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Abstract: As the most commonly used construction material, concrete produces extreme amounts of
carbon dioxide (CO2) yearly. For this resulting environmental impact on our planet, supplementary
materials are being studied daily for their potentials to replace concrete constituents responsible
for the environmental damage caused by the use of concrete. Therefore, the production of bio-
concrete has been studied by utilizing the environmental and structural benefit of the bacteria,
Bacillus subtilis, in concrete. This bio-concrete is known as self-healing concrete (SHC) due to its
potential to trigger biochemical processes which heal cracks, reduce porosity, and improve strength
of concrete throughout its life span. In this research paper, the life cycle assessment (LCA) based on
the environmental impact indices of global warming potential, terrestrial acidification, terrestrial
eco-toxicity, freshwater eco-toxicity, marine eco-toxicity, human carcinogenic toxicity, and human non-
carcinogenic toxicity of SHC produced with Bacillus subtilis has been evaluated. Secondly, predictive
models for the mechanical properties of the concrete, which included compressive (Fc), splitting
tensile (Ft), and flexural (Ff) strengths and slump (S), have been studied by using artificial intelligence
techniques. The results of the LCA conducted on the multiple data of Bacillus subtilis-based SHC mixes
show that the global warming potential of SHC-350 mix (350 kg cement mix) is 18% less pollutant
than self-healing geopolymer concrete referred to in the literature study. The more impactful mix in
the present study has about 6% more CO2 emissions. In the terrestrial acidification index, the present
study shows a 69–75% reduction compared to the literature. The results of the predictive models
show that ANN outclassed GEP and EPR in the prediction of Fc, Ft, Ff, and S with minimal error and
overall performance.

Keywords: self-healing concrete (SHC); Bacillus subtilis; life cycle assessment (LCA); environmental
impact; sustainable environment; sustainable construction; concrete strength and workability
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1. Introduction
1.1. Background

The Portland cement invention in 1820 revolutionized the building industry. Since
then, concrete has become the world’s leading building material [1–4]. The problem
with concrete is that it has low tensile strength, which is why it cracks so easily in use
despite its apparent advantages in terms of compression strength, molding, and raw
material cost [3,5,6]. Concrete macro-cracks can develop as micro-cracks and enlarge to
become macro-cracks, causing damage to the architectural beauty and reducing bearing
capacity. Species such as chloride ions, sulfates ions, and carbon dioxide may enter the
concrete through cracks that provide access to the interior. In turn, this accelerates concrete
carbonization, reinforcement corrosion, and excess expansion. Structures become less
durable and concrete’s service life is shortened dramatically when these effects take place.
Concrete cracks damage structures such as roofs, pipes, reservoirs, and water-holding
structures, causing leaks and affecting their functionality [7].

There is a high probability that a crack in cement concrete composites, regardless of
whether it is autogenous or caused by loading, can occur, and if it does occur, it can be
difficult to detect or remedy, which poses a danger to safety and durability, especially for
infrastructure designed with a high sealing requirement [4]. Concrete particles react with
unhydrated cement particles under conditions of continuous water addition and fill cracks
with less than 0.1 mm width [8,9]. However, cracks larger than 0.3 mm may encounter
limitations with these natural self-healing mechanisms. Accordingly, previous research
has examined cracks in concrete over the past two decades with the aim of improving
their self-healing capacity [6,10]. Most commonly, cementitious materials have been used
for grouting and epoxy resins have been used for crack injection. In the presence of an
inaccessible structure, all these treatments may not be efficient to repair the cracks, since
they are applied manually. Additionally, concrete structures require regular inspections
throughout their lifetime, which could pose an additional financial burden on their owners.
Therefore, the development of self-healing concrete that can repair cracks is of particular
interest, since it reduces maintenance costs and automates the repair process, leading to
reduced maintenance costs [11,12]. Sustainable civil engineering is undoubtedly gaining
prominence with the development of self-healing materials [13].

The French Academy of Science observed self-healing in 1836 when unhydrated
cement particles were further hydrated and calcium hydroxide dissolved in concrete mixed
together with carbon dioxide. In this process, unhydrated cement particles are continually
hydrated, resulting in calcium carbonate precipitation [14]. Hydraulic concrete self-healing
was observed by Ivanov and Polyakov [15] in 1974. Gray [16] reported in 1984 that an
interfacial zone between steel fibers and cement mortar matrix was able to heal more
autonomously under continuous water curing than a fractured plain mortar or concrete
matrix under continuous water curing. Materials mixing (nanofillers, mineral additives,
curing agents, fibers) and self-healing (electrode position, capsules, shape memory alloy,
bacteria and vascular) are by far the most common self-healing techniques proposed for
concrete [4].

Several methods have been explored to improve concrete’s self-healing ability, as
demonstrated in this study, including microencapsulated healing agents, super absorbing
polymers, brittle tube sealing, shape memory alloys, bacterial concrete, and crystallized
admixtures [17–33]. In addition to increasing compressive strength and reducing porosity,
Pei et al. [34] showed that Bacillus subtilis was incorporated into mortar mixtures at a certain
dosage. Fresh cement paste/mortar is a mixture of bacteria and has not yet been fully
understood. For strength enhancement as presented in Figure 1, Mondal et al. [35] recom-
mend 105 cells per milliliter, and for durability (reduced water absorption and penetration
depth), 107 cells per milliliter. It was discovered by Schreiberova et al. [36] that cement
paste fluidity improved when bacteria grew in the admixtures. The self-healing properties
of cracks in concrete, the benefits of which are presented in Figure 1, at an early age as well
as structural cracks were studied by Reddy and Ravitheja [13] using crystalline admixtures
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under four different exposure conditions. Fourier transform infrared spectroscopy and
energy-dispersive spectroscopy were used to determine the physical (morphological) and
chemical composition of the hardened pastes. After age and structural cracks, the samples
of crystalline admixture with concrete showed a high compressive strength and split tensile
strength, regardless of exposure conditions. The calcite content has substantially increased
as evidenced by the results of Scanning Electron Microscopy (SEM), energy-dispersive
spectroscopy, and Fourier transform infrared spectroscopy. According to the Zhang et al.
paper [4], autogenous and autonomous healing concretes have been fabricated, charac-
terized, and demonstrated. One of the more damaging reactions that concrete structures
may endure during service life has been examined by Allahyari et al. [3], including the
development of cracks in self-healing concrete and its mechanical properties. An acceler-
ated ASR test was conducted, which was a periodic measurement of length and weight.
The test also measured the elasticity and compression of the material. Additionally, SEM
was used to assess the microstructure of the specimens. Researchers have developed an
analytical model to predict expansion induced by ASR in self-healing concrete. The study’s
results showed that self-healing concrete was unable to repair ASR damage. Self-healing
concrete has undergone changes in terms of expansion characteristics and mechanical
properties due to exposure to ASR. In Kim et al.’s study [1], the use of linear and nonlinear
resonance acoustic spectroscopy was used to monitor the degree of self-healing in con-
crete incorporating both self-healing capsules and crystalline admixtures. To measure the
acoustic nonlinearity parameter (α) and linear resonance frequency in concrete after two
months of flexural and longitudinal vibration using impact-based excitation, two months
of vibration were required. A nonlinearity parameter was also evaluated for multiple
impacts where the amplitudes were adjusted manually and for single impacts where the
amplitudes were artificially shifted by shifting the windowing region. A linear resonance
frequency increase of 86% to 97% was observed after 63 days of self-healing. An inverse
linear relationship was observed between resonance frequency and external crack area.
However, a significant correlation was not found between the change in (α) and the number
of partially filled cracks.
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1.2. Strength and Workability of Self-Healing Concrete

Cement-based concrete contributes to high environmental impact and health hazards
as well as causes numerous devastating effects on the eco-system (Figure 2). On the
other hand, the mechanical improvements which are achieved by utilizing supplementary
cement sources are of great importance to the strength and life cycle needs of a sustainable
infrastructure. Despite the fact that researchers have indicated that self-healing concrete
can heal cracks, it is critical to evaluate its workability in its fresh state and also its long-
term performance in hardened state to ensure that concrete’s properties are not adversely
impacted by these healing products [37].
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Figure 2. The environmental impact of concrete production and use.

Vijay et al. [38] investigated the impact of combining Bacillus subtilis bacteria spore
powder with calcium lactate on the workability of two concrete mixes: basalt-fiber rein-
forced concrete and conventional concrete. With the goal of boosting concrete strength, the
bacterial content had been set at 105 cfu/mL and calcium lactate had been employed as a
nutrition supply at a dose of 0.5% by cement weight. No superplasticizer was employed
in the mixture. Bacillus subtilis mixed with calcium lactate improved the slump value of
conventional concrete, according to the findings. The involvement of calcium lactate as
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a retarding ingredient increased the workability of bacterial concrete. In addition, basalt
fibers were added to the bacterial concrete, resulting in a slump value that was substantially
identical to that of conventional concrete lacking bacteria. Conventional bacterial concrete
or bio-concrete is more workable than the fiber-reinforced bacterial mixture. According
to an investigation by Mohammed et al. [39], employing iron-respiring bacteria grown in
Tryptone Soya Broth (TSB) did not have any effect on the slump grade and fresh density of
CEM I concrete. The CEM III concrete mixes, on the other hand, demonstrated a different
pattern. It shows a 9% reduction in slump level and a small decrease in the unit weight
of concrete.

Chahal et al. [40] found that substituting 10% of the cement with silica fume enhanced
the compressive strength of bacterial concrete by 52%, 66%, and 45%, with corresponding
cell doses of 103, 105, and 107 cells/mL, in comparison to control concrete lacking bacteria
and SF. The same tendency was observed when rice husk ash [41] or natural zeolite were
used instead of cement [42]. Other studies by Vijay et al. [38] and Khaliq et al. [43] inves-
tigated using Bacillus subtilis with calcium lactate as a nutrition source. The compressive
strength of the 28 day-concrete with Bacillus subtilis at a cell content of 105 cells/mL is
approximately 20% greater than that of concrete lacking bacteria, as reported by Vijay and
Murmu [38].

Wang et al. 2022 [44] studied the impact of using “Hydrogel” on the self-healing
behavior of cementitious materials. They found that using “Hydrogel” decreases the
desorption ratio, displayed very low shrinkage in the cement matrix and hence improve
the self-healing process.

This research study was important to assess the sustainability of the use of bacteria
in concrete since cement production releases about 4% of the worldwide total of CO2
emissions, which is generated at two points: (i) as a byproduct of burning fossil fuels such
as coal which generate the heat required to drive the cement-production process and (ii)
from the thermal decomposition of CaCO3 in the process of clinker production. Moreover,
it is estimated that 1 tons of cement produced releases about 780 kg of CO2, 70% of which
is from decarbonation process and 30% on energy use. More so, the production and use of
concrete is also estimated to release over 8% of the global CO2 emission.

In this paper, the life cycle assessment of Bacillus subtilis self-healing concrete was
conducted to determine the environmental impact of the utilization of this bacteria. Seven
impact indices were considered which are global warming potential, terrestrial acidification,
terrestrial eco-toxicity, freshwater eco-toxicity, marine eco-toxicity, human carcinogenic
toxicity, and human non-carcinogenic toxicity. Furthermore, intelligent predictive models
were proposed based on artificial neural networks (ANN), evolutionary polynomial regres-
sions (EPR), and gene expression programming (GEP) techniques for Fc, Ft, and Ff for the
SHC cured for 28 days and for the slump; which was the test of the workability behavior of
the concrete. Lastly, the performances of the models was analyzed by using various indices
which included line of best fits, variances, and the Taylor diagram.

2. Methodology
2.1. Data Collection

In this research work, an extensive literature exercise was conducted and this gave rise
to multiple data sets of self-healing concrete produced under the influence of concentrations
of Bacillus subtilis and these were collected from the previous works of Pei et al., Mondal
et al., and Schreiberova et al. [34–36]. These data points contain the traditional constituents
of concrete: cement, aggregates, and water in addition to the bacteria concentrations. It
also includes the measured mechanical properties which are slump (workability behavior),
28 days cured compressive, splitting tensile, and flexural strengths besides the life cycle
assessment evaluation. Predictive models were proposed for sustainable infrastructure
design, construction, and lifetime performance monitoring. The entire exercise has been
presented as a theoretical framework in Figure 3.
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Figure 3. Theoretical framework of the life cycle assessment evaluation and mechanical properties of
Bacillus subtilis self-healing concrete.

2.2. Statistical Analysis of Collected Database

Multiple records were collected for experimental tested self-healing concrete mixtures
with different component ratios, including the bacteria concentration. Each record contains
the following data: cement content (C) ton/m3, fine aggregates content (FA) ton/m3, coarse
aggregates content (CA) ton/m3, water content (W) ton/m3, the logarithm of bacteria
concentration (B) log(cell/mL), 28 days cylinder compressive strength of concrete (Fc) MPa,
28 days splitting tensile strength of concrete (Ft) MPa, 28 days flexural strength of concrete
(Ff) MPa, and slump of fresh concrete (S) mm.

The collected records were divided into a training set (80%) and a validation set (20%).
Tables 1 and 2 summarize their statistical characteristics and the Pearson correlation matrix,
while the whole database is listed in Table 3. Finally, Figure 4 shows the histograms for
both inputs and outputs, which shows the distribution functions of the studied concrete
parameters and how the inputs are consistent with the outputs. It can be observed from
Figure 4 that the studied parameters and properties have a uni-modal distribution without
any outliers except Ff and S, which have skewed distribution to the right.
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Table 1. Statistical analysis of collected database.

Range Minimum Maximum Mean S.D. Variance Skewness Kurtosis

C 0.20 0.31 0.51 0.40 0.04 0.00 0.51 −0.09
FA 0.50 0.48 0.98 0.71 0.10 0.01 0.24 0.03
CA 0.63 0.78 1.41 1.06 0.13 0.02 0.48 0.48
W 0.10 0.13 0.23 0.18 0.02 0.00 −0.04 −0.67
B 7.49 2.57 10.06 5.44 1.50 2.26 0.40 0.65
Fc 47.3 17.8 65.10 37.8 13.52 182.8 0.36 −1.08
Ft 1.75 1.69 3.44 2.54 0.39 0.15 −0.01 −0.44
Ff 5.96 3.58 9.54 5.45 1.23 1.51 1.23 1.25
S 50.0 55.0 105.0 68.7 10.00 100.02 1.57 3.10

Table 2. Pearson correlation matrix.

C FA CA W B Fc Ft Ff S

C 1.00
FA −0.41 1.00
CA 0.06 0.12 1.00
W 0.73 −0.24 0.16 1.00
B 0.33 0.04 −0.02 0.12 1.00
Fc −0.01 0.44 −0.16 −0.34 0.24 1.00
Ft 0.16 0.32 0.31 0.09 0.52 0.45 1.00
Ff 0.44 −0.15 −0.09 0.38 0.27 −0.29 −0.12 1.00
S 0.25 0.19 0.25 0.35 0.60 −0.02 0.62 0.14 1.00

Table 3. The utilized database.

C FA CA W B Fc Ft Ff S
t/m3 t/m3 t/m3 t/m3 Log (cell/mL) MPa MPa MPa mm

Training set

0.396 0.675 1.410 0.178 4.534 41.754 2.918 4.653 66.00
0.450 0.675 0.900 0.189 3.000 47.700 2.100 4.900 61.00
0.450 0.675 0.900 0.189 9.000 50.000 3.200 6.500 71.00
0.403 0.792 1.149 0.212 4.076 26.415 2.390 4.482 66.00
0.419 0.711 1.170 0.196 5.404 31.084 2.726 9.544 66.00
0.403 0.708 1.036 0.181 6.000 25.200 1.800 7.500 69.00
0.351 0.641 1.102 0.139 5.683 37.090 2.423 4.266 64.00
0.507 0.746 0.937 0.197 10.061 55.187 3.222 7.307 79.00
0.398 0.615 0.982 0.168 3.787 22.660 1.938 6.883 57.00
0.383 0.727 1.103 0.192 6.000 18.670 2.260 5.650 72.00
0.376 0.914 1.093 0.168 5.285 63.076 3.059 4.911 75.00
0.394 0.675 1.228 0.158 5.000 42.000 2.900 4.500 67.00
0.347 0.838 0.965 0.134 6.481 49.077 2.142 3.866 65.00
0.362 0.658 1.114 0.135 4.908 36.051 2.622 4.353 64.00
0.362 0.889 1.104 0.164 7.504 59.999 2.865 4.453 77.00
0.400 0.738 1.242 0.216 6.295 20.239 2.471 6.295 72.00
0.350 0.861 1.031 0.158 6.000 57.210 2.700 4.600 69.00
0.438 0.580 0.781 0.172 2.573 42.803 1.927 4.339 55.00
0.400 0.705 1.398 0.161 5.611 43.589 3.333 4.909 76.00
0.350 0.861 1.031 0.158 5.000 61.790 2.900 4.700 66.00
0.394 0.675 1.228 0.158 6.000 41.000 2.600 4.400 71.00
0.442 0.728 1.172 0.199 6.597 28.412 1.812 7.836 70.00
0.456 0.555 1.040 0.205 7.000 36.300 2.550 5.450 75.00
0.436 0.483 1.032 0.192 4.876 30.971 2.437 5.339 62.00
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Table 3. Cont.

C FA CA W B Fc Ft Ff S
t/m3 t/m3 t/m3 t/m3 Log (cell/mL) MPa MPa MPa mm

0.456 0.555 1.040 0.205 6.000 35.800 2.530 5.130 71.00
0.492 0.570 1.158 0.216 7.957 41.353 2.905 5.920 76.00
0.432 0.755 1.189 0.223 6.301 32.145 2.967 6.136 97.00
0.369 0.719 1.021 0.177 4.884 22.285 2.293 4.332 58.00
0.396 0.601 0.842 0.186 5.449 46.211 2.472 5.739 63.00
0.468 0.558 1.173 0.223 6.065 37.025 2.850 5.178 76.00
0.310 0.859 0.884 0.145 4.703 54.229 2.886 4.312 64.00
0.395 0.547 0.917 0.179 6.607 35.693 2.429 5.415 73.00
0.338 0.784 1.001 0.139 5.904 52.844 2.660 4.584 65.00
0.438 0.811 1.177 0.224 7.011 27.274 3.435 6.196 105.00
0.467 0.753 0.937 0.211 6.860 54.721 2.555 6.629 68.00
0.439 0.719 1.111 0.203 4.201 26.997 2.162 8.130 62.00
0.392 0.976 1.096 0.171 6.122 65.103 3.028 5.012 70.00
0.350 0.861 1.031 0.158 7.000 54.660 2.500 4.400 71.00
0.341 0.645 1.047 0.189 3.601 24.600 2.113 3.584 58.00
0.381 0.677 0.940 0.175 5.414 27.028 2.530 4.978 87.00
0.377 0.602 0.884 0.177 4.848 25.061 2.154 7.528 59.00
0.403 0.708 1.036 0.181 5.000 27.470 2.500 8.600 66.00
0.399 0.768 1.161 0.199 3.076 20.366 2.247 5.485 61.00
0.372 0.925 1.048 0.173 4.397 60.801 2.953 4.595 67.00
0.383 0.727 1.103 0.192 5.000 25.330 2.550 4.950 68.00
0.424 0.598 0.853 0.163 8.581 47.936 2.747 6.227 65.00
0.394 0.750 1.037 0.197 7.000 27.140 3.000 6.000 94.00
0.394 0.750 1.037 0.197 6.000 28.250 2.880 5.640 96.00
0.419 0.691 1.377 0.173 6.718 45.289 2.646 4.960 77.00
0.338 0.623 1.025 0.174 2.620 17.833 1.957 4.605 55.00
0.394 0.675 1.228 0.158 4.000 40.000 2.700 4.300 63.00
0.456 0.555 1.040 0.205 5.000 35.500 2.470 5.440 69.00
0.383 0.727 1.103 0.192 3.000 18.670 2.120 4.870 57.00
0.403 0.495 0.951 0.197 5.708 32.470 2.501 4.859 62.00

Validation set

0.377 0.656 1.169 0.155 3.408 35.384 2.375 4.292 59.00
0.343 0.745 0.920 0.149 3.829 57.829 2.239 4.392 57.00
0.462 0.737 0.926 0.217 3.046 52.397 2.138 5.512 62.00
0.352 0.679 1.029 0.163 5.642 18.437 1.926 5.498 64.00
0.383 0.727 1.103 0.192 4.000 24.880 2.260 4.120 61.00
0.396 0.767 1.158 0.215 5.295 26.301 2.752 5.099 73.00
0.514 0.626 1.185 0.233 5.723 37.769 2.757 5.461 70.00
0.350 0.861 1.031 0.158 4.000 58.020 2.600 4.500 60.00
0.450 0.675 0.900 0.189 6.000 52.500 2.500 5.850 65.00
0.386 0.610 0.918 0.157 5.618 22.509 1.690 7.414 67.00
0.378 0.748 0.929 0.168 6.585 23.356 2.975 5.133 80.00
0.403 0.708 1.036 0.181 4.000 25.130 2.100 7.400 60.00
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2.3. Research Program
2.3.1. Life Cycle Assessment, Goal and Scope

The main objective of this study is to compare different sustainable concrete mixes and
evaluate their impact on the environment. The burdens of different dosages of self-healing
concrete were assessed and compared to studies in the literature to predict the best option
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in terms of environmental impact. Twenty mixes were appraised for their impacts using a
cradle-to-gate life cycle assessment (LCA), as seen in Table 3. The functional unit of the
system was evaluated as 1 m3 of self-healing concrete, considering the dosages given in
Table 3.

The mixes were grouped according to the percentage of cement used because it is the
most polluted component in concrete. These results in the seven categories were evaluated
with variations in the proportion of bacteria included in the self-healing concrete. The
mixes for the self-healing concrete have the following codes based on the concrete: SHC-456
(456 kg cement), SHC-383 (383 kg cement), SHC-403 (403 kg cement), SHC-394A (394 kg
cement), SHC-350 (350 kg cement), SHC-394B (394 kg cement, more aggregates), and
SHC-450 (450 kg cement).

The concrete mixes considered all emissions and energy consumption from the
reagents utilized and the nutrient broth for the bacteria (Bacillus subtilis). In addition,
the impact of calcium lactate or urea is compared as the feed chemical for bacteria to
produce calcium carbonate. Afterward, the concrete mix with less environmental impact is
analyzed to assess the individual contribution from each process considered. The analysis
is performed using SimaPro Ver.9.2.0 software by PRé Sustainability, LE Amersfoort, The
Netherlands [45] under ISO norms [46]. The system boundary for the dosages assessed in
the LCA can be seen in Figure 5.
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2.3.2. Life Cycle Inventory

The data were modeled based on the dosages and materials presented in Table 1.
The Ecoinvent database (v.3.7.1) was used for materials and energy included in the in-
ventory [47]. The energy requirement for the autoclave and incubator processes related
to the bacteria has been included in the inventory considering the information from the
literature [48].

In the nutrient broth, the yeast extract and peptone are not included in the Ecoinvent
database; thus, the inventory was modeled using soybean meal. The literature shows that
using soybean meal can be the alternative with more similarities to the extract [49]. The
energy consumption per unit produced and the environmental impact of the soybean meal
is better than other alternatives such as fish powder waste, white gluten waste, and wheat
bran [50]. For the broth, 10 g of soybean meal and 5 g of sodium chloride were considered
per L of water [51–53]. Additionally, 5% of calcium lactates or the equivalent of urea was
considered to evaluate the added burden to the mixes.

2.3.3. Impact Assessment Method

The environmental impact of the life cycle of the mixes can be obtained from the
inventory by utilizing a methodology to transform quantities into environmental impact
categories. One of the most complete LCA methods, ReCiPe Midpoint H [54], was used
to estimate the environmental impacts of 1 m3 of self-healing concrete production. This
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method shows the simulation of 18 different impact indicators. This study mainly fo-
cuses on the most impacting categories such as climate change, terrestrial eco-toxicity,
freshwater eco-toxicity, marine eco-toxicity, human carcinogenic toxicity, and human
non-carcinogenic toxicity.

2.3.4. Soft Computing Plan

Three different artificial intelligence (AI) techniques were used to predict the charac-
teristic strengths and the slump of concrete using the collected database. These techniques
are gene expression programming (GEP), artificial neural network (ANN), and polynomial
regression optimized using genetic algorithm which is known as evolutionary polynomial
regression (EPR). All the three developed models were used to predict the characteristic
compressive, splitting, and flexural strengths (Fc, Ft, and Ff in MPa) and slump using
cement content (C, t/m3), fine aggregate content (FA, t/m3), coarse aggregate content
(CA, t/m3), water content (W, t/m3), and the logarithm of bacteria concentration (B) log
(cell/mL).

Each model on the three developed models was based on a different approach (evo-
lutionary approach for GP, mimicking biological neurons for ANN and optimized mathe-
matical regression technique for EPR). However, for all the developed models, prediction
accuracy was evaluated in terms of sum of squared errors (SSE).

The following section discusses the results of each model. The accuracies of developed
models were evaluated by comparing the SSE between predicted and calculated shear
strength parameters values. The results of all developed models are summarized in Table 4.

Table 4. LCA results for the different mixes considering the amount of cement.
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Unit kg CO2 eq kg SO2 eq kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB kg 1,4-DCB

SHC (456 kg/m3) 439.56 0.696 266 3.514 4.735 4.474 93.28
SHC (383 kg/m3) 372.62 0.554 230.4 3.047 4.102 3.891 80.46
SHC (403 kg/m3) 390.88 0.58 239.9 3.172 4.271 4.046 83.89
SHC (394 kg/m3) 383.4 0.57 237.2 3.134 4.22 4.006 82.84
SHC (350 kg/m3) 342.2 0.511 213.9 2.831 3.807 3.618 74.51
SHC (394 kg/m3,
more aggregates)

382.7 0.568 235.7 3.117 4.196 3.977 82.37

SHC (450 kg/m3) 433.9 0.64 262.6 3.471 4.676 4.418 92.1

DCB: dichlorobenzene.

3. Results and Discussion
3.1. General Behavior of the Self-Healing Concrete

Figure 6 presents the behavior of the mechanical properties of the studied database
containing the mixes of self-healing concrete under the influence of different concentrations
in log (cell/mL) of Bacillus subtilis. In Figure 6a–d corresponding to behavioral responses
on 28 days compressive, splitting tensile, and flexural strengths and slump, which is the
measure of the concrete workability at its rheology phase, respectively, it can be observed
that the mixes are more localized within the 105–109 (cell/mL) bin with a widely spread few
as outliers from the 105–109 (cell/mL). This localized behavior agrees with the suggestions
of Pei et al., Mondal et al., and Schreiberova et al. [34–36], which have recommended
105–107 cells/mL for improved strength, durability (reduced water absorption and pene-
tration depth), and improved fluidity and workability [55]. It can further be observed that
between 30–70 MPa for Fc, the SHC strength has a more distributed arrangement and more
within the 5–9 bin; between 2–3 MPa for the Ft, the SHC strength has more distribution and
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yet more within the 5–9 log(cells/mL) bin; between 4–8 MPa for the Ff, the SHC strength
has more distribution yet within the same studied bin; and finally between 50–90 mm for
the S, the workability behavior has more distribution and within the 5–9 log(cells/mL) bin.
However, the proposed intelligent proposed models and closed-form equations will be ap-
plied in consonance with the recommendations of these observations to achieve the desire
strength and workability and of course the cement use with the reduced environmental
impact while introducing favorable levels of Bacillus subtilis.
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(a) Fc, (b) Ft, (c) Ff, and (d) S of the SHC.

3.2. Life Cycle Assessment and Analysis

The midpoint LCA results are presented in Table 4. As mentioned before, six impact
categories are evaluated in the assessment. As seen in the table, the amount of cement
used in concrete production directly influences the impact on each category. For instance,
the self-healing concrete (SHC) with 456 kg of cement per m3 of concrete incurs 28.5%
more global warming than the SHC with 350 kg of cement per m3. The mixes evaluated in
the current study have 3–25% less environmental impact on climate change than regular
ordinary Portland cement (OPC) concrete [56].

Ramagiri et al. [48] reported the LCA of different geopolymer mixes and self-healing
concrete. They found that SHC performed better in every category except for the Global
Warming Potential (GWP) because of the use of OPC. OPC production is one of the main
contributors to carbon dioxide in any concrete matrix [57]. Similarly, in the current study,
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the SHC (350 kg/m3) mix has the lowest environmental burden because it has the lowest
proportion of cement in the dosage. Figure 7 shows the tendency to lower impacts depend-
ing on the amount of OPC used in the mixes. Global warming potential was found to be
among the categories with lower impacts. On the other hand, the eco-toxicity and human
toxicity categories have higher normalized results.
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Figure 7. Normalized results for 1 m3 of the different SHC mixes.
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The principal contributor to the impacts on the different mixes is OPC. In Figure 8,
the SHC mix with the lowest environmental impact was analyzed. The contribution from
OPC varies from 14% in the water consumption category to 94% in the global warming
potential. The second contributor is the coarse aggregate, as seen in the graph. As stated
earlier, there is a direct proportion between cement usages in the mix with the scores of
each environmental impact category.
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Figure 8. Process contribution for the SHC-350 (350 kg of cement).

Self-healing concrete may result in a better performance in terms of sustainability
because of its durability. Garces et al. [56] analyzed the environmental impacts under
the LCA methodology for Ordinary Portland concrete, geopolymer concrete, and self-
healing geopolymer concrete. The global warming potential of the SHC-350 mix is 18% less
pollutant than the self-healing geopolymer concrete of referred study. The more impactful
mix design of the present study has ~6% more carbon dioxide emissions. In addition, in the
terrestrial acidification category, the present study shows a 69–75% reduction compared to
the literature [56]. The reduction depends on the mix design considered, as seen in Table 4.
Another study [58] reported a 500 kg CO2 emission per m3, which is 50% more than the
SHC-350 mix design considered in the current study. Despite the findings discussed earlier,
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one reference shows that self-healing geopolymer concrete has less impact than the mixes
from this study, 298.19 kg of CO2-eq vs. 342 kg of CO2-eq [59].

3.3. Models Prediction
3.3.1. Model (1)—Using (GEP) Technique

The developed GEP model has 64 lines of code. The population size, survivor size,
and number of generations were 10,000, 3000, and 1000, respectively. Equations (1)–(4)
presented the output formulas for Fc, Ft, Ff, and S, respectively. The average errors in % of
total dataset are 9.3%, 8.1%, 10.0%, and 3.8%, while the R2 values are 0.927, 0.591, 0.758,
and 0.928, respectively. These closed-form Equations (1)–(4) represent a manual technique
to determine the mechanical properties (Fc, Ft, Ff, and S) of the Bacillus subtilis-based
concrete for the purposes of design, a construction guide, and performance monitoring of
the constructed infrastructure. The estimation of Fc and S has performed above 90%, which
is a good outcome for sustainable concrete production and application.

Fc =
(

C.(2FA.W+2)
W.(X+2C+2) + Y.CA

)(
Z.CA2.(CA2+X)

B.Y

)
+ 50X2

CA2(9−50CA−31Y)
+ Z.C.(3W+2)

W + W
(

CA2 + X + W
)
+ Y2

where : X =
(

FA2

C

)
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) (1)
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2 +
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where : X = FA(C + W − 0.1), Y = (2W − FA + C), Z = CA2−10W.FA
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(
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)(
X
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) (2)
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Y+13.3C−

(
Y

X4

)
−CA2

0.7 −
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)
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(
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(
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(
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)
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(
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)
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(
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X

) (3)

S = X2−X−CA
3.6X+Y − FA+0.265

(X+CA)
−

(
α
Z +Z

0.57
CA−FA−(3.6X)

)
−

(
3.6X

FA+3.6X+0.265

)
+ B.CA2 − 12.8W2 + CA − FA − 3.6X − α+ 66.8

where : X =
(

1
W − B.FA

)
, Y = (0.28 − CA)2, Z =

(
Y − 18.6

66.6FA−1

)
,

α = (W.B.(W − 0.015))

(4)

3.3.2. Model (2)—Using (ANN) Technique

The developed model layout is (5:8:4), normalization method (−1.0 to 1.0), activation
function (Hyper Tan), and “Back Propagation (BP)” traditional algorithm. The developed
model was used to predict the following outputs, Fc, Ft, Ff, and S. The used network
layout is illustrated in Figure 9 while its weight matrix is showed in Table 5. The average
errors % of the total dataset are 5.5%, 3.8%, 6.6%, and 3.6% and the R2 values are 0.976,
0.936, 0.904, and 0.930, respectively. The relative importance of values for each input
parameter are illustrated in Figure 10, which shows that fine aggregates content is the most
important input, then cement content, coarse aggregate content, water content, and finally
the bacteria concentration.
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Table 5. Weights matrix for the developed ANN model.

Hidden Layer
H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8)

Input
Layer

(Bias) −0.34 −0.24 −1.80 −7.88 1.31 −0.58 0.52 −2.62
C −23.33 0.13 5.71 5.29 3.80 0.20 13.74 1.90

FA 15.33 −0.51 14.49 −4.40 6.51 0.03 0.10 1.55
CA 5.99 −0.18 −9.99 −3.29 3.00 0.09 −7.90 1.00
W 1.67 0.18 0.43 −0.83 −6.45 −0.72 3.05 −4.74
B 0.48 −0.26 3.10 −0.20 −32.02 −0.42 −0.12 −0.97

Hidden Layer
H(1:1) H(1:2) H(1:3) H(1:4) H(1:5) H(1:6) H(1:7) H(1:8) (Bias)

Output
Layer

Fc −0.24 −0.04 0.35 0.37 0.22 −0.85 −0.04 0.98 0.07
Ft 1.02 −1.25 −0.33 0.83 0.37 −0.72 1.09 0.45 −0.16
Ff −0.50 −0.80 −0.14 −0.26 0.04 −0.06 0.21 −0.22 −0.73
S 0.90 −0.71 −0.27 0.21 −0.03 −0.71 1.06 0.35 −0.90
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3.3.3. Model (3)—Using (EPR) Technique

Finally, the developed EPR model was limited to cubic level. For 5 inputs, there are 56
possible terms (35 + 15 + 5 + 1 = 56) as follows:

i=5

∑
i=1

j=5

∑
j=1

k=5

∑
k=1

Xi.Xj.Xk +
i=5

∑
i=1

j=5

∑
j=1

Xi.Xj +
i=5

∑
i=1

Xi + C

The GA technique was applied on these 56 terms to select the most effective 32 terms
to predict the values of Fc, Ft, Ff, and S. The outputs are illustrated in Equations (5)–(8).
The average errors in % are 7.5%, 5.4%, 9.6%, and 5.0% and R2 values are 0.953, 0.861, 0.777,
and 0.863, respectively, for the total datasets.

Fc = 146961 C.FA.W − 39090 C.CA.W − 412 C.CA.B + 2320 C.CA2 + 40495 C.W + 698 C.W.B
−448235 C.W2 + 452 C.B − 6.9 C.B2 − 12610 C2 − 34065 C2.FA + 5810 C2.CA
+73525 C2.W − 101 C2.B + 15145 C3 + 2305 FA + 4975 FA.CA + 2038 FA.CA.W
+250 FA.CA.B − 5120 FA.CA2 − 23344 FA.W − 344 FA.W.B − 99500 FA.W2

−260 FA.B + 3.75 FA.B2 − 2690 FA2 + 2768 FA2.CA − 4500 CA + 33180 CA.W2

+2720 CA2 + 399400 W3 + 990

(5)

Ft = 492 C.FA.W − 42.5 C.FA + 572 C.CA + 2992 C.CA.W + 30.7 C.B − 1.47 C.B2 − 871 C2

−118 C2.FA − 1340 C2.CA − 4485 C2.W − 20.6 C2.B + 2700 C3 + 216 FA
−30.3 FA.CA − 179 FA.CA.W − 0.55 FA.CA.B + 9.6 FA.CA2 − 9.43 FA.W
+31 FA.W.B + 372 FA.W2 − 3.37 FA.B − 0.59 FA.B2 − 124 FA2 + 26.5 FA2.CA
+461 FA2.W + 3.46 FA2.B − 1176 CA.W + 1115 W − 53.2 W.B + 3.2 W.B2

+0.03 B3 − 121

(6)

Ff = 12476 C.FA.W − 691 C.CA2 + 4020 C.W − 809 C2 − 2685 C2.FA + 1824 C2.CA + 20.9 FA.B
−14192 C2.W + 3.87 C2.B + 2377 C3 − 893 FA + 454 FA.CA − 3373 FA.CA.W
+1.33 FA.CA.B + 383 FA.CA2 + 2996 FA.W − 2.88 FA.W.B − 8213 FA.W2

−0.07 FA.B2 + 443 FA2 − 449 FA2.CA − 1073 FA2.W − 12.2 FA2.B + 122 FA3

−399 CA + 2495 CA.W − 4022 W + 4406 W2 − 5.6 B − 0.55 B2

+0.04 B3 + 612

(7)
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S = 124710 C.FA.W − 371 C.FA2 + 8223 C.CA + 2932 C.W − 91 C.W.B + 261551 C.W2

−246 C.B + 27.6 C.B2 − 10995 C2 − 29110 C2.FA − 7798 C2.CA − 244384 C2.W
−375 C2.B + 72000 C3 + 4591 FA − 4247 FA.CA + 21318 FA.CA.W
−19.5 FA.CA.B − 4040 FA.CA2 − 2508 FA.W + 215 FA.W.B − 126020 FA.W2

+40 FA.B + 8.5 FA.B2 − 3039 FA2 + 6385 FA2.CA − 16797 FA2.W − 103.3 FA2.B
−7907 CA2.W + 1228 CA3 − B3 − 1100

(8)

Table 6 shows the summary of performance accuracies of the predicted models for
Fc, Ft, Ff, and S while the fitness models are graphed in Figures 11–14. In the predicted
model, the Taylor diagram representation in Figure 15, the root mean square error (RMSE)
envelopes, the standard deviation distribution, and coefficient of correlation between the
measured (experimental) data and predicted data are shown. Figure 15a shows that the
measured and predicted Fc has an RMSE of 5%, standard deviation range of 10–20 MPa and
correlation coefficient of between 0.95 and 0.99. In Figure 15b, the measured and predicted
Ft has an RMSE of 0.1–0.2%, standard deviation range of 0.25–0.5 MPa and correlation
coefficient of between 0.8 and 0.9. In Figure 15c, the measured and predicted Ff has an
RMSE of 0.25–0.5%, standard deviation range of 1–1.5 MPa, and correlation coefficient
of between 0.9 and 0.95. In Figure 15d, the measured and predicted S has an RMSE of
5%, standard deviation range of 10–20 mm, and correlation coefficient of between 0.9 and
0.99. Figures 16 and 17 show the variances and relative errors between the measured
experimental data and the predicted values.

Table 6. Accuracies of developed models.

Item Technique Model SSE Average Error % R2

Fc
GEP Equation (1) 817 9.3 0.927
ANN Figure 3, Table 3 284 5.5 0.976
EPR Equation (5) 531 7.5 0.953

Ft
GEP Equation (2) 3 8.1 0.591
ANN Figure 3, Table 3 1 3.8 0.936
EPR Equation (6) 1 5.4 0.861

Ff
GEP Equation (3) 19 10 0.758
ANN Figure 3, Table 3 9 6.6 0.904
EPR Equation (7) 18 9.6 0.777

S
GEP Equation (4) 443 3.8 0.928
ANN Figure 3, Table 3 412 3.6 0.930
EPR Equation (8) 784 5.0 0.863
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Figure 11. Relation between predicted and calculated (Fc) values using the developed models: (a) 
GEP, (b) ANN, and (c) EPR. 
Figure 11. Relation between predicted and calculated (Fc) values using the developed models:
(a) GEP, (b) ANN, and (c) EPR.
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Figure 12. Relation between predicted and calculated (Ft) values using the developed models: (a) 
GEP, (b) ANN, and (c) EPR. 

Figure 12. Relation between predicted and calculated (Ft) values using the developed models:
(a) GEP, (b) ANN, and (c) EPR.
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Figure 13. Relation between predicted and calculated (Ff) values using the developed models: (a) 
GEP, (b) ANN, and (c) EPR. 

Figure 13. Relation between predicted and calculated (Ff) values using the developed models:
(a) GEP, (b) ANN, and (c) EPR.
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Figure 14. Relation between predicted and calculated (S) values using the developed models: (a) 
GEP, (b) ANN, and (c) EPR. 
Figure 14. Relation between predicted and calculated (S) values using the developed models: (a) GEP,
(b) ANN, and (c) EPR.
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Figure 15. Taylor charts showing RMSE, correlation coefficient and standard deviation of measure 
and predicted models for (a) Fc, (b) Ft, (c) Ff, and (d) S. 
Figure 15. Taylor charts showing RMSE, correlation coefficient and standard deviation of measure
and predicted models for (a) Fc, (b) Ft, (c) Ff, and (d) S.
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Figure 16. Variances between measured and model parameters for Fc, Ft, Ff, and S. Figure 16. Variances between measured and model parameters for Fc, Ft, Ff, and S.
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4. Conclusions

This research presents a life cycle assessment of self-healing concrete produced with
Bacillus subtilis and three models using three (AI) techniques (GEP, ANN, and EPR) to
predict the cylinder compressive strength (Fc), splitting tensile strength (Ft) MPa, flexural
strength (Ff) MPa of 28 days hardening self-healing concrete besides the slump (S) of the
fresh concrete.

The life cycle assessment showed that the mix containing 350 kg of cement per m3 had
the best overall environmental profile with reduction in every environmental indicator. This
mix showed better performance than the self-healing geopolymer in the climate change
category. Cement always presents itself as the contributor with more impact in self-healing
concrete mixtures.

The developed models used cement content (C), fine aggregate content (FA), coarse
aggregate content (CA), water content (W), and the logarithm of bacteria concentration
(B) as inputs. The results of comparing the accuracies of the developed models can be
concluded with the following points:

- GEP and EPR models shared almost the same level of accuracy; GEP: 90.7%, 91.9%,
90.0%, and 96.2%, EPR: 92.5%, 94.6%, 90.4%, and 95.0% for Fc, Ft, Ff, and S, respectively.
They both generated a set of closed form equations with almost the same level of
complexity. Hence, both modes are equivalent and could be applied manually.

- The ANN model presented slightly higher levels of complexity, accuracy, and lower
scattering than GP and EPR (ANN, 94.5%, 96.2%, 93.4%, and 96.4% for Fc, Ft, Ff, and
S, respectively). Although it has a better accuracy, the generated model cannot be
applied manually.

- The summation of the absolute weights of each neuron in the input layer of the
developed (ANN) model indicated that cement and fine aggregate contents (C, FA)
are the most important factors, which presents about 50% of the total influence. Water
and coarse aggregate contents (W, CA) come second in the importance ranking with
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about (35%) of the influence. Finally, bacteria concentration (B) had the lowest effect
with about (15%).

- Taylor charts in Figure 15 showed that the correlation coefficients exceeded 95% for
ANN models, 90% for EPR, and GEP models except GEP-Ft ≈ 85%.

- GA technique successfully reduced the 56 terms of conventional polynomial regression
quadrilateral formula to only 32 terms without significant impact on its accuracy.

- Like any other regression technique, the generated formulas are valid within the
considered range of parameter values, beyond this range; the prediction accuracy
should be verified.
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