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Abstract: The aim of this article is to predict the compressive strength of environmentally friendly
concrete modified with eggshell powder. For this purpose, an optimized artificial neural network,
combined with a novel metaheuristic shuffled frog leaping optimization algorithm, was employed
and compared with a well-known genetic algorithm and multiple linear regression. The presented
results confirm that the highest compressive strength (46 MPa on average) can be achieved for mix
designs containing 7 to 9% of eggshell powder. This means that the strength increased by 55%
when compared to conventional Portland cement-based concrete. The comparative results also show
that the proposed artificial neural network, combined with the novel metaheuristic shuffled frog
leaping optimization algorithm, offers satisfactory results of compressive strength predictions for
concrete modified using eggshell powder concrete. Moreover, it has a higher accuracy than the
genetic algorithm and the multiple linear regression. This finding makes the present method useful
for construction practice because it enables a concrete mix with a specific compressive strength to be
developed based on industrial waste that is locally available.

Keywords: eggshell powder concrete; bio-waste material; mechanical properties; artificial neural
network; shuffled frog leaping optimization algorithm

1. Introduction

During the past decade, many countries have focused on various aspects of cleaner
production, including the partial reduction of cement when producing concrete [1–3].
The partial replacement of cement is nowadays a crucial requirement for sustainable
development in the construction industry. Previous literature has presented the use of
a wide range of different materials as a partial replacement for cement. Fly ash [4,5],
rice husk ash [6,7], palm oil fuel ash [8,9], nano-silica [10,11], and pumice powder [12,13]
are some of the replacement materials used in the concrete industry. The utilization of
supplementary cementitious materials (e.g., fly ash, rice husk ash, palm oil fuel ash, nano-
silica, pumice powder, metakaolin) has had a very positive impact regarding the protection
of the environment [14].
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Reusing industrial and agricultural waste as an alternative building material signif-
icantly improves sustainability in the building sector [15,16]. Nevertheless, the calcium
oxide (CaO) content of such material is low, consequently meaning that low-strength
concrete products are produced. Among biowastes, eggshells (ES) [17,18], lime [19], sludge
furnace [20,21], and oyster shells [22] contain some amounts of calcium in their composition.

Eggshell (ES) is an environmentally friendly biowaste material that can be utilized
for cost-effective construction. Since 1999, ES has been widely employed for its calcium
for calcium phosphate synthesis applications [17,23]. The food industry is the leading
producer of ES. The waste is predominantly transferred to open landfill sites without any
treatment, which increases the likelihood of health and environmental hazards because of
toxic gas emissions. Eggshell powder can be easily ground into small particles because the
process of producing eggshell powder consists of washing, drying, grinding, and sieving.

The physical, mineral, and chemical characteristics of eggshell powder differ from
those of cement. Hemalatha et al. [24] combined ES with high-volume fly ash (HVFA) to
improve the low strength of FA concrete. The calcium carbonate (CaCO3) in the ES was
extracted, which in turn accelerated the hydration in the FA concrete. Incorporating CaCO3
in HVFA concrete causes carbo-aluminates to be formed, which result from the interaction
of the carbonate ion from the Calcium-chloro (CC)with the aluminate hydrate from the
Portland cement hydration [25,26]. The existing CaCO3 enhances compressive strength
because of the stabilization of ettringite and mono-carbonate [27,28].

Concrete modified with eggshell has low radioactive permeability. Binici et al. [29]
investigated eggshell powder as a protection layer for buildings against the effects of
external radiation. Such concrete products can be utilized as radiation insulators in walls.
The results revealed that eggshell powder in various proportions reduces the compressive
and flexural strengths of mortar at all curing ages.

Eggshell powder and cement are similar in their CaCO3 content. Ashok et al. [30]
reported that typical eggshells contain 90.5% calcium carbonate, 6.8% calcium hydroxide,
and 0.7% calcium oxide. The large share of calcium carbonate in eggshells makes them a
biocompatible material. Eggshells have impressive physical and mechanical properties (i.e.,
compressive strength, tensile strength, and low water absorption) [6]. Pliya and Cree [31]
studied the properties of white and brown chicken eggs as a replacement for conventional
limestone in cement mortars. They established that adding limestone materials to concrete
affected its compressive and flexural strengths due to the formation of additional S–C–H
gels. Oluwatuyi et al. [32] scrutinized ES as a potential stabilizing material for subgrade
soil in highway constructions. Mabah et al. [33] found that recycling eggshell powder and
rice husk ash (RHA) to produce an additive for concrete products substantially improves
the microstructural and mechanical properties of geopolymers. Jhatial et al. [34] enhanced
the pozzolanic reaction with POFA and cement by utilizing eggshell powder in order
to increase CaO levels. Amu et al. [35] studied the suitability of eggshell powder as a
stabilizer for improving the properties of soil. Hassan et al. [18] studied uncarbonized
and carbonized eggshell particulates in polyester composite, and computed their ten-
sile, flexural, compressive, density, impact, and hardness properties. K. Nandhini and
J. Karthikeyan [36] investigated self-compacting high-performance concrete containing
eggshell powder as a partial cement replacement. They replaced ordinary Portland cement
(OPC) with 10%, 20%, and 30% of eggshell powder. The workability tests showed that
10% of eggshell powder-blended-SCC offered higher flowability, and also that the flowing
time through a V-funnel consumed a lot of time for large contents of eggshell powder. A
higher eggshell powder content resulted in a higher blocking ratio. An examination of
the resulting concrete showed that a higher eggshell powder content reduced both the
compressive and flexural strength properties.

The compressive strength of concrete is the most common performance measure
used by engineers when designing buildings and structures. Compressive strength tests
are generally carried out 7–28 days after concrete casting, which in turn leads to delays
in the construction process. Failure to perform concrete strength tests may later cause
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complications, especially in the case of large and complex structures. Therefore, a reliable
and fast prediction of compressive strength is essential for quality control, even in the
design phase. In addition, the early prediction of compressive strength is important
for project scheduling, estimating the time needed to open the concrete formwork, and
quality control.

Due to the fact that the relationship between compressive strength and the components
of a mix is non-linear (mainly because of its heterogeneous characteristics), mathematical
modeling methods have become very complicated. Moreover, the existing empirical
equation in international standards estimates compressive strength based on experimental
tests. In turn, there has been a lot of research conducted that concerns estimating the
compressive strength of concrete produced with industrial byproducts. Since adjusting
the composition of a mix is important for optimizing the mechanical properties, cost, and
sustainability of concrete made by industrial byproducts, a significant amount of research
has been carried out using experimental tests, in turn causing a loss of resources, materials
and time. Therefore, a novel modeling system that is not dependent on experimental
tests, but which is able to estimate compressive strength with a high accuracy, should
be developed.

In recent years, artificial intelligence (AI) systems have been increasingly used for
solving regression and classification problems. This is due to the fact that more reliable
results are obtained than when using conventional methods [37–45]. AI systems have gen-
erally shown a lot of potential for solving real-life tasks, particularly non-linear problems.
Material science has been a field of significant growth through the application and testing of
novel computational models that are able to estimate the mechanical properties of concrete
mixtures. Considering the concrete industry, where a minimum of three specimens should
be tested at each selected age to measure compressive strength, AI based models can help
to avoid the use of such destructive tests. AI-based models allow for the processing of
raw experimental data and the identification of the functional relationships between them,
even when these relationships are unknown and difficult to identify. These models may be
used to estimate the compressive strength of concrete that contains by-products/waste. In
the case of large and diverse databases, AI-based models can be used as a reliable tool to
validate and verify the existing empirical models that are used in international standards.
Table 1 illustrates the most commonly used learning algorithms applied by researchers to
estimate the compressive strength of various types of mix designs.

Table 1. Commonly used learning algorithms applied by several researchers to estimate compressive strength.

Type of Learning Algorithm
Admixture and Concrete Feature

Below 60 MPa Over 60 MPa

Levenberg-Marquardt

Kostic and Vasovic (2015) [46];
Basic Concrete

Asteris et al. (2021) [47]; Cement Mortar
Tanyildizi (2018) [48]; Carbon

Fiber-Reinforced Lightweight Concrete
Liang et al. (2018) [49]; Basic Concrete

Ghafari et al. (2015) [50]; Ultra High
Performance Concrete

Chitra et al. (2016) [51]; High
Performance Concrete

Broyden-Fletcher-Goldfarb-Shanno Kao et al. (2018) [52]; Pozzolanic Concrete –

Genetic Algorithm
Nikoo et al. (2015) [53]; Basic Concrete
Yuan et al. (2014) [54]; Basic Concrete

Heidari et al. (2017) [55]; Green Concrete

Cheng et al. (2014) [56]; High
Performance Concrete

Gene Expression Programming

Kiani et al. (2016) [57]; Preformed-Foam
Cellular Concrete

Hadianfard and Jafari (2016) [58];
Lightweight Aggregate Concrete

–
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Table 1. Cont.

Type of Learning Algorithm
Admixture and Concrete Feature

Below 60 MPa Over 60 MPa

Bayesian Paul et al. (2018) [59];
Recycled Aggregate –

Grey Wolves Mahdi Shariati et al. (2020) [60];
Green Concrete

Behnood et al. (2018) [61]; Silica
Fume Concrete

Firefly Algorithm – Bui et al. (2018) [62]; High Performance
Concrete

Particle Swarm Optimization Tsai et al. (2016) [63]; Basic Concrete –

Imperialist Competitive Algorithm Sadowski et al. (2018) [64]; Basic Concrete –

Model Tree Algorithm – Behnood et al. (2017) [65]; High
Performance Concrete

Whale Optimization Algorithm Dieu Tien Bui et al. (2019) [66];
Basic Concrete

As is indicated in the literature, far too little research has been done on the applica-
tion of ES in concrete as a source of cement replacement. At the first stage of the current
research, the physical and chemical properties of ES, and the properties of the resulting
concrete products made from the biowaste, are examined. In addition, to find the optimum
percentage of ES in concrete, 16 different mix designs containing various percentages
of ES (substituting cement by 0.01% to a maximum of 15%) were prepared, with their
compressive strength being tested at different ages. Over the years, several experimental
studies have been carried out to examine the effect of eggshell powder on the mechanical
properties of concrete. However, there is still a lack of systematic research about using
AI approaches to predict the compressive strength of eggshell powder mix designs. The
reliable prediction of compressive strength can save time and reduce cost by rapidly gen-
erating the required design data. Therefore, in the second phase of the research, using
the experimental test database thus generated, an optimized artificial neural network
(ANN) combined with the shuffled frog-leaping algorithm (SFL-ANN) was developed to
estimate the compressive strength of mix designs. In recent years, SFL-ANN have been ap-
plied toward different engineering problems, including soil shear strength simulation [67],
predicting river streamflow time series [68], and optimal design of truss structures [69].
This study therefore contributes to current research concerning estimating compressive
strength of concrete, because it presents the use of a novel biowaste material for sustainable
development in the construction industry. The resulting product offers several benefits,
including environmental-friendliness, the reduction of cement usage, and thus, a decrease
in energy consumption and greenhouse emissions.

2. Properties of Eggshell Powder

Eggshell is an inorganic material containing three different layers—mammillary, cal-
careous, and cuticle. Eggshells largely encompass CaCO3 (almost 94% of its total weight),
organic matter (about 4%), calcium phosphate (around 1%), and magnesium carbonate
(about 1%) [70]. Using XRF analysis, Mabah et al. [71] studied the chemical composition
of eggshell powder and found that CaO (93.2%) holds the highest percentage among the
constituents. According to Okonkwo [72], ESs constitute about 93.70% CaCO3, 4.20%
organic matter, 1.30% magnesium carbonate, and 0.8% calcium phosphate by weight.
Bashir et al. [73] reported the chemical composition of eggshell powder as 94%, 1%, and 1%
of CaCO3, CaPO4, and MgCO3, respectively. Moreover, according to Babu and Neeraja [74],
a boiled ES mixture comprises roughly 79% and 19% of CaO and SiO2, respectively. Table 2
summarizes the chemical analysis of eggshell powder using the XRF method.
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Table 2. The chemical analysis of eggshell powder using the XRF method.

Compositions Weight Percentage Compositions Weight Percentage

Na2O 0.32 MgO 0.74
S 0.2 K2O 0.06

SrO 0.2 SiO2 18.09
CaO 54.89 P2O5 0.31

Fe2O3 0.04

Table 3 summarizes the chemical properties of the Portland cement type I used in this
study (Khuzestan Cement Company, Khuzestan Province, Iran). The ordinary Portland
cement used in this study (Type I) has a surface area between 3000 and 3500 cm2/g.
The ASTM specifies a minimum surface area of 2800 cm2/g (as determined by the air
permeability test, i.e., Blaine) for all types of Portland cement. Jhatial et al. [23] concluded
that the fineness of eggshell powder has a significant influence on the compressive strength
of concrete. They stated that 50-micron eggshell powder performed better in compressive
strength development over the curing period.

Table 3. Average chemical composition of Portland cement type I.

Compositions (wt%)

CaO SiO2 Al2O3 Fe2O3

63.8 22.1 5.0 3.0

The physical properties of ES vary according to the origin of the egg from which it
comes. Eggshell powder specific gravity is less than cement, and ranges between 3.15
and 3.18 [75]. The physical properties of eggshell powder vary significantly, depending
on its source, preparation, and fineness grade. Earlier studies examined the properties of
eggshell powder and determined a 0.85 to 2.66 range for specific gravity [76]. In turn, the
bulk density of eggshell powder varies between 700 to 2088 kg/m3, while that of cement
ranges between 1000 and 1300 kg/m3 [77].

3. Mixing Proportions of Concrete Containing Eggshell Powder

To examine the compressive strength of concrete samples made using different per-
centages of eggshell powder as a substitute for cement, cubic samples with dimensions of
“10 cm × 10 cm × 10 cm” were used. The evaluation of the mechanical properties of the
specimens, the analysis of the fresh concrete’s slump, and the analysis of the compressive
strength of the concrete after 3, 7, 14, 28, 90 and 180 days were performed according to
ASTM C 143 [78] and ASTM C 39 [79] guidelines, respectively. To prepare the concrete
mixes, the calculated amounts of cement, eggshell powder, and fine and coarse aggregates
were weighted and mixed for more than 60 s. Water was then added, and the mixing was
continued for 180 s. Figure 1 shows the mixing, casting, slump test, and compressive test
process of this particular mix design.

The concrete mix, prepared with 100% OPC and natural aggregates, was adopted as
the control sample in order to evaluate the performance of the eggshell powder modified
concrete. In the eggshell powder modified mix designs, the eggshell powder was used to
replace the cement by 1% to a maximum of 15%, with an incremental ratio of 1%, as shown
in Table 4. The water to cement ratio was fixed to 0.45 for all the mix designs.
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Figure 1. The casting and testing of the mechanical properties concrete modified with eggshell
powder: (a) mix design, (b) mixing the concrete, (c) casting the concrete in a mold, (d) slump test,
and (e) compressive strength test.

Table 4. Concrete mix design.

Mix
Design Cement (kg/m3)

Eggshell
Powder (kg/m3)

Fine Aggregate
(kg/m3)

Coarse Aggregate
(kg/m3)

Control 450 0 563 672
1 445.5 4.5 563 672
2 441 9 563 672
3 436.5 13.5 563 672
4 432 18 563 672
5 427.5 22.5 563 672
6 423 27 563 672
7 418.5 31.5 563 672
8 414 36 563 672
9 409.5 40.5 563 672

10 405 45 563 672
11 400.5 49.5 563 672
12 396 54 563 672
13 391.5 58.5 563 672
14 387 63 563 672
15 382.5 67.5 563 672

4. Test Results

Figure 2 shows the slump test results for all the studied mix designs. The results
indicate that although the slump was remained constant when substituting cement with 1
to 3% of eggshell powder, the slump was increased for the replacement of eggshell powder
beyond 4%. The highest decrease was recorded for the specimens containing 14 and 15%
of eggshell powder (12.5 cm), while the average slump was recorded for the specimens
containing 4 to 15% of eggshell powder is 10.5 cm. Such a slump is suitable for many
applications in the concrete construction industry, including columns and walls.
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Figure 2. Slump results for all the mix designs.

Figure 3 depicts the compressive strength values of all the mix designs investigated in
this study. The specimens were tested after curing for 3, 7, 14, 28, 90, and 180 days. The
results indicated that the highest compressive strength was achieved by the mix containing
7 to 9% of eggshell powder (an average of 46 MPa). This means that the obtained strength
was 55% higher than that of the reference specimen. The lowest compressive strength
among the eggshell powder modified concretes was achieved by the mix designs containing
1 and 15% of eggshell powder (34.4 and 30.9 MPa, respectively). Moreover, in the case of the
specimens containing 10 to 15% of eggshell powder, the average compressive strength was
recorded to be equal to 38 MPa. Overall, the results confirm that in all cases the eggshell
powder modified concrete provided higher compressive strength when compared to the
control specimen.
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5. Developing the Model to Estimate Compressive Strength

In order to develop a reliable model for estimating compressive strength, it is necessary
to explain the physical phenomena, key mechanical parameters and mechanisms that occur
in the binder. Conventional approaches for modeling and optimizing complex structure sys-
tems and problems require enormous amounts of computing resources, while ANN-based
solutions can regularly provide alternatives for efficiently solving problems. Concrete is a
non-linear material; therefore, there exists a complicated relationship between the various
factors influencing the properties of the mix. Therefore, to predict compressive strength,
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conventional approaches such as regression analysis are unreliable. Such issue motivates
many studies concerning artificial intelligence (AI) in evolutionary or hybrid systems to
develop a reliable and effective model that can predict concrete compressive strength.

This study investigates the development of an information model based on a hybrid
ANN coupled with the metaheuristic shuffled frog leaping optimization algorithm (SFL-
ANN). An ANN is a data processing system that learns from experience and which can
generalize its knowledge to new data that is unfamiliar to the model [80,81]. Inspired by
the structure of the biological brain, an ANN comprises a group of neurons that operate
locally to solve a particular problem. Neural networks acquire knowledge through learning
via a simplified human brain-like approach in customary computations that capture the
underlying mechanisms in a dataset. The multilayer feed-forward network used in this
study is a reliable and commonly used ANN architecture. The multilayer feed-forward
network comprises three types of layers, including the input layer (the model’s point of
data entry), the hidden layer(s) (in which data processing takes place), and the output
layer (though which the network delivers the output results). Every layer comprises a
set of nodes denoted as neurons. These neurons are connected to other neurons from the
preceding and succeeding layers. The output and the hidden-layer neurons are comprised
of three parts: activation function, weights, and biases. Nonlinear sigmoid functions
(logsig, tansig) and linear functions (poslin, purelin) are among the most frequently used
activation functions [82]. Training algorithms aim to optimize the weight and bias values
by minimizing the error function. The backpropagation (BP) algorithm is one of the most
reliable and widely used ANN training algorithms [83,84].

5.1. Short Description of the Shuffled Frog-Leaping Algorithm (SFLA)

The SFLA algorithm is founded on the memetic evolution, which is inspired by
an army of frogs searching for food. It combines the qualities of the social intelligence-
based PSO algorithm and the genetic evolution-based memetic algorithm. In the SFLA, a
population of frogs denotes a set of probable solutions. The frog group is broken down into
several memeplexes, each representing a diverse culture. Knowing that frogs are inclined
to encircle the finest frog, which might be a local optimum, some of the members of a
memeplex are classified as a sub-memeplex in order to circumvent their convergence to
the local optimum. The frog with the weakest position must evolve. The memeplexes are
shuffled as a population after a specific number of memetic iterations. The local search
and shuffling procedure continue until the solution satisfies the needed index, or until the
evolution generations are completed.

The implementation flow of the SFLA is shown in Figure 4.
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5.2. The Preparation of Training and Testing Data Sets

A dataset consisting of 15 mix designs was developed, as discussed in Section 3, to
investigate the compressive strength of the modified concrete containing different percent-
ages of eggshell powder at different ages (varying from 1 to 180 days). The independent
input parameters are the following: eggshell powder content; cement content; curing age;
and slump, which form a 4× 1 matrix, while the dependent output parameter (compressive
strength (fc’)) is a scalar value (1 × 1 matrix). The minimum and maximum values for each
input variable are presented in Table 5.

Table 5. Input and output variable properties.

Statistical Index Unit Type Max Min Average STD

Eggshell Powder
(ESP) Content kg/m3 Input 67.5 0.0 33.8 20.9

Cement Content kg/m3 Input 450.0 382.5 416.3 20.9
Curing Age Day Input 180.0 3.0 53.7 63.9

Slump cm Input 12.5 7.3 7.9 2.9
fc’ MPa Output 48 15.5 30.7 8.3
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In statistics, any statistical relationship, whether causal or not, between two random
variables is called a correlation or dependency. In the broadest sense, a correlation refers to
the degree to which a pair of parameters are linearly associated. A correlation matrix is a
table that provides the correlation coefficients among the various input variables. Figure 5
shows the correlation matrix developed for the input variables in this study. A correlation
matrix is a table showing correlation coefficients between variables. Each cell in the table
shows the correlation between two variables. A correlation matrix is used to summarize
data, as an input into a more advanced analysis, and as a diagnostic for advanced analyses.
The line of 1.00 s going from the top left to the bottom right is the main diagonal, which
shows that each variable always perfectly correlates with itself. Considering the range of
data for each variable, and in order to avoid any divergence in the results, the variables
were initially normalized within the −1 to 1 range using:

Xn =
2(X− Xmin)

Xmax − Xmin
− 1 (1)

where X is the non-normalized value of the variable; Xn is its normalized value in the
[−1, 1] range, and Xmax and Xmin are its maximum and minimum values, respectively.
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Figure 5 indicated that (i). cement and ESP are negatively correlated with a value
of −1; (ii). ESP and cement have the greatest influence on slump compared to other
parameters; (iii). The curing parameter has the most effect on the compressive strength
of concrete and is in line with it in terms of vector, but the cement parameter has the least
effect and in terms of vector in the opposite direction.

Since the statistical behavior of the output parameter (compressive strength) should
be evaluated, a distribution plot was constructed, as shown in Figure 6. The “bell curve”
shown in Figure 6 originates from the fact that the graph used to depict a normal distribu-
tion consists of a symmetrical bell-shaped curve. This plot reveals that the compressive
strength was mainly distributed in the range of 25 MPa to 35 MPa.
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A trial-and-error method is often used to obtain the most efficient ANN model archi-
tecture that best reflects the characteristics of the experimental test data. In the present
study, the hidden layers’ neurons are determined according to Equation (2) [85]:

NH ≤ min
(

2NI + 1;
NTR

NI + 1

)
(2)

where NH denotes the number of neurons in the hidden layers, NI is the number of input
variables, and NTR is the number of training samples in the database.

Considering that we have four input variables, the mentioned Equation computed
less than nine neurons for the hidden layers. Therefore, several networks with different
topologies, with a maximum of two hidden layers and 9 neurons at each hidden layer, were
trained and examined in this study. We utilized the hyperbolic tangent transfer function
and the Levenberg–Marquardt training algorithm for all the networks. Moreover, the
statistical indices, including the average absolute error (AAE), coefficient of determination
(R2), variance account factor (VAF), and MSE, which are expressed in Equations (3)–(6),
were employed to assess the efficiency of the various topologies:

AAE =

∣∣∣∑n
i=1

(Oi−Pi)
Oi

∣∣∣
n

(3)

R2 =
∑n

i=1(yi(model)−y(Actual))

∑n
i=1(y(Actual) − y(Actual))

(4)

VAF =

[
1− var(Oi − Pi)

var(Oi)

]
(5)

RMSE =

[
1
n

n

∑
i=1

(Pi −Oi)
2

] 1
2

(6)

In total, 12 different network topologies were examined. It was found that the network
with a topology that consists of 4–4–3–1-layer architecture obtained the lowest values
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of errors for MSE and AAE, and the highest values of VAF. This network is the best for
estimating the output parameters (compressive strength)—as shown in Table 6. The ANN
used in this study was the Newff Feed Forward, where 70% of the experimental data was
assigned to training, with the remaining 30% being used for network testing.

Table 6. Statistics related to 12 ANNs (the SFLA algorithm-training and testing data).

Num. Hidden
Layer 1

Hidden
Layer 2

Train Test

MSE AAE VAF MSE AAE VAF

1 3 3 0.005 0.002 92 0.013 0.003 86

2 3 4 0.028 0.033 53 0.042 0.029 53

3 3 5 0.027 0.044 55 0.042 0.037 52

4 4 3 0.006 0.013 94 0.008 0.036 94

5 4 4 0.004 0.000 94 0.012 0.009 87

6 4 5 0.005 0.007 92 0.014 0.009 85

7 5 3 0.027 0.038 54 0.045 0.034 50

8 5 4 0.008 0.003 87 0.013 0.008 86

9 5 5 0.007 0.036 90 0.018 0.026 82

10 6 3 0.026 0.039 56 0.055 0.025 39

11 6 4 0.005 0.011 92 0.009 0.040 92

12 6 5 0.012 0.008 81 0.031 0.031 70

Figure 7 illustrates the proposed 4–4–3–1 topology of the feed-forward neural network
with two hidden layers, four input variables (neurons), and one output parameter.
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The SFLA optimization algorithm was used to provide the least prediction error for
the trained structure and to optimize the ANN’s weights and biases. The properties of the
SFLA algorithm’s parameters are given in Table 7 [86].

Table 7. Shuffled frog-leaping algorithm.

Parameter Value Parameter Value

Memeplex Size 7 Number of Parents 2
Number of

Memeplexes 3 Number of Offspring 3

Population Size Memeplex Size × Number of
Memeplexes

Maximum Number of
Iterations 5
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5.3. Multiple Linear Regression and Genetic Algorithm Models

To validate the proposed hybrid SFLA-ANN model used in this study, a multiple
linear regression (MLR) model and a genetic algorithm combined with an ANN (GA-ANN)
were also developed. In an MLR model, two or more independent variables significantly
affect the dependent variable, as shown in the following Equation:

y = f (x1, x2, . . .)→ y = a0 + a1x1 + a2x2 + . . . (7)

where y is a dependent variable; x1, x2, . . . , are independent variables, and a1, a2, . . . are
coefficients of the Equation.

The following Equation shows the most suitable coefficients for the MLR model for
estimating the overall deflection of the studied specimens.

compressive strength = 200.5− 0.293× ESP + 0.001× Cement + 0.8839× Curing age + 8.75× Slamp (8)

A genetic algorithm combined with an ANN (GA-ANN) was implemented for the
second evaluation. Its characteristics are summarized in Table 8.

Table 8. Characteristics of the genetic algorithm combined with an ANN (GA-ANN).

Parameter Value

Max Generations 100
Recombination (%) 15

Lower/Upper Bound [−1, 1]
Crossover (%) 50

Crossover Method Single Point
Selection Mode 1
Population Size 150

5.4. Comparison of the Accuracy of Informational Models

Figure 8 shows the comparison between the actual experimental data and the results
obtained on the basis of the developed models: SFLA-ANN, MLR and GA-ANN. The
figure also indicates that the hybrid SFLA-ANN model provided more reliable estimations
of the overall deflection of RC beams when compared to that of the international standards
and the MLR and GA-ANN models.

Table 9 shows the statistical metrics for all the informational models in the case of
the training and testing of all the data. The results indicate that the proposed hybrid
SFLA-ANN model yielded the most reliable results for the compressive strength estimation
of eggshell powder modified concrete. The maximum values of the VAF and average of the
hybrid SFLA-ANN model were closest to unity, indicating its robust predictive capability.

Table 9. Statistics of the developed models.

Model
Train Test All

Average STD COV AAE VAF% Average STD COV AAE VAF% Average STD COV AAE VAF%

SFLA-ANN 1.01 0.07 0.07 0.01 0.94 1.04 0.08 0.08 0.03 0.94 1.02 0.07 0.07 0.06 0.93
GA-ANN 1.00 0.114 0.11 0.08 0.77 1.03 0.09 0.09 0.06 0.90 1.01 0.11 0.1 0.08 0.80

MLR 0.99 0.17 0.18 0.14 0. 54 1.01 0.21 0.21 0.18 0.54 0.97 0.18 0.18 0.15 0.53
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When analyzing the histogram, it can be seen that the distribution of the SFLA-ANN
hybrid model is less dispersed than in the case of the GA-ANN and MLR models. In
addition, the COV and STDEV values, which were determined for the SFLA-ANN model,
are equal to 0.077 and 0.079, respectively (Figure 9). The low StDev estimated by the
proposed SFLA-ANN model indicates that the CSexp/CS theoretical values tend to be close
to the mean and less spread out over a wider range.
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Figure 10 shows another visual representation (Taylor diagram) of the comparison of
the performance of the hybrid SFLA-ANN model against the other information models.
This diagram depicts a graphical illustration of the adequacy, based on the centered root-
mean-square (RMS) difference, StDev, and correlation coefficient, of each of the investigated
models. The results indicate that the best prediction of compressive strength can be
obtained in the case of the SFLA-ANN model. The MLR model resulted in higher values of
the root mean-square-centered difference and StDev, indicating the rather low accuracy of
the model in estimating the experimental data when compared to the GA-ANN model.
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6. Concluding Remarks

This study examined the mechanical properties of concrete modified with eggshell
powder. By following existing literature and by performing an electron microscopy test,
the chemical and physical properties of eggshell powder were examined. Subsequently,
in order to find the optimum percentage of eggshell powder in concrete, 16 different
mix designs containing various percentages of eggshell powder were prepared, and their
compressive strengths were tested at different ages. The eggshell powder substituted the
cement by 0.01% to a maximum of 15%. Finally, using the experimental test database
thus generated, an optimized artificial neural network (ANN) combined with the shuffled
frog-leaping algorithm (SFLA-ANN) was developed to estimate the compressive strength
of the mix designs. The most important findings of the conducted research include:

1. The highest slump (12.5 cm) was recorded for the mix design containing 14 and 15%
of eggshell powder, while the average slump for the specimens containing 4 to 15%
of eggshell powder was 10.5 cm.

2. The highest compressive strength was achieved for the mix containing 7 to 9% of
eggshell powder (an average of 46 MPa at the age of 28 days); this result is 55% higher
than that of the control specimen. However, the lowest compressive strength among
the eggshell powder modified concretes was achieved by the mix designs containing
1 and 15% of eggshell powder-34.4 and 30.9 MPa, respectively. Such results are in
compliance with those of Yerramala [75], who concluded that a 5% ESP replacement
would be optimal for obtaining the maximum compressive strength in concrete.
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3. Various statistical metrics were deployed to compare the actual compressive strength
of eggshell powder modified concrete with the corresponding values predicted by
the diverse information models. The results confirmed that the proposed SFLA-ANN
model attained the most reliable and robust results for determining the compressive
strength of eggshell powder modified concrete.

4. The obtained histogram of the test-to-prediction ratios indicated that the SFL-ANN
model is better fitted and less dispersed than the other models. Such a result indicates
that the proposed information model can achieve a more accurate, safer, and more
reliable estimation of the compressive strength of eggshell powder modified concrete.

5. It is recommended to compare the life cycle of eggshell powder modified concrete
against OPC-based concrete. The boundary of the cradle-to-gate system should be
extended to include the mechanical and durability properties of mix designs. By using
this approach, not only is the impact of material manufacturing accounted for, but the
impacts of service life are also incorporated in the life cycle assessment criteria.

Author Contributions: Conceptualization, S.V.R.T., I.F., C.B., Ł.S., N.A., M.N.; methodology, S.V.R.T.,
I.F., C.B., Ł.S., N.A., M.N.; formal analysis, S.V.R.T., I.F., C.B., Ł.S., N.A., M.N.; writing—original
draft preparation, S.V.R.T., I.F., C.B., Ł.S., N.A., M.N., T.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data is available within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Miller, S.A.; Moore, F.C. Climate and health damages from global concrete production. Nat. Clim. Chang. 2020, 10, 439–443.

[CrossRef]
2. Sivakrishna, A.; Adesina, A.; Awoyera, P.; Kumar, K.R. Green concrete: A review of recent developments. Mater. Today Proc. 2020,

27, 54–58. [CrossRef]
3. Habert, G.; Miller, S.; John, V.; Provis, J.; Favier, A.; Horvath, A.; Scrivener, K. Environmental impacts and decarbonization

strategies in the cement and concrete industries. Nat. Rev. Earth Environ. 2020, 1, 559–573. [CrossRef]
4. Hemalatha, T.; Ramaswamy, A. A review on fly ash characteristics–Towards promoting high volume utilization in developing

sustainable concrete. J. Clean. Prod. 2017, 147, 546–559. [CrossRef]
5. Herath, C.; Gunasekara, C.; Law, D.W.; Setunge, S. Performance of high volume fly ash concrete incorporating additives: A

systematic literature review. Constr. Build. Mater. 2020, 258, 120606. [CrossRef]
6. Bheel, N.; Abro, A.W.; Shar, I.A.; Dayo, A.A.; Shaikh, S.; Shaikh, Z.H. Use of rice husk ash as cementitious material in concrete.

Eng. Technol. Appl. Sci. Res. 2019, 9, 4209–4212. [CrossRef]
7. Lo, F.-C.; Lee, M.-G.; Lo, S.-L. Effect of coal ash and rice husk ash partial replacement in ordinary Portland cement on pervious

concrete. Constr. Build. Mater. 2021, 286, 122947. [CrossRef]
8. Mujedu, K.A.; Ab-Kadir, M.A.; Ismail, M. A review on self-compacting concrete incorporating palm oil fuel ash as a cement

replacement. Constr. Build. Mater. 2020, 258, 119541. [CrossRef]
9. Alsubari, B.; Shafigh, P.; Ibrahim, Z.; Alnahhal, M.F.; Jumaat, M.Z. Properties of eco-friendly self-compacting concrete containing

modified treated palm oil fuel ash. Constr. Build. Mater. 2018, 158, 742–754. [CrossRef]
10. Flores, Y.C.; Cordeiro, G.C.; Toledo Filho, R.D.; Tavares, L.M. Performance of Portland cement pastes containing nano-silica and

different types of silica. Constr. Build. Mater. 2017, 146, 524–530. [CrossRef]
11. Rupasinghe, M.; San Nicolas, R.; Mendis, P.; Sofi, M.; Ngo, T. Investigation of strength and hydration characteristics in nano-silica

incorporated cement paste. Cem. Concr. Compos. 2017, 80, 17–30. [CrossRef]
12. Zeyad, A.M.; Khan, A.H.; Tayeh, B.A. Durability and strength characteristics of high-strength concrete incorporated with volcanic

pumice powder and polypropylene fibers. J. Mater. Res. Technol. 2020, 9, 806–818. [CrossRef]
13. Zeyad, A.M.; Tayeh, B.A.; Yusuf, M.O. Strength and transport characteristics of volcanic pumice powder based high strength

concrete. Constr. Build. Mater. 2019, 216, 314–324. [CrossRef]
14. Frhaan, W.K.M.; Abu Bakar, B.; Hilal, N.; Al-Hadithi, A.I. Relation between rheological and mechanical properties on behaviour

of self-compacting concrete (SCC) containing recycled plastic fibres: A review. Eur. J. Environ. Civ. Eng. 2020, 25, 1–33.

http://doi.org/10.1038/s41558-020-0733-0
http://doi.org/10.1016/j.matpr.2019.08.202
http://doi.org/10.1038/s43017-020-0093-3
http://doi.org/10.1016/j.jclepro.2017.01.114
http://doi.org/10.1016/j.conbuildmat.2020.120606
http://doi.org/10.48084/etasr.2746
http://doi.org/10.1016/j.conbuildmat.2021.122947
http://doi.org/10.1016/j.conbuildmat.2020.119541
http://doi.org/10.1016/j.conbuildmat.2017.09.174
http://doi.org/10.1016/j.conbuildmat.2017.04.069
http://doi.org/10.1016/j.cemconcomp.2017.02.011
http://doi.org/10.1016/j.jmrt.2019.11.021
http://doi.org/10.1016/j.conbuildmat.2019.05.026


Materials 2021, 14, 6172 18 of 20

15. He, J.; Kawasaki, S.; Achal, V. The utilization of agricultural waste as agro-cement in concrete: A review. Sustainability 2020,
12, 6971. [CrossRef]

16. Chandra Paul, S.; Mbewe, P.B.; Kong, S.Y.; Šavija, B. Agricultural solid waste as source of supplementary cementitious materials
in developing countries. Materials 2019, 12, 1112. [CrossRef] [PubMed]

17. Hamada, H.M.; Tayeh, B.A.; Al-Attar, A.; Yahaya, F.M.; Muthusamy, K.; Humada, A.M. The present state of the use of eggshell
powder in concrete: A review. J. Build. Eng. 2020, 32, 101583. [CrossRef]

18. Jaber, H.A.; Mahdi, R.S.; Hassan, A.K. Influence of eggshell powder on the Portland cement mortar properties. Mater. Today Proc.
2020, 20, 391–396. [CrossRef]

19. Vashistha, P.; Kumar, V.; Singh, S.; Dutt, D.; Tomar, G.; Yadav, P. Valorization of paper mill lime sludge via application in building
construction materials: A review. Constr. Build. Mater. 2019, 211, 371–382. [CrossRef]

20. Roslan, N.H.; Ismail, M.; Khalid, N.H.A.; Muhammad, B. Properties of concrete containing electric arc furnace steel slag and steel
sludge. J. Build. Eng. 2020, 28, 101060. [CrossRef]

21. Gaur, A.S.; Kumar, S. Effect of partial replacement of cement by ground-granulated blast-furnace slag and fine aggregate by
marble slurry on properties of concrete. Am. J. Eng. Res. 2017, 6, 28–31.

22. Her, S.; Park, T.; Zalnezhad, E.; Bae, S. Synthesis and characterization of cement clinker using recycled pulverized oyster and
scallop shell as limestone substitutes. J. Clean. Prod. 2021, 278, 123987. [CrossRef]

23. Jhatial, A.A.; Sohu, S.; Memon, M.J.; Bhatti, N.-u.-K.; Memon, D. Eggshell powder as partial cement replacement and its effect on
the workability and compressive strength of concrete. Int. J. Adv. Appl. Sci. 2019, 6, 71–75.

24. Hamada, H.; Tayeh, B.; Yahaya, F.; Muthusamy, K.; Al-Attar, A. Effects of nano-palm oil fuel ash and nano-eggshell powder on
concrete. Constr. Build. Mater. 2020, 261, 119790. [CrossRef]

25. Shekhawat, P.; Sharma, G.; Singh, R.M. Strength behavior of alkaline activated eggshell powder and flyash geopolymer cured at
ambient temperature. Constr. Build. Mater. 2019, 223, 1112–1122. [CrossRef]

26. Brahimi, A.; Meghachou, M.; Abbad, H.; Rahmouni, A.; Belbachir, M. Valorization of Raw Materials Based on Fly Ash of Eggshells
and Algerian Sand Dune (Southern West of Algeria) for Synthesis of Environmentally Cementitious Materials: Synthesis and
Characterization. Geotech. Geol. Eng. 2020, 38, 1–16. [CrossRef]

27. Shaikh, F.U.; Supit, S.W. Mechanical and durability properties of high volume fly ash (HVFA) concrete containing calcium
carbonate (CaCO3) nanoparticles. Constr. Build. Mater. 2014, 70, 309–321. [CrossRef]

28. Hemalatha, T.; Mapa, M.; George, N.; Sasmal, S. Physico-chemical and mechanical characterization of high volume fly ash
incorporated and engineered cement system towards developing greener cement. J. Clean. Prod. 2016, 125, 268–281. [CrossRef]

29. Binici, H.; Aksogan, O.; Sevinc, A.H.; Cinpolat, E. Mechanical and radioactivity shielding performances of mortars made with
cement, sand and egg shells. Constr. Build. Mater. 2015, 93, 1145–1150. [CrossRef]

30. Ashok, C.; Chakra, C.S.; Dayakar, T.; Kumar, M.K.; Rao, K.V. Calcium oxide nano particles synthesized from chicken egg shells by
physical method. In International Conference Emerging Technologies in Mechanical Sciences; Malla Reddy College of Engineering and
Technology: Hyderabad, India, 2014; pp. 72–75.

31. Pliya, P.; Cree, D. Limestone derived eggshell powder as a replacement in Portland cement mortar. Constr. Build. Mater. 2015, 95,
1–9. [CrossRef]

32. Oluwatuyi, O.E.; Adeola, B.O.; Alhassan, E.A.; Nnochiri, E.S.; Modupe, A.E.; Elemile, O.O.; Obayanju, T.; Akerele, G. Ameliorating
effect of milled eggshell on cement stabilized lateritic soil for highway construction. Case Stud. Constr. Mater. 2018, 9, e00191.
[CrossRef]

33. Tchakouté, H.; Tchinda Mabah, D.; Henning Rüscher, C.; Kamseu, E.; Andreola, F.; Bignozzi, M.; Leonelli, C. Preparation of
low-cost nano and microcomposites from chicken eggshell, nano-silica and rice husk ash and their utilisations as additives for
producing geopolymer cements. J. Asian Ceram. Soc. 2020, 8, 149–161. [CrossRef]

34. Jhatial, A.A.; Goh, W.I.; Mo, K.H.; Sohu, S.; Bhatti, I.A. Green and sustainable concrete—The potential utilization of rice husk ash
and egg shells. Civ. Eng. J. 2019, 5, 74–81. [CrossRef]

35. Amu, O.; Fajobi, A.; Oke, B. Effect of eggshell powder on the stabilizing potential of lime on an expansive clay soil. Res. J. Agric.
Biol. Sci. 2005, 1, 80–84. [CrossRef]

36. Nandhini, K.; Karthikeyan, J. Influence of Industrial and Agricultural by-Products as Cementitious Blends in Self-Compacting
Concrete–A Review. Silicon 2021, 13, 1–22.

37. Madani, H.; Kooshafar, M.; Emadi, M. Compressive Strength Prediction of Nanosilica-Incorporated Cement Mixtures Using
Adaptive Neuro-Fuzzy Inference System and Artificial Neural Network Models. Pract. Period. Struct. Des. Constr. 2020,
25, 04020021. [CrossRef]

38. Ahmad, A.; Chaiyasarn, K.; Farooq, F.; Ahmad, W.; Suparp, S.; Aslam, F. Compressive Strength Prediction via Gene Expression
Programming (GEP) and Artificial Neural Network (ANN) for Concrete Containing RCA. Buildings 2021, 11, 324. [CrossRef]

39. Silva, F.A.; Delgado, J.M.; Cavalcanti, R.S.; Azevedo, A.C.; Guimarães, A.S.; Lima, A.G. Use of Nondestructive Testing of
Ultrasound and Artificial Neural Networks to Estimate Compressive Strength of Concrete. Buildings 2021, 11, 44. [CrossRef]

40. Moradi, M.; Khaleghi, M.; Salimi, J.; Farhangi, V.; Ramezanianpour, A. Predicting the compressive strength of concrete containing
metakaolin with different properties using ANN. Measurement 2021, 183, 109790. [CrossRef]

http://doi.org/10.3390/su12176971
http://doi.org/10.3390/ma12071112
http://www.ncbi.nlm.nih.gov/pubmed/30987183
http://doi.org/10.1016/j.jobe.2020.101583
http://doi.org/10.1016/j.matpr.2019.09.153
http://doi.org/10.1016/j.conbuildmat.2019.03.085
http://doi.org/10.1016/j.jobe.2019.101060
http://doi.org/10.1016/j.jclepro.2020.123987
http://doi.org/10.1016/j.conbuildmat.2020.119790
http://doi.org/10.1016/j.conbuildmat.2019.07.325
http://doi.org/10.1007/s10706-020-01598-7
http://doi.org/10.1016/j.conbuildmat.2014.07.099
http://doi.org/10.1016/j.jclepro.2016.03.118
http://doi.org/10.1016/j.conbuildmat.2015.05.020
http://doi.org/10.1016/j.conbuildmat.2015.07.103
http://doi.org/10.1016/j.cscm.2018.e00191
http://doi.org/10.1080/21870764.2020.1718860
http://doi.org/10.28991/cej-2019-03091226
http://doi.org/10.3923/jas.2005.1474.1478
http://doi.org/10.1061/(ASCE)SC.1943-5576.0000499
http://doi.org/10.3390/buildings11080324
http://doi.org/10.3390/buildings11020044
http://doi.org/10.1016/j.measurement.2021.109790


Materials 2021, 14, 6172 19 of 20

41. Paji, M.K.; Gordan, B.; Biklaryan, M.; Armaghani, D.J.; Zhou, J.; Jamshidi, M. Neuro-swarm and Neuro-imperialism Techniques
to Investigate the Compressive Strength of Concrete Constructed by Freshwater and Magnetic Salty Water. Measurement 2021,
182, 109720. [CrossRef]

42. Goldaran, R.; Turer, A. Application of acoustic emission for damage classification and assessment of corrosion in pre-stressed
concrete pipes. Measurement 2020, 160, 107855. [CrossRef]

43. Goldaran, R.; Turer, A.; Kouhdaragh, M.; Ozlutas, K. Identification of corrosion in a prestressed concrete pipe utilizing acoustic
emission technique. Constr. Build. Mater. 2020, 242, 118053. [CrossRef]

44. Farooq, F.; Czarnecki, S.; Niewiadomski, P.; Aslam, F.; Alabduljabbar, H.; Ostrowski, K.A.; Śliwa-Wieczorek, K.; Nowobilski, T.;
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