. The fixed mapping technique is used after map-
ping the input data with n-dimensional characteristics. There has been no change in the
actual input space when the kernel mapping is applied to actual observations during a
high-dimensional feature [45].

2.1.1. Bagging

Bagging is used to improve poor learning machine predictions [46]. Bagging factor
determines how much of the original database will be recombined [47]. Each model uses
bootstrap resampled observed data. Bagging algorithms have three steps: Bootstrapping
uses replacements to create a new training set. Distributed voting is used to associate
classifier results. This approach improves generalisation and classification variance. To
use this method, the basic classifier must be imbalanced; otherwise, no classification will
arise. The K-Nearest Neighbor classifier is stable, while the MLPC is not [48]. In this study,
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bagging is applied to check the reliability of the SVM model for predicting the strength
property of concrete.

2.1.2. Stochastic

Stochastic meta-assembly improved the traditional techniques-based model. It is used
to solve nonlinear engineering problems. In some studies, stochastic methods improve
random forest models [31]. The designing process is filled with uncertainties, such as
natural randomness of physical quantities, Model assumptions due to shortcomings in
the computer model compared to real structural data, and statistical assumptions during
the identification of a quantity due to a lack of data [49]. A stochastic process consists of
arbitrary variables whose values are determined by Q’s state vector. Indexing the gathering
uses another set Z.

2.2. Gaussian Processes (GPs)

During the preceding years, a substantial amount of work has been carried out in
subject of machine learning. GP is a machine learning method for analyzing the models’
using kernels which provides a hands-on approach to learning about kernel [50]. It is a
set of random variables with a mutual normal distribution for each discrete variable. The
two fundamental functions used in the GP I(a) are the mean function m(a) and the kernel
function n(a, a’). It states that:

I(a) = GP(m(a), n(a,a’)), 1)

The GP’s primary goal is to find, how the input variables can be used to accomplish
the objective. For every objective value, such as y, there is an arbitrary regression function
1(a) and independent Gaussian noise (3), i.e.,

y=1(a)+s @

Gaussian noise with a mean of zero and variance of (0,)?, i.e., 5~L(0, 042). Then
Equation (1) develops Equation (3):

I(a) = GP(m(a), n(aa’) + oa’1), ®)
The identity matrix is represented by I.

2.3. Linear Regression (LR)

Linear regression is a regression analysis model that employs linear equations to
represent the relationship of the two or more dependent and independent variables [32].
The primary goal of a linear regression model is to identify the linear line that best predicts
the relationship of the dependent and independent variables. It is only conceivable if the
total of the squares of the vertical lines is less than the specified line. Linear regression
models are made up of dependent and independent variables, such as d and z from the
given dataset. To discover the optimum numerical forecast, it forms a simple mathematical
equation. It also aids in determining the correlation coefficient capable of describing the
variances in the dataset. The closer the value is to one, the more dependable the data. [43].

d= Co + C1Z1 + CpZp + C3Z3 + C4Z4 + C5Z5 + C626 +... (4)

Objective of the Study

A detailed review of the literature revealed that no study had employed these mod-
elling techniques to predict the compressive and flexural strength of concrete mix. Con-
sidering their application in construction material, an attempt was made to evaluate their
potential in predicting the compressive and flexural strength of concrete mixtures by adding
waste marble powder in place of cement and sand together using laboratory data.
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3. Methodology

The following methods must be followed in order to achieve the study’s purpose of
estimating concrete compressive and flexural strength.

1.  Experimental data on the compressive and flexural strength.
2. Used soft computing techniques.

3.1. Collection of Data

For the prediction of the compressive and flexural strength, sufficient data was neces-
sary, which was supplied by performing experimental research using waste marble powder
in various proportion as a partial replacement of cement and sand.

3.2. Experimental Investigation

Concrete with complicated structures is comprised of multiple complex materials,
making them difficult to comprehend, e.g., the problem of matrix/aggregate interactions,
the region between the aggregate and the matrix, the size of aggregates, etc. The size and
quantity of particles, for instance, have been found to affect the fracture energy and fracture
toughness of concrete. The matrix can be composed of several materials in variable amounts,
which can alter their qualities, such as the w/C and C/S, among others. The same holds
true for aggregate, which may be composed of pebbles, with smooth, rounded surfaces,
or crushed rock with irregular shapes, varying chemical and mineralogical compositions,
and extremely rough surfaces. The aggregates appearance and texture have a big effect on
how well they fit together with mortar. Further, due to the large specific surface area of
the marble powder (MP), which is obtained from the processing of marble waste sludge,
it has the potential to be utilized as a filler in concrete. The following materials and
testing methods were used on 189 cubes and 188 beam specimens with dimensions of
150 x 150 x 150 mm and 700 x 150 x 150 mm, respectively.

3.2.1. Aggregate

Coarse aggregate with nominal sizes of 10 and 20 mm was used in the concrete mix.
The aggregate’s particle size distribution was graded [51]. According to ASTM C-128 and
ASTM C-127 [52,53], specific gravity, crushing, and impact were found to be 2.61%, 23.67%,
and 6.74%, respectively. Table 1 shows the characteristics of fine and coarse aggregate.

Table 1. Physical characteristics of aggregates.

Test Unit Value Perm.lss.lble Standard
Limit
Impact value test of coarse aggregate % 6.74 <10 [52]
Crushing test of coarse aggregate % 23.67 >45 [52]
SG (CA) gm/ cm’ 2.61 -
Apparent SG (CA) gm/ cm? 2.82 - [53]
WA(CA) % 2.82 -
SG (FA) gm/cm3 247 -
Apparent SG (FA) gm/ cm? 2.51 - [53]
WA (FA) % 0.6 -
3.2.2. Cement

As per ASTM C150 [54] Type-I cement was used in this study. ASTM C184, ASTM
C187, ASTM C151, ASTM C188, ASTM C191 [55-59] was used to calculate the mechanical
properties of cement. Values obtained for fineness, Consistency, Soundness, and Specific
Gravity were 5.77, 32, 3.33, and 3.1 and initial and final setting time of cement was 40 and
360 min.
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3.2.3. Marble Powder

A nearby marble market supplied the WMP. The physical properties of WMP obtained
for fineness, and Specific Gravity were 2.01% and 2.44 g/ cm?.

3.2.4. Mix Design

Batches were created according to the prescribed quantities of cement, sand and
marble powder, while other elements such as coarse aggregates, and water/cement ratio
were utilized in the same amounts throughout. Different sets of specimens were made,
each consisting of three cubes and three beams. A total of 189 cubes and 188 beams
were created. The proportion of reference specimens, as well as mixes with 5, 10, 15, and
20% replacement, is listed in Table 2. In terms of compressive and flexural strength, the
mechanical properties of marble powder (MP) modified concrete were investigated as a
partial replacement of cement and sand in proportions of 0-100, 25-75, 50-50, 75-25, and
100-0% where 5% of MP, designated as MP 5(C0:5100), MP 5(C25:575), MP 5(C50:550),
MP 5(C75:525), MP 5(C100:50), 10% of MP, designated as MP 10 (C0:5100), MP 10(C25:575),
MP 10(C50:550), MP 10(C75:525), MP 10(C100:50), 15% of MP designated as MP15 (C0:5100),
MP 15(C25:575), MP 15(C50:550), MP 15(C75:525), MP 15(C100:50),and 20% of MP, des-
ignated as MP 20(C0:5100), MP 20(C25:575), MP 20(C50:550), MP 20(C75:525), and MP
20 (C100:50), with cement and sand in a percentage of 0-100, 25-75, 50-50, 75-25 and
100-0, respectively.

Table 2. Mix design of concrete.

Materials, kg/m3
Sr. No. Mix-ID
C FA CA w MP

1 Conventional Mix 395.74 600.15 1103.09 217.65 0

2 MP 5(C0:5100) 395.74 570.14 1103.09 217.65 30.00
3 MP 5(C25:575) 390.79 577.65 1103.09 214.93 27.44
4 MP 5(C50:550) 385.85 585.15 1103.09 212.21 24.89
5 MP 5(C75:525) 380.89 592.64 1103.09 209.49 22.34
6 MP 5(C100:S0) 375.95 600.15 1103.09 206.77 19.78
7 MP 10(C0:5100) 395.74 540.13 1103.09 217.65 60.01
8 MP 10(C25:575) 385.85 555.13 1103.09 212.21 54.90
9 MP 10(C50:550) 375.95 570.14 1103.09 206.77 49.75
10 MP 10(C75:525) 366.06 585.15 1103.09 201.33 44.68
11 MP 10 (C100:S0) 356.16 600.15 1103.09 195.89 39.57
12 MP 15(C0:5100) 395.74 510.12 1103.09 217.65 90.02
13 MP 15(C25:575) 380.89 532.63 1103.09 209.49 82.35
14 MP 15(C50:550) 366.06 555.13 1103.09 201.33 74.69
15 MP 15(C75:525) 351.21 577.65 1103.09 193.16 67.02
16 MP 15(C100:50) 336.37 600.15 1103.09 185.00 59.36
17 MP 20(C0:5100) 395.74 480.12 1103.09 217.65 120.03
18 MP 20(C25:575) 375.95 510.12 1103.09 206.77 109.80
19 MP 20(C50:550) 356.16 540.13 1103.09 195.89 99.58
20 MP 20(C75:525) 336.37 570.14 1103.09 185.00 89.43
21 MP 20(C100:50) 316.59 600.15 1103.09 174.12 79.14

Additionally, modified concrete was mixed in a mixer, and the necessary substitution
for ordinary cement was carried out during the mixing process. The mixes were mixed
to with MP, and (150 x 150 x 150) mm cubes and (150 x 150 x 700) mm beams were
created. After that, samples were given a certain number of days in curing tanks to cure
(CD). The CD that was chosen for this investigation ranged from 7 to 180 days. After
curing, cube and beam samples were sun-dried and tested in the institute’s lab using a
standard compression and flexural testing machine. The CS and FS tests were carefully
performed to determine the mix proportion from the collection of casted samples suitable to
achieve approximately the same or better compressive and flexural strength for a selection
of percentage substitutions [60,61].
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3.2.5. Data Collection

The dataset is critical for predicting the outcome. The observations collected from
laboratory study were divided into two sub-sets at random, with 70-30 ratio for the training
and testing sub-sets, respectively.

In this paper, three techniques were used, namely LR, SVM, SVM Bagging and SVM
Stochastic and GP, with input parameters such as C, FA, CA, w, MP, and CD, to achieve the
desired outcome, with CS and FS as the output parameter, using Weka 3.9. Tables 3 and 4
lists the characteristics of the total, training, and testing datasets for CS and FS, respectively,
and user defined parameters listed in Table 5. Each model’s performance was evaluated
using CC, MAE, RMSE, RAE, and RRSE. These variables were beneficial in finding the best
model. A greater CC value and a lower error value suggest better results. A significant
number of studies resulted in these user-defined ideal settings for diverse techniques. The
best settings dictated the performance of each model. The optimal settings must be carefully
determined because they will have an impact on the model’s performance. As a result, the
parameters in these examples were ideal for both training and testing datasets.

Table 3. Characteristics of datasets for CS.

Standard

Dataset Statistics Minimum Maximum Mean . . Kurtosis Skewness
Deviation
C 316.59 395.74 372.18 22.28 —0.06 —0.89
FA 480.12 600.15 564.43 33.79 —0.06 —0.89
Total Dataset CA 1103.09 1103.09 1103.09 0.00 —-2.02 1.01
(189 observations) w 174.13 217.66 204.70 12.25 —0.06 —0.89
MP 0.00 120.03 59.28 31.82 —0.88 0.10
CD 7.00 180.00 71.67 77.29 —1.51 0.67
CS 7.96 35.78 18.92 7.49 -1.1 0.34
C 316.59 395.74 372.08 23.51 —0.03 —0.95
FA 480.12 600.15 563.83 35.96 —0.14 —0.91
Training Dataset CA 1103.09 1103.09 1103.09 0.00 —-2.03 1.01
(133 Observations) w 174.13 217.66 204.65 12.93 —0.03 —0.95
MP 0.00 120.03 59.98 33.17 —0.88 0.08
CD 7.00 180.00 72.32 77.76 —1.54 0.65
CS 7.96 35.78 19.00 7.78 —-1.09 0.37
C 336.38 395.74 372.42 19.23 —0.74 —0.58
FA 510.13 600.15 565.86 28.21 —0.59 —0.62
CA 1103.09 1103.09 1103.09 0.00 —2.08 1.03
Testing Dataset w 185.01 217.66 204.83 10.58 —0.75 —0.58
(56 Observations) MP 0.00 109.80 57.62 28.58 -1.03 0.15
CD 7.00 180.00 70.11 76.81 —1.44 0.74
FS 0.89 13.87 6.91 3.7 —-1.11 0
CS 9.56 32.22 18.72 6.81 -1.32 0.24
Table 4. Characteristics of datasets for FS.
. .. .. . Standard .
Dataset Statistics Minimum Maximum Mean . . Kurtosis Skewness
Deviation
C 316.59 395.74 372.06 22.27 —0.07 —0.88
FA 480.12 600.15 564.40 33.88 —0.08 —0.88
Total Dataset CA 1103.09 1103.09 1103.09 0.00 —-2.02 1.01
(188 observations) w 174.13 217.66 204.63 12.25 —0.07 —0.88
MP 0.00 120.03 59.43 31.83 —0.88 0.09
CD 7.00 180.00 72.01 77.35 —-1.52 0.67

FS 0.71 20.98 8.19 4.98 —0.54 0.46
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Table 4. Cont.

Dataset Statistics Minimum Maximum Mean Star'ld;?rd Kurtosis Skewness
Deviation
C 316.59 395.74 370.44 23.43 —0.21 316.59
FA 480.12 600.15 563.95 34.47 —-0.12 480.12
Training Dataset CA 1103.09 1103.09 1103.09 0.00 —2.03 1103.09
. w 174.13 217.66 203.74 12.89 —-0.21 174.13
(132 Observations)
MP 0.00 120.03 61.50 31.56 —0.75 0.00
CD 7.00 180.00 76.43 79.04 —-1.69 7.00
FS 0.71 20.98 8.73 5.35 —0.84 0.71
C 336.38 395.74 375.86 18.92 —0.28 —0.89
FA 480.12 600.15 565.45 32.73 0.12 —0.97
Testing Dataset CA 1103.09 1103.09 1103.09 0.00 —2.08 1.03
(56 Observations) w 185.01 217.66 206.73 10.41 —0.28 —0.89
MP 0.00 120.03 54.57 32.23 —-0.91 0.42
CD 7.00 180.00 61.59 72.83 —0.90 1.02
FS 0.89 13.87 6.91 3.70 —-1.11 0.00

Table 5. Use defined parameters.

User Defined Parameters

Model Used
(&) FS
LR S=0 S=0
SVM C =5, RBF(y = 10) C=15PUK(0O=4,S=1)
SVM Bagging C =10, RBF(y = 11) C=1.5PUK(O=5,5=1)
SVM Stochastic C=15PUK(O=1,5=1) C=1.5PUK(O=5,5=1)
GP L=01andO=0.1and S=1.0. L=0.01,0=3andS=3

4. Evaluation Parameters

Evaluating parameters must be applied to the applicable algorithms in order to verify
their performance. Coefficient of correlation (CC), Mean absolute error (MAE), Root mean
square error (RMSE), relative absolute error (RAE), and Root relative squared error (RRSE)
were utilized as evaluating parameters in this study.

Coefficient of correlation (CC): The coefficient of correlation (R) was utilised as the
primary criterion to assess the effectiveness of the created models. The following equation
was used to acquire the value of CC:

Y(Zgﬂ ZW) — (Ziyzl Z) (Ziyzl W)
\/[YZiyzl - (Ziy:1 Z)z] \/[Y Ziy:l W2 — (Ziy:l W)z]

Root mean square error (RMSE): Mean Squared Error is the most often used method
for determining a model’s success. It is the square root of Mean-Squared-Error with the
same dimensions as the estimated values. The root mean square error (RMSE) is computed
as follows:

CC = )

RMSE = \/ ;( Y (W=2)%) (6)

Mean absolute error (MAE): The mean absolute error is used to assess the accuracy of
numerical estimation. The mean absolute error (MAE) is calculated as follows:

MAE = ;@f_l W —Z)) )
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Relative absolute error (RAE): The relative absolute error (RAE) is a metric used to
assess the performance of a predictive model. It is calculated by using following equation:

Y 1z -
RAE:—Z;:”Z Wi
Lia(2-2))

Root relative squared error (RRSE): It is defined as the square root of a predictive
model’s sum of squared errors normalized by the sum of squared errors of a simple model.
To put it another way; it is the square root of the Relative Squared Error (RSE) and calculated
by using formula:

®)

L (Z-W)?

RRSE = | — —
Eia (W —W])

©)

Z = Observed readings; Z = Average of observed readings; W = Predicted readings;
y = Number of readings.

Coefficient of correlation (CC) values vary from —1 to +1; the greater the CC number,
the better the anticipated outcomes. Lower the values better will be the outcomes, i.e., if
computed error is low, it predicts better output results [62].

5. Result and Discussion

To solve complex engineering problems, researchers apply a variety of machine learn-
ing techniques [63-71]. This study examined SVM, LR, and GP-based models, and the
findings from this analysis are discussed in this section.

5.1. SVM Based Assessment

PUK base function is used in this model, along with certain user-defined parameters
such as C and omega (O), and sigma (S) A large number of trials were conducted in order to
arrive at the best result, which was the greatest CC value with the least errors. The dataset
utilized in this study produced the best results with a ¢ value of 1.5and O =4,5=1. Table 6
lists the performance metrics of SVM for both the training and testing datasets. For the
training and testing phases, the CC values were 0.9110 and 0.8153, the RMSE values were
2.2287 and 3.0367, the MAE values were 1.5123 and 2.3456, the RAE values were 33.28%
and 67.87%, and the RRSE values were 41.79% and 74.13%, respectively. The agreement
plot between actual and predicted flexural strength of concrete mix is shown in Figure 1.

Table 6. Performances of SVM, GP, and LR for FS.

Approaches CC MAE RMSE RAE RRSE
Training

GP 0.9170 1.7012 2.1276 37.45% 39.90%

LR 0.8309 2.4992 2.9666 55.01% 55.64%

SVM 0.9110 1.5123 2.2287 33.29% 41.80%

SVM-Bagging 0.9149 1.596 2.1456 35.62% 40.57%

SVM-Schotastic 0.9115 1.3424 2.2013 29.96% 41.62%
Testing

GP 0.8235 2.2808 2.8527 66.00% 69.64%

LR 0.7802 2.3822 2.7717 68.94% 67.66%

SVM 0.8153 2.3456 3.0367 67.88% 74.13%

SVM-Bagging 0.8088 2.3148 2.9142 65.92% 70.05%

SVM-Schotastic 0.7815 2.4504 3.2176 69.78% 77.34%
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Figure 1. The scatter graph represents the observed and predicted FS values using SVM. (a) Training;
(b) Testing.

The radial basis function kernel (RBF kernel) is used in this model, along with certain
user-defined parameters such as C and gamma (y). A large number of trials were conducted
in order to arrive at the best result for compressive strength of concrete, which was the
greatest CC value with the least errors. The dataset utilized in this study produced the
best results with a ¢ value of 5 and a yvalue of 10. Table 7 lists the performance metrics of
SVM for both the training and testing datasets. For the training and testing phases, the CC
values were 0.9545 and 0.945, the RMSE values were 2.3289 and 2.2908, the MAE values
were 1.2472 and 1.7305, the RAE values were 18.33% and 28.46%, and the RRSE values
were 30.04% and 33.93%, respectively. The agreement plot between actual and predicted
compressive strength of concrete mix is shown in Figure 2.

Table 7. Performances of SVM, GP, and LR for CS.

Approaches CC MAE RMSE RAE RRSE
Training

GP 0.9704 1.2800 1.8734 18.82% 24.17%

LR 0.8745 3.0323 3.7593 44.58% 48.50%

SVM 0.9545 1.2472 2.3289 18.34% 30.04%

SVM-Bagging 0.9636 1.4074 2.113 20.69% 27.25%

SVM-Schotastic 0.9593 1.2541 2.1936 18.43% 28.29%
Testing

GP 0.9429 1.8728 2.4377 30.80% 36.11%

LR 0.8712 2.6909 3.3921 44.26% 50.24%

SVM 0.9450 1.7305 2.2908 28.46% 33.93%

SVM-Bagging 0.9404 1.7678 2.3477 29.07% 34.77%

SVM-Schotastic 0.9462 1.8104 2.343 29.77% 34.70%

Tables 6 and 7 presents analytical performance measures for training and testing
datasets to aid in the evaluation of proposed models for FS and CS of concrete, respectively.
To achieve a precise performance, the CC should be close to one and the RMSE and MAE
values should be close to zero. The SVM algorithm predicts compressive strength better
than flexural strength with higher CC (0.9450) value.

Tables 6 and 7 show that when SVM, SVM-Bagging, and SVM-Stochastic were evalu-
ated, SVM-Stochastic is more reliable for predicting compressive strength with highest CC
value of 0.9462.
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Figure 2. The scatter graph represents the observed and predicted CS values using SVM. (a) Training;
(b) Testing.

5.2. GPs Based Assessment

Gaussian Processes are a type of regression that uses a PUK function and certain
user-defined parameters such as L, omega (O) and sigma (S). Several experiments were
conducted in order to arrive at the optimal value, which was the maximum CC value with
the lowest errors. The dataset utilized in this investigation yielded the best results with L
values of 0.01, O = 3 and S as 3. Table 6 lists the performance metrics for both the training
and testing datasets for general practice. The CC values for the training and testing phases
were 0.9170 and 0.8235, respectively, with RMSE values of 2.1276 and 2.8527, MAE values of
1.7012 and 2.2808, RAE values of 37.44% and 66%, and RRSE values of 39.90% and 69.63%.
Figure 3 depicts the agreement plot between the actual and predicted flexural strength of
concrete mix.

N
Q1

oGP oGP
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Figure 3. The scatter graph represents the observed and predicted FS values using GP. (a) Training;
(b) Testing.



Materials 2022, 15, 5811 12 of 22

The dataset utilized in this investigation yielded the best results with L values of 0.1
and O as 0.1 and S as 1.0. Table 7 lists the performance metrics for both the training and
testing datasets for general practice. The CC values for the training and testing phases were
0.9704 and 0.9429, respectively, with RMSE values of 1.8734 and 2.4377, MAE values of
1.28 and 1.8728, RAE values of 18.81% and 30.80%, and RRSE values of 24.16% and 36.10%.
Figure 4 depicts the agreement plot between the actual and predicted compressive strength
of concrete mix.

e GP oGP
40 40
. 2_
35 | Training R2=0.9416 . R? = 0.8891
— Testing °
@ 30 & 30 - °
2 25 2 o5 | =
g 0
< 20 = 20 A [
1]
< = ) ®
= 15 g 15 o
& 10 E 10 A
5 5
0 T T T T T T T O T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Actual CS (MPa) Actual CS (MPa)
(a) (b)
Figure 4. The scatter graph represents the observed and predicted CS values using GP. (a) Training;

(b) Testing.

5.3. LR Based Assessment

LR based model predict the relationship between two variables or factors. The results
of Table 6 show the linear regression model technique for flexural strength for both training
and testing dataset Figure 5 is the graphical representation of actual versus predicted
flexural strength with coefficient of correlation CC is 0.7802, RMSE is 2.7717, MAE is 2.3822,
RAE is 68.93% and RRSE is 67.66%, for testing dataset as listed in Table 6. Equation (10)
was developed by LR algorithm from Weka 3.9.5 for the prediction of flexural strength
of concrete.

FS = 0.0563 x curing days + 4.4332 (10)

LR based model predict the relationship between two variables or factors. The results
of Table 7 show the linear regression model technique for the compressive strength for
both training and testing dataset. Figure 6 is the graphical representation of actual versus
predicted compressive strength with coefficient of correlation CC is 0.8712, RMSE is 3.3921,
MAE is 2.6909, RAE is 44.26% and RRSE is 50.24%, for testing dataset listed in Table 7.
Equation (11) was developed by LR modelling through Weka 3.9.5 for the prediction of
compressive strength for a given set of data.

CS = —0.0164 * Marble Powder(kg/m?®) + 0.087 x Curing Days + 13.6919 (11)



Materials 2022, 15, 5811 13 of 22

OLR OLR
25 25
Trainin -
& R?=0.6905 . R? = 0.6088
= 20 __ o0 4 Testing
o ©
= s
o 15 5 15 4 o
o] F
£ i
5 10 5 10 1
& %
=~
5 £ 5 | eaalPEmone
O 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Actual FS (MPa) Actual FS (MPa)
(a) (b)
Figure 5. The scatter graph represents the observed and predicted FS values using LR. (a) Training;
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Figure 6. The scatter graph represents the observed and predicted CS values using LR. (a) Training;

(b) Testing.

6. Comparison

Various machine learning approaches were used in this research. When these models
are compared, it appears that the GP model outperforms the others for both training and
testing datasets for FS. Figure 7 represents the scatter plot for the observed and predicted FS
values using SVM, GP, and LR. Table 6 indicate that the GP model has the greatest CC value
for both training and testing datasets for FS, i.e., 0.9170 and 0.8235, respectively, as well as
the lowest error values, i.e., MAE (2.2808) and RAE (66%), for the testing dataset. It can be
seen from Figure 8 that the error band width is lesser in GP based model as compared to
other applied models for the prediction of FS of concrete mix [63]. Figures 1, 3 and 5 for
the SVM, GP, and LR testing models show that the GP model has a high correlation with
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the maximum R? value for the flexural strength of concrete, whereas Figures 2, 4 and 6
for the SVM, GP, and LR testing models show that the SVM-Stochastic model has a high
correlation for the compressive strength of concrete.

Relative Error FS (MPa)

®LR o SVM ® LR o SVM
eGP ©® SVM Bagging eGP @ SVM Bagging
® SVM Schotastic ® SVM Schotastic
25 25
5) Training Testing
S 20 5201 ¢
2 2 ¢
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& % o . “
5 £ 5 e
]
0 0 T T T T
0 10 15 20 25 0 5 10 15 20 25
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@) (b)
Figure 7. The scatter graph represents the observed and predicted FS values using SVM, GP, and LR.
(a) Training; (b) Testing.
OLR @OSVM @GP @SVMBagging ®SVM Schotastic
10 —
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6
4
2
0

20 40 60 80 100 120 140 160 180

Dataset Number

Figure 8. Error comparison between SVM, GP, and LR, for FS.

Figure 9 represents the scatter plot for the observed and predicted compressive
strength values using SVM, GP, and LR. Table 7 indicate that the SVM model has the
greatest CC value for testing datasets for the compressive strength, i.e., 0.9450, as well as
the lowest error values, i.e., MAE (1.7305), RMSE (2.2908), RAE (28.46%) and RRSE (33.93%)
for the testing dataset. It can be seen from Figure 10 that the error band width is lesser in
SVM based model as compared to other applied model for the prediction of CS of concrete
mix. Figure 11 represents the scatter plot between no. of observation and ratio of actual and
predicted strength. It shows that SVM-Schotastic based model is reliable for compressive
strength prediction followed by SVM [64] as compared to GP model for flexural strength
because the values are more scatter in the ratio of actual and predicted flexural strength.
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In addition to the actual value, quartile values of 25%, 50%, and 75% were assessed for
the evaluation of FS and CS of concrete containing marble powder, as shown in Table 8.
The inter quartile range (IQR) of SVM-Schotastic and SVM Bagging is closer to the IQR of
real data, as seen in Figures 12 and 13 for FS and CS, respectively.

Table 8. Statistics of actual and predicted CS and FS values of testing dataset using various soft
computing techniques.

Investigated

Property Statistic GP LR SVM SVM Bagging SVM Schotastic  Actual
Minimum 1.60 4.83 1.43 1.49 0.88 0.89
Maximum 19.18 14.56 19.40 19.67 19.40 13.87
1st Quartile 4.01 4.83 3.59 4.19 3.72 3.82
Flexural Strength Mean 7.81 7.90 7.66 7.92 7.96 6.91
3rd Quartile 12.40 14.56 11.90 13.09 11.87 10.54
IQR 8.40 9.74 8.31 8.90 8.15 6.71
Minimum 8.85 12.50 8.85 9.23 8.80 9.56
Maximum 31.84 29.03 31.83 31.90 31.91 32.22
Compressive 1st Quartile 13.19 13.84 13.33 13.36 13.19 12.61
Strength Mean 19.00 18.84 18.72 18.68 18.83 18.71
3rd Quartile 26.37 27.89 26.06 25.66 26.66 24.55
IQR 13.17 14.05 12.73 12.29 13.46 11.94
T T T T
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Figure 12. Box plot between modelling techniques and FS (testing).
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7. Sensitivity Analysis

Using sensitivity analysis, the most significant factor among input factors for pre-
dicting the CS and FS with WMP was determined. Since GP and SVM-Schotastic model
performed the best among the other models for FS and CS for this dataset, sensitivity
analysis was carried out on it by changing the input combination and taking out one
input parameter at a time, as shown in Tables 9 and 10. Statistical assessment metrics
such as CC, MAE, and RMSE were used to assess each model’s performance [72-82].
Tables 9 and 10, demonstrates that the number of curing days followed by CA, C, w and
MP is critical in predicting the flexural and compressive strength of a concrete mix. Due to
the pozzolanic reactions, concrete recovers 60% of its strength after 7 days of curing and
increases by 99% after 28 days, resulting in a low CC value after removing the aforemen-
tioned characteristic [76-79]. The pozzolanic reaction is a slow process, and as the curing
period lengthens, the amount of gel produced in the mix increases, resulting in greater
strength [65]. Hydration products form when water is added to cement mixes, filling gaps
between aggregate particles and increasing the density and strength of the concrete.

Table 9. Sensitivity analysis results using a GP-based model for FS.

GP Based Model
Removed Parameter

CC MAE RMSE

- 0.8235 2.2808 2.8527

CD 0.0900 3.5782 4.2731

CA 0.8235 2.2808 2.8527

C 0.8251 2.2193 2.7812

w 0.8251 2.2193 2.7811

MP 0.8263 2.112 2.7555

FA 0.8335 2.1823 2.7226
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Table 10. Sensitivity analysis results using SVM-based model for CS.

SVM-Schotastic Based Model

Removed Parameter

CC MAE RMSE

- 0.9462 1.8104 2.3430
CD 0.0872 5.8869 7.2242
C 0.9440 1.8569 24131
W 0.9443 1.8504 2.4066
FA 0.9459 1.7980 2.3270
MmP 0.9461 1.7495 2.3227
CA 0.9462 1.8104 2.3430

8. Conclusions

This study compared the CS and FS using WMP by three machine learning techniques:
SVM, LR, and GP based models. CC, MAE, RMSE, RAE, and RRSE were applied to evaluate
the performance of these models. The following is a summary of the study’s findings:

The GP and SVM model’s results were shown to be the best for predicting concrete
flexural and compressive strength of concrete mix, respectively. For the testing dataset,
GP predicts better outcomes followed by SVM with CC values of 0.8235 and 0.8153, lower
MAE values of 2.2808 and 2.3456, and lower RMSE values of 2.8527 and 3.0367, respectively,
for flexural strength of concrete. SVM-Schotastic predicts better results with CC values
of 0.9462, lower MAE values of 1.8104 and lower RMSE values of 2.3430 for compressive
strength of concrete. The scatter plot reveals that the GP and SVM-Schotastic has the
smallest error band width and is a strong match for predicting flexural and compressive
strength as output, respectively.

In comparison to input factors for this data set, the number of curing days followed
by the CA, C, w and MP is essential in predicting the flexural and compressive strength
of a concrete mix for this data set. These findings are restricted to a 0-20% cement sand
substitute with marble powder. Additionally, CD is a more sensitive parameter, and some
further investigation is warranted. In addition, Tables 9 and 10 demonstrate that CA, C, FA,
MP and w have minimal effects on CC. This indicates that additional study is required to
examine the input variables.
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Abbreviations

ANFIs  Adaptive neuro-fuzzy inference system

Al Artificial intelligence
ANN Artificial neural networks
C Cement

CA Coarse aggregate

CcC Coefficient of correlation
CS Compressive strength
CD Curing days

FA Fine aggregate

FS Flexural strength

GP Gaussian Process

GMDH  Group method of data handling
LF Lime filler

LR Linear regression

MP Marble powder

MAE Mean absolute error
NNT Neural networks

RF Random Forest

RT Random tree

RAE Relative absolute error
RMSE  Root mean squared error
RRSE Root relative squared error
SG Specific Gravity

SVM Support vector machine

w Water

WMP Waste marble powder

WA Water absorption

References

1. Ali, B;; Yilmaz, E.; Tahir, A.R.; Gamaoun, F; El Ouni, M.H.; Rizvi, S.M.M. The durability of high-strength concrete containing
waste tire steel fiber and coal fly ash. Adv. Mater. Sci. Eng. 2021, 2021, 7329685. [CrossRef]

2. Alyousef, R.; Ali, B., Mohammed, A.; Kurda, R.; Alabduljabbar, H.; Riaz, S. Evaluation of mechanical and permeability
characteristics of microfiber-reinforced recycled aggregate concrete with different potential waste mineral admixtures. Materials
2021, 14, 5933. [CrossRef] [PubMed]

3. Hussain, I.; Ali, B.; Rashid, M.U.; Amir, M.T,; Riaz, S.; Ali, A. Engineering properties of factory manufactured paving blocks
utilizing steel slag as cement replacement. Case Stud. Constr. Mater. 2021, 15, €00755. [CrossRef]

4. Rid, Z.; Shah, S.; Memon, M.; Jhatial, A.A.; Keerio, M.A.; Goh, W.I. Evaluation of combined utilization of marble dust powder and
fly ash on the properties and sustainability of high-strength concrete. Environ. Sci. Pollut. Res. 2022, 29, 28005-28019. [CrossRef]

5. Cui, Y; Liu, J.; Wang, L.; Liu, R.; Pang, B. A model to characterize the effect of particle size of fly ash on the mechanical properties
of concrete by the grey multiple linear regression. Comput. Concr. 2020, 26, 175-183.

6.  Belaidi, A.S.E.; Azzouz, L.; Kadri, E.; Kenai, S. Effect of natural pozzolana and marble powder on the properties of self-compacting
concrete. Constr. Build. Mater. 2012, 31, 251-257. [CrossRef]

7. Khan, M.; Cao, M.; Hussain, A.; Chu, S.H. Effect of silica-fume content on performance of CaCO3; whisker and basalt fiber at
matrix interface in cement-based composites. Constr. Build. Mater. 2021, 300, 124046. [CrossRef]

8.  Khan, M,; Ali, M. Improvement in concrete behavior with fly ash, silica-fume and coconut fibres. Constr. Build. Mater. 2019,
203, 174-187. [CrossRef]

9.  Ghani, A,; Ali, Z.; Khan, FA ; Shah, S.R.; Khan, S.W.; Rashid, M. Experimental study on the behavior of waste marble powder as
partial replacement of sand in concrete. SN Appl. Sci. 2020, 2, 1554. [CrossRef]

10.  Ashish, D.K.; Verma, S.K.; Kumar, R.; Sharma, N. Properties of concrete incorporating sand and cement with waste marble
powder. Adv. Concr. Constr. 2016, 4, 145-160. [CrossRef]

11.  Sharma, N.; Thakur, M.S.; Goel, P.L.; Sihag, P. A review: Sustainable compressive strength properties of concrete mix with
replacement by marble powder. J. Achiev. Mater. Manuf. Eng. 2020, 98, 11-23. [CrossRef]

12. Marvila, M.T,; Alexandre, J.; de Azevedo, A.R.; Zanelato, E.B. Evaluation of the use of marble waste in hydrated lime cement

mortar based. . Mater. Cycles Waste Manag. 2019, 21, 1250-1261. [CrossRef]


http://doi.org/10.1155/2021/7329685
http://doi.org/10.3390/ma14205933
http://www.ncbi.nlm.nih.gov/pubmed/34683525
http://doi.org/10.1016/j.cscm.2021.e00755
http://doi.org/10.1007/s11356-021-18379-1
http://doi.org/10.1016/j.conbuildmat.2011.12.109
http://doi.org/10.1016/j.conbuildmat.2021.124046
http://doi.org/10.1016/j.conbuildmat.2019.01.103
http://doi.org/10.1007/s42452-020-03349-y
http://doi.org/10.12989/acc.2016.4.2.145
http://doi.org/10.5604/01.3001.0014.0813
http://doi.org/10.1007/s10163-019-00878-6

Materials 2022, 15, 5811 20 of 22

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gunjal, S.M.; Kondraivendhan, B. Usage of Waste Marble Powder for the Manufacture of Limestone Calcinated Clay Cement
(LCCCQ). In Sustainable Building Materials and Construction. Lecture Notes in Civil Engineering; Kondraivendhan, B., Modhera, C.D.,
Matsagar, V., Eds.; Springer: Singapore, 2022; Volume 222. [CrossRef]

Ahmed, K.; Nizami, S.; Raza, N.; Mahmood, K. Effect of micro sized marble sludge on physical properties of natural rubber
composites. Chem. Ind. Chem. Eng. 2013, 19, 281-293. [CrossRef]

Soliman, N.M. Effect of using marble powder in concrete mixes on the behavior and strength. Int. J. Curr. Eng. Technol. 2013,
3, 1863-1870.

Shirule, P.A.; Rahman, A.; Gupta, R.D. Partial replacement of cement with marble. Int. J. Adv. Eng. Res. Stud. 2012, 30, 2249.
Dhoka, M.C. Green Concrete: Using industrial waste of marble powder, quarry dust and paper pulp. Int. J. Eng. Sci. Invent. 2013,
2, 67-70.

Vaidevi, C. Engineering study on marble dust as partial replacement of cement in concrete. Indian J. Eng. 2013, 4, 14-16.
Aruntas, H.Y.; Guru, M.; Dayi, M.; Tekin, I. Utilization of waste marble dust as an additive in cement production. Mater. Des.
2010, 31, 4039-4042. [CrossRef]

Kelestemur, O.; Arici, E.; Yildiz, S.; Gokcer, B. Performance evaluation of cement mortars containing marble dust and glass fiber
exposed to high temperature by using taguchi method. Constr. Build. Mater. 2014, 60, 17-24. [CrossRef]

Topcu, I.B.; Bilir, T.; Uygunoglu, T. Effect of waste marble dust content as filler on properties of self-compacting concrete. Constr.
Build. Mater. 2009, 23, 1947-1953. [CrossRef]

Ashish, D K. Feasibility of waste marble powder in concrete as partial substitution of cement and sand amalgam for sustainable
growth. J. Build. Eng. 2017, 15, 236-242. [CrossRef]

Uysal, M.; Yilmaz, K. Effect of mineral admixtures on properties of self-compacting concrete. Cem. Concr. Compos. 2011, 33,
771-776. [CrossRef]

Hebhoub, H.; Aoun, H.; Belachia, M.; Houari, H.; Ghorbel, E. Use of waste marble aggregates in concrete. Constr. Build. Mater.
2011, 25, 1167-1171. [CrossRef]

Corinaldesi, V.; Moriconi, G.; Naik, T.R. Characterization of marble powder for its use in mortar and concrete. Constr. Build. Mater.
2010, 24, 113-117. [CrossRef]

Uysal, M.; Sumer, M. Performance of self-compacting concrete containing different mineral admixtures. Constr. Build. Mater. 2011,
25,4112-4120. [CrossRef]

Demirel, B. The effect of using waste marble dust as fine sand on the mechanical properties of the concrete. Int. J. Phys. Sci. 2010,
5,1372-1380.

Elyamany, H.E.; Abd Elmoaty, A.E.M.; Mohamed, B. Effect of filler types on physical, mechanical and microstructure of self
compacting concrete and flow-able concrete. Alex. Eng. . 2014, 53, 295-307. [CrossRef]

Talah, A.; Kharchi, F; Chaid, R. Influence of marble powder on high performance concrete behavior. Procedia Eng. 2015,
114, 685-690. [CrossRef]

Sharma, N.; Thakur, M.S.; Upadhya, A.; Sihag, P. Evaluating flexural strength of concrete with steel fibre by using machine
learning techniques. Compos. Mater. Eng. 2021, 3, 201-220. [CrossRef]

Thakur, M.S.; Pandhiani, S.M.; Kashyap, V.; Upadhya, A.; Sihag, P. Predicting Bond Strength of FRP Bars in Concrete Using Soft
Computing Techniques. Arab. J. Sci. Eng. 2021, 46, 4951-4969. [CrossRef]

Sobhani, J.; Najimi, M.; Pourkhorshidi, A.R.; Parhizkar, T. Prediction of the compressive strength of no-slump concrete:
A comparative study of regression, neural network and ANFIS models. Constr. Build. Mater. 2010, 24, 709-718. [CrossRef]
Sharma, N.; Upadhya, A.; Thakur, M.S.; Sihag, P. Comparison of Machine learning algorithms to evaluate Strength of Concrete
with Marble Powder. Adv. Mater. Res. 2022, 11, 75-90. [CrossRef]

Yaswanth, K.K.; Revathy, J.; Gajalakshmi, P. Artificial intelligence for the compressive strength prediction of novel ductile
geopolymer composites. Comput. Concr. 2021, 28, 55-68.

Gholamzadeh-Chitgar, A.; Berenjian, J. Elman ANNs along with two different sets of inputs for predicting the properties of SCCs.
Comput. Concr. 2019, 24, 399-412.

Biswas, R.; Bardhan, A.; Samui, P; Rai, B.; Nayak, S.; Armaghani, D.]. Efficient soft computing techniques for the prediction of
compressive strength of geopolymer concrete. Comput. Concr. 2021, 28, 221-232.

Kumar, A.; Rupali, S. Prediction of UCS and STS of Kaolin clay stabilized with supplementary cementitious material using ANN
and MLR. Adv. Comput. Des. 2019, 5, 195-207. [CrossRef]

Chore, H.S.; Magar, R.B. Prediction of unconfined compressive and Brazilian tensile strength of fiber reinforced cement stabilized
fly ash mixes using multiple linear regression and artificial neural network. Adv. Comput. Des. 2017, 2, 225-240.

Izonin, I.; Tkachenko, R.; Gregus, M.; Ryvak, L.; Kulyk, V.; Chopyak, V. Hybrid classifier via PNN-based dimensionality reduction
approach for biomedical engineering task. Procedia Comput. Sci. 2021, 191, 230-237. [CrossRef]

Izonin, I.; Tkachenko, R.; Duriagina, Z.; Shakhovska, N.; Kovtun, V.; Lotoshynska, N. Smart web service of ti-based alloy’s quality
evaluation for medical implants manufacturing. Appl. Sci. 2022, 12, 5238. [CrossRef]

Madandoust, R.; Bungey, ].H.; Ghavidel, R. Prediction of the concrete compressive strength by means of core testing using
GMDH-type neural network and ANFIS models. Comput. Mater. Sci. 2012, 51, 261-272. [CrossRef]

Ayat, H.; Kellouche, Y.; Ghrici, M.; Boukhatem, B. Compressive strength prediction of limestone filler concrete using artificial
neural networks. Adv. Comput. Des. 2018, 3, 289-302. [CrossRef]


http://doi.org/10.1007/978-981-16-8496-8_44
http://doi.org/10.2298/CICEQ111225062A
http://doi.org/10.1016/j.matdes.2010.03.036
http://doi.org/10.1016/j.conbuildmat.2014.02.061
http://doi.org/10.1016/j.conbuildmat.2008.09.007
http://doi.org/10.1016/j.jobe.2017.11.024
http://doi.org/10.1016/j.cemconcomp.2011.04.005
http://doi.org/10.1016/j.conbuildmat.2010.09.037
http://doi.org/10.1016/j.conbuildmat.2009.08.013
http://doi.org/10.1016/j.conbuildmat.2011.04.032
http://doi.org/10.1016/j.aej.2014.03.010
http://doi.org/10.1016/j.proeng.2015.08.010
http://doi.org/10.12989/cme.2021.3.3.201
http://doi.org/10.1007/s13369-020-05314-8
http://doi.org/10.1016/j.conbuildmat.2009.10.037
http://doi.org/10.12989/amr.2022.11.1.075
http://doi.org/10.12989/acd.2020.5.2.195
http://doi.org/10.1016/j.procs.2021.07.029
http://doi.org/10.3390/app12105238
http://doi.org/10.1016/j.commatsci.2011.07.053
http://doi.org/10.12989/acd.2018.3.3.289

Materials 2022, 15, 5811 21 of 22

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Deepa, C.; Sathiyakumari, K.; Preamsudha, V. Prediction of the compressive strength of high performance concrete mix using tree
based modeling. Int. J. Comput. Appl. 2010, 6, 18-24. [CrossRef]

Salcedo-Sanz, S.; Rojo-Alvarez, J.L.; Martinez-Ramon, M.; Camps-Valls, G. Support vector machines in engineering: An overview.
WIREs Data Min. Knowl. Discov. 2014, 4, 234-267. [CrossRef]

Goh, A.T.C.; Goh, S.H. Support vector machines: Their use in geotechnical engineering as illustrated using seismic liquefaction
data. Comput. Geotech. 2007, 34, 410-421. [CrossRef]

Breiman, L. Random forests. Mach. Learn. 2001, 45, 5-32. [CrossRef]

Moretti, F; Pizzuti, S.; Panzieri, S.; Annunziato, M. Urban traffic flow forecasting through statistical and neural network bagging
ensemble hybrid modeling. Neurocomputing 2014, 167, 3—7. [CrossRef]

Pham, B.T.; Van Phong, T.; Nguyen-Thoi, T.; Trinh, P.T.; Tran, Q.C.; Si Ho, L.; Singh, S.K.; Duyen, T.T.T.; Nguyen, L.T.; Le, H.Q.; et al.
GIS-based ensemble soft computing models for landslide susceptibility mapping. Adv. Space Res. 2020, 66, 1303-1320. [CrossRef]
Venclovsky, J.; étépének, P,; Lanikov4, I. Stochastic optimization of a reinforced concrete element with regard to ultimate and
serviceability limit states. In Recent Advances in Soft Computing and Cybernetics; Springer: Cham, Switzerland, 2021; pp. 157-169.
[CrossRef]

Rasmussen, C.E.; Williams, C.K.I. Gaussian Processes for Machine Learning; The MIT Press: Cambridge, UK, 2006.

ASTM D6913-04; Standard Test Methods for Particle Size Distribution of Soils. American Society for Testing of Materials:
West Conshohocken, PA, USA, 1992.

ASTM C 127; Test Method for Specific Gravity and Adsorption of Coarse Aggregate. American Society for Testing of Materials:
West Conshohocken, PA, USA, 1992.

ASTM C-128; Standard Test Method for Specific Gravity and Absorption of Fine Aggregate. American Society for Testing of
Materials: West Conshohocken, PA, USA, 1992.

ASTM C150/C150M-21; Standard Specification for Portland Cement. ASTM International: West Conshohocken, PA, USA, 2021.

ASTM C184-94e1; Standard Test Method for Fineness of Hydraulic Cement by the 150-pum (No. 100) and 75-pum (No. 200) Sieves
(Withdrawn 2002). ASTM International: West Conshohocken, PA, USA, 1994.

ASTM C187-16; Standard Test Method for Amount of Water Required for Normal Consistency of Hydraulic Cement Paste. ASTM
International: West Conshohocken, PA, USA, 2016.

ASTM C151/C151M-18; Standard Test Method for Autoclave Expansion of Hydraulic Cement. ASTM International: West Conshohocken,
PA, USA, 2018.

ASTM C188-17; Standard Test Method for Density of Hydraulic Cement. American Society for Testing and Material: West Conshohocken,
PA, USA, 2009.

ASTM C191-19; Standard Test Methods for Time of Setting of Hydraulic Cement by Vicat Needle. ASTM International: West Conshohocken,
PA, USA, 2019.

ASTM C109; Standard Test Method for Compressive Strength of 442 Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube
Specimens). 443. ASTM International: West Conshohocken, PA, USA, 2016.

ASTM D790-10; Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulation
Materials. ASTM International: West Conshohocken, PA, USA, 2019; pp. 19428-22959.

Nhu, V.H.; Shahabi, H.; Nohani, E.; Shirzadi, A.; Ansari, N.A.; Bahrami, S.; Miraki, S.; Geertsema, M.; Nguyen, H. Daily water
level prediction of zrebar lake (Iran): A Comparison between M5P, Random Forest, Random Tree and Reduced Error Pruning
Trees Algorithms. Int. J. Geo-Inf. 2020, 9, 479. [CrossRef]

Hoang, N.D.; Pham, A.D.; Nguyen, Q.L.; Pham, Q.N. Estimating compressive strength of high performance concrete with
gaussian process regression model. Adv. Civ. Eng. 2016, 2016, 2861380. [CrossRef]

Amlashi, A.T.; Alidoust, P.; Ghanizadeh, A.R.; Khabiri, S.; Pazhouhi, M.; Monabati, M.S. Application of computational intelligence
and statistical approaches for auto-estimating the compressive strength of plastic concrete. Eur. |. Environ. Civ. Eng. 2022,
26, 3459-3490. [CrossRef]

Suthar, M. Applying several machine learning approaches for the prediction of unconfined compressive strength of stabilized
pond ashes. Neural Comput. Appl. 2020, 32, 9019-9028. [CrossRef]

Afzal, A.; Khan, S.A ; Islam, T,; Jilte, R.D.; Khan, A.; Soudagar, M.E.M. Investigation and Back-Propagation Modeling of Base
Pressure at Sonic and Supersonic Mach Numbers. Phys. Fluids 2020, 32, 096109. [CrossRef]

David, O.; Okwu, M.O.; Oyejide, O.].; Taghinezhad, E.; Asif, A.; Kaveh, M. Optimizing Biodiesel Production from Abundant
Waste Oils through Empirical Method and Grey Wolf Optimizer. Fuel 2020, 281, 118701. [CrossRef]

Afzal, A; Saleel, C.A; Badruddin, I.A.; Khan, TM.Y.; Kamangar, S.; Mallick, Z.; Samuel, O.D.; Soudagar, M.E.M. Human Thermal
Comfort in Passenger Vehicles Using an Organic Phase Change Material-An Experimental Investigation, Neural Network
Modelling, and Optimization. Build. Environ. 2020, 180, 107012. [CrossRef]

Afzal, A.; Alshahrani, S.; Alrobaian, A.; Buradi, A.; Khan, S.A. Power Plant Energy Predictions Based on Thermal Factors Using
Ridge and Support Vector Regressor Algorithms. Energies 2021, 14, 7254. [CrossRef]

Afzal, A. Optimization of Thermal Management in Modern Electric Vehicle Battery Cells Employing Genetic Algorithm. J. Heat
Transf. 2021, 143, 112902. [CrossRef]

Afzal, A.; Navid, KM.Y,; Saidur, R.; Razak, RK.A.; Subbiah, R. Back Propagation Modeling of Shear Stress and Viscosity of
Aqueous Ionic—MXene Nanofluids. J. Therm. Anal. Calorim. 2021, 145, 2129-2149. [CrossRef]


http://doi.org/10.5120/1076-1406
http://doi.org/10.1002/widm.1125
http://doi.org/10.1016/j.compgeo.2007.06.001
http://doi.org/10.1023/A:1010933404324
http://doi.org/10.1016/j.neucom.2014.08.100
http://doi.org/10.1016/j.asr.2020.05.016
http://doi.org/10.1007/978-3-030-61659-5_14
http://doi.org/10.3390/ijgi9080479
http://doi.org/10.1155/2016/2861380
http://doi.org/10.1080/19648189.2020.1803144
http://doi.org/10.1007/s00521-019-04411-6
http://doi.org/10.1063/5.0022015
http://doi.org/10.1016/j.fuel.2020.118701
http://doi.org/10.1016/j.buildenv.2020.107012
http://doi.org/10.3390/en14217254
http://doi.org/10.1115/1.4052197
http://doi.org/10.1007/s10973-021-10743-0

Materials 2022, 15, 5811 22 of 22

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Mokashi, I.; Afzal, A.; Khan, S.A.; Abdullah, N.A.; Bin Azami, M.H,; Jilte, R.D.; Samuel, O.D. Nusselt Number Analysis from a
Battery Pack Cooled by Different Fluids and Multiple Back-Propagation Modelling Using Feed-Forward Networks. Int. |. Therm.
Sci. 2021, 161, 106738. [CrossRef]

Elumalai, P.V.; Krishna Moorthy, R.; Parthasarathy, M.; Samuel, O.D.; Owamah, H.I; Saleel, C.A.; Enweremadu, C.C.; Sreenivasa
Reddy, M.; Afzal, A. Artificial Neural Networks Model for Predicting the Behavior of Different Injection Pressure Characteristics
Powered by Blend of Biofuel-Nano Emulsion. Energy Sci. Eng. 2022, 10, 2367-2396. [CrossRef]

Veza, I; Afzal, A.; Mujtaba, M.A.; Tuan Hoang, A.; Balasubramanian, D.; Sekar, M.; Fattah, ILM.R.; Soudagar, M.EM,;
EL-Seesy, A.L;; Djamari, D.W.; et al. Review of Artificial Neural Networks for Gasoline, Diesel and Homogeneous Charge
Compression Ignition Engine: Review of ANN for Gasoline, Diesel and HCCI Engine. Alex. Eng. ]. 2022, 61, 8363-8391.
[CrossRef]

Bakir, H.; Agbulut, U.; Giirel, A.E.; Yildiz, G.; Giivenc, U.; Soudagar, M.E.M.; Hoang, A.T.; Deepanraj, B.; Saini, G.; Afzal, A. Fore-
casting of Future Greenhouse Gas Emission Trajectory for India Using Energy and Economic Indexes with Various Metaheuristic
Algorithms. . Clean. Prod. 2022, 360, 131946. [CrossRef]

Sharma, P; Said, Z.; Kumar, A.; NiZeti¢, S.; Pandey, A.; Hoang, A.T.; Huang, Z.; Afzal, A.; Li, C,; Le, A.T,; et al. Recent Advances
in Machine Learning Research for Nanofluid-Based Heat Transfer in Renewable Energy System. Energy Fuels 2022, 36, 6626—6658.
[CrossRef]

Sharma, J.; Soni, S.; Paliwal, P.; Saboor, S.; Chaurasiya, PK.; Sharifpur, M.; Khalilpoor, N.; Afzal, A. A Novel Long Term Solar
Photovoltaic Power Forecasting Approach Using LSTM with Nadam Optimizer: A Case Study of India. Energy Sci. Eng. 2022,
10, 2909-2929. [CrossRef]

Ziaee, O.; Zolfaghari, N.; Baghani, M.; Baniassadi, M.; Wang, K. A modified cellular automaton model for simulating ion
dynamics in a Li-ion battery electrode. Energy Equip. Syst. 2022, 10, 41-49.

Taslimi, M.S.; Maleki Dastjerdi, S.; Bashiri Mousavi, S.; Ahmadi, P.; Ashjaee, M. Assessment and multi-objective optimization of
an off-grid solar based energy system for a Conex. Energy Equip. Syst. 2021, 9, 127-143.

Sharifi, M.; Amidpour, M.; Mollaei, S. Investigating carbon emission abatement long-term plan with the aim of energy system
modeling; case study of Iran. Energy Equip. Syst. 2018, 6, 337-349.

Zare, S.; Ayati, M.; Ha'Iri Yazdi, M.R.; Kabir, A.A. Convolutional neural networks for wind turbine gearbox health monitoring.
Energy Equip. Syst. 2022, 10, 73-82.

Sabzi, S.; Asadi, M.; Moghbelli, H. Review, analysis and simulation of different structures for hybrid electrical energy storages.
Energy Equip. Syst. 2017, 5, 115-129.


http://doi.org/10.1016/j.ijthermalsci.2020.106738
http://doi.org/10.1002/ese3.1144
http://doi.org/10.1016/j.aej.2022.01.072
http://doi.org/10.1016/j.jclepro.2022.131946
http://doi.org/10.1021/acs.energyfuels.2c01006
http://doi.org/10.1002/ese3.1178

	Introduction 
	Machine Learning Techniques 
	Support Vector Machine (SVM) 
	Bagging 
	Stochastic 

	Gaussian Processes (GPs) 
	Linear Regression (LR) 

	Methodology 
	Collection of Data 
	Experimental Investigation 
	Aggregate 
	Cement 
	Marble Powder 
	Mix Design 
	Data Collection 


	Evaluation Parameters 
	Result and Discussion 
	SVM Based Assessment 
	GPs Based Assessment 
	LR Based Assessment 

	Comparison 
	Sensitivity Analysis 
	Conclusions 
	References

