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In this research study, extensive literature searches on the compressive strength
of concrete produced from the addition of fly ash (FA) and silica fume (SF) as
extra constituents to the conventional concrete mixes, which gave rise to
330 mix points of concrete database. Due to the worrisome environmental
impact of concrete production and usage in concrete activities, it has been
pertinent to conduct the life cycle impact assessment of this procedure.
Secondly, due to the over dependence of concrete production experts on
laboratory exercise, there is also an urgent need to propose equations that
reduce this dependence, that can be used in design, construction and
performance evaluation of concrete infrastructure, hence the multi-
objective nature of this research work. The results of the global warming
potential (GWP) based on cement dosage show that Portland cement
contributes about 90% of the total score. This is followed by the use of
coarse aggregate contributing 6%, superplasticizer, 3% and fine aggregates,
2%. These show the functions of CO, emissions and other greenhouses gas
emissions in the entire system. Also, the result of the terrestrial acidification
potential (TAP) for the concrete mixes in this study show that the lowest cement
mix “C340-FAg658-FA0-SF15" has a human toxicity, both carcinogenic and
non-carcinogenic that showed an added impact of about 14 kg of 1,
4 equivalents of dichlorobenzene (DCB eq.). This result is 428% less impact
than other studies found in the literature that used FA. Finally, it was found that
the addition of FA and SF in concrete has a lowering effect on the environmental
impact indicators due to reduced cement dosage. Furthermore, the results of
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the model predictions show that ANN with a performance index of 0.986 (4.8%)
showed decisive superiority to predict the compressive strength of the FA-SF
concrete over EPR, 0.951 (8.7%), GP, 0.94 (9.5%) and GEP, 0.93 (10%).

KEYWORDS

silica fume, fly ash, environmental impact, life cycle assessment, sustainable concrete,
CO, emission, global warming potential

1 Introduction
1.1 General research background

The construction activity is being increased day by day to
provide shelter to population growth and also to enhance the
quality of life (Soleymani and Esfahani mohammad, 2019;
Jahangir and Eidgahee, 2021). As a result, there are some
environmental costs involved. The construction industry is
producing a considerable amount of carbon emissions and
ranks third among carbon emissions contributors. The main
carbon emissions contributor to the construction industry is
cement. Many researchers throughout the world-wide putting
efforts to reduce carbon emissions by utilizing the alternative
material to the cement (Salesa et al., 2017). The amount of one
ton of ordinary Portland cement (OPC) produces near about one
ton of CO,, resulting in global warming, ozone depletion and
climate change (Samad and Shah, 2017). Concrete’s global
warming potential in terms of CO,-eq may be calculated
using Equation (1) (Ma et al.,, 2016):

CO, —eq = 1CO, + 25CH, + 298N,0 (1)

The utilization of the industrial by-products to partially
replace the cement has taken place in recent years (Liew et al.,
2017; Ting et al,, 2021). The use of many forms of industrial waste
as pozzolanic or binder material in concrete has been thoroughly
researched from various aspects, including strength, corrosion
resistance, durability, and permeability (Alyousef et al., 2022a;
Wang et al., 2022a; Alyousef et al., 2022b; Alyousef et al., 2022¢;
Min et al, 2022). Ground Granulated Blast-Furnace Slag
(GGBFS), Silica Fume (SF), and Fly Ash (FA) are the most
commonly used industrial wastes that are being used as a partial
replacement for cement.
the
supplemental cement ingredients like SF and FA has a

By decreasing requirement for cement, using
favorable impact on energy, economical, and environmental
considerations in the concrete industry (Dong et al., 2015;
Hossain et al.,, 2016; Liu et al., 2017; de Matos et al., 2020;
Kumar et al, 2021a; Alaloul et al, 2021; Celik et al., 2022).
Optimizing concrete mixes using supplementary content is
another important consideration in literature (AlShareedah
and Nassiri, 2021; Bhuva and Bhogayata, 2022; Wang et al,,
2022b; Chen et al, 2022; Rezazadeh Eidgahee et al., 2022;
Siamardi, 2022; Solouki et al., 2022; Sun et al., 2022; Warda

etal, 2022). As an example, the mechanical characteristics of FA-
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SFE plain concrete (FA-SPC) and FA SF coconut fiber reinforced
concrete (FA-SCFRC) are examined in Khan and Ali’s study
(Khan and Alj, 2019). In addition to the 0, 5, 10, and 15 percent
FA content applied to the cement mass, the SF percentage equals
15 by cement mass. It turns out that FA-SCFRC has typically
better qualities than the corresponding FA-SPC. In summary,
FA-SCFRC exhibits overall optimal mechanical characteristics
compared to FA-SPC due to its 10% FA content.

In parallel with the recommendation of an optimized
mixture, Life-cycle assessment (LCA) is typically used as the
basis for the sustainability evaluation criteria. LCA is one of the
environmental management tools to assess the effects and
loadings of goods and services by assessing energy and
material consumption and waste discharge into the ecosystem
throughout a product’s lifetime. Although it starts with an
environmental perspective and often does not cover the social
or economic implications, its life cycle methodology and
approach are adaptable to be applied to other areas (Xing
et al.,, 2022).

LCA evaluates a mixture’s GWP (global warming potential).
The structure outlined in ISO 14,040 (ISO 14040, 2006) and ISO
14,044 (SO 14044, 2006) standards served as the foundation for
this LCA analysis. Goal and scope definition, life cycle inventory
(LCI) analysis, life cycle impact assessment (LCIA) computation,
and outcome interpreting are the four primary elements of the
iterative framework for conducting LCA study as defined by the
guidelines (Xing et al., 2022).

1.2 Environmental impact of fly ash and
silica fume in cement concrete

FA is a thin grey powder made up primarily of spherical,
glassy particles that is a waste product of coal-fired thermal
power plants. FA contains pozzolanic properties; when it comes
in contact with water, it forms cementitious material and is also
called supplementary cementitious material. Partial replacement
of cement by using FA material increases the concrete’s strength
and improves segregation (Che Amat et al., 2020; Kumar et al.,
2021b). FA offers several advantages as presented in Figure 1,
including being cost-effective, environmentally friendly, and
reducing carbon emissions (Sandanayake et al., 2020; Tayeh
et al,, 2020). In comparison to OPC, FA has low embedded
energy. The characteristics of cement pastes heavily influence the
behaviour of cement-based composites. Controlling the cement
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FIGURE 1
The multiple structural and environmental benefits of FA in
sustainable concrete.

hydration products can therefore result in significant
improvements, particularly in the strength qualities of cement
pastes.

In concrete, SF is used as a pozzolanic material that is very
fine in nature (Bhanja and Sengupta, 2005). The use of SF in
concrete increases the durability as well as the compressive
strength of the concrete (Mazloom et al, 2004; Nochaiya
et al., 2010). Mazloom et al. (2004) used SF in the concrete
mixes and found that the consistency of a concrete mix may be
enhanced by adding the SF material. The use of SF improves the
mechanical qualities of concrete and reduces shrinkage. Bhanja
and Sengupta (Bhanja and Sengupta, 2005) also studied the
behaviour of SF in the concrete mixes. They observed that
adding SF to concrete increases its durability. Based on an
investigation of the heterogeneity in LCA conclusions, Seto
et al. (2017) research analyzed approaches for assigning the
environmental effect of FA generation in a LCA study of
concrete. LCA models of concrete with 10%, 25%, and 50%
FA as cement substitute were developed. A sensitivity analysis
was also carried out. The results revealed that as the proportion of
FA in the concrete increases, the environmental effect decreases.

Three previous concrete mixtures—pervious concrete with
regular Portland cement (PC-Regular), pervious concrete with
FA (PC-FA), and pervious concrete with BES (PC-BES)—were
examined by Chen et al. (2019) for their technical characteristics,
costs, and energy and environmental effects. The energy usage
and greenhouse gas (GHG) emissions of pervious concrete mixes
with various material combinations were measured using the life-
cycle assessment (LCA) method. According to tests performed,

pervious concrete mixes, including slag or FA, exhibited equal
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FIGURE 2
The multiple structural and environmental benefits of SF in
sustainable concrete.

freeze-thaw resistance to conventional pervious concrete but
reduced mechanical strength, particularly in tensile or flexural
strength. Compared to the sample with PC, results demonstrate a
6%-9% lower energy savings and 11%-19% lower GHG
emission. The previous concrete with FA had the most
remarkable overall performance when several engineering
characteristics, cost savings, energy savings, and GHG
decrease were balanced.

Silica fume (SF) is produced during the burning operations
used in the silicon and ferrosilicon industries. The colour of SF is
either excellent white or grey. It has particles 100 times smaller
than those found in ordinary cement. SF is a highly effective
pozzolanic material because of its silica concentration and
fineness. SF is used to improve the characteristics of concrete
as presented in Figure 2. It has been demonstrated that SF
enhances the compressive strength, bond strength, and
abrasion resistance, lowers permeability, and aids in
preventing corrosion in steel bars (Khan and Siddique, 2011).

The influence of the quantity of SF and the supply of FA on
the washout resistance of high-volume fly ash concrete (HVFAC)
mixtures was examined by Kumar et al. (Ganesh Kumar et al.,
2022). When the underwater concrete (UWC) admixtures were
made utilizing FA with a higher surface area, slump and washout
resistance improved by up to 19 and 11%, respectively. Increases
in SF proportion were accompanied by increases in the strength
and workability of the UWC. Additionally, these combinations’

wash out resistance and durability improved. This demonstrates
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how adding SF to the HVFAC increased the amount of free water
their surfaces could absorb, stabilizing them against water
conditions. The HVFAC’s stability was additionally boosted
by the pozzolanic activity and the microstructure densification
processes. They also claimed that employing HVFAC mixes
stabilized with SF while developing UWC seems to be
environmentally beneficial and that using such concretes in
underwater conditions is both easy and affordable.

The study provided by Ashraf et al. (2022) examined how
bentonite clay (BC) affected the strength, durability, and
microstructure of concrete by working in tandem with SF.
While SF was held constant at 10 percent, five distinct mixes
were produced, each of which contained 0 percent, 7.5 percent,
15 percent, and 22.5 percent (by weight) of BC as a substitute for
cement. According to the research observations, the inclusion of
SF improved compressive strength as curing time increased. The
BC and SF greatly enhanced the pore architectures and resistance
to sulfate attack and chloride infiltration, according to durability
tests. According to the environmental assessment research, using
BC and SF can cut carbon emissions by around 23% compared to
control mix. The suggested concrete combinations were
considered economically, technically, and environmentally
feasible for use in the building industry.

1.3 Sustainability of FA-SF in concrete

The use of FA and SF together might improve the
characteristics of fresh and hardened concrete in a
synergistic way, and this impact was examined by Thomas
et al. (1999). They discovered that adding SF to concrete
improves early-age characteristics and that adding FA to
concrete improves long-term qualities. As a result, concrete
properties can be improved at an early-age and gives long-
term qualities with the combined effect of FA and SF. When
compared to Portland cement mixtures, Nochaiya et al. (2010)
found that the use of FA and SF results in a more significant
water requirement. They also confirmed that adding FA and
SF to concrete boosts its compressive strength at an early
stage. Nezerka et al. (2019) looked at how adding SF and FA to
concrete affected the interfacial transition zone (ITZ).
Authors discovered that SF and FA-modified concrete had
superior ITZ characteristics to reference concrete. SF is the
critical substance that helps fill the voids and pozzolanic
activity of the mix. According to environmental and
with  the

simultaneous addition of a significant amount of FA and

financial research, substituting cement
SF results in a greater decrease of the embodied CO,
emission (Ganesh Kumar et al., 2022).

The goal of Ting et al. (2021) research was to improve silico-
manganese slag concrete by adding SF and FA. The interaction of
SF and FA on concrete workability, durability and compressive

strength was explored by statistically assessing the experimental
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FIGURE 3
The theoretical framework of the LCIA evaluation and
prediction of Fc of FA-SF-concrete.

results. A polynomial function prediction model was created by
utilizing the Response Surface Method (RSM) for the
optimization of SF and FA contents. The models were
statistically noteworthy and had minimal residual errors,
according to an analysis of variance using a p-value at a
significance level of 0.05. The fitness of all models was good,
with R* values ranging from 0.999 to 0.853. The impact of SF and
FA on the drying shrinkage, compressive strength, abrasion
resistance and cracking of concrete was investigated by Wang
et al. (2021). The connections between concrete porosity and
abrasion resistance were analyzed. The findings revealed that SF
greatly enhances drying shrinkage, particularly at an early age,
while combining SF and FA can reduce the probability of the final
shrinkage and of early plastic shrinkage induced cracks to some
extent. Furthermore, using 20 wt% FA and 5 wt% SF combined
enhanced the mechanical property and abrasion resistance by
roughly 4%-9% at various ages. Additionally, the concrete
porosity is directly connected to the concrete compressive
strength and abrasion resistance. Both SF and FA may reduce
the concrete porosity and raise D, (pore surface fractal
dimensions). In terms of mechanical properties, abrasion
resistance, and cracking, a combination of 20% FA and 5% SF
is adequate for concretes used for wearing surfaces.

In another research, Ghalehnovi et al. (2022) tested ten mixes
to investigate the effects of simultaneously using red mud (RM)
and SF as cement substitutes (5 and 7.5 percent and 5 percent,
respectively) on concrete properties. They claimed that
increasing RM inclusion decreased mechanical characteristics
but that utilizing 20% RM and 5% SF as a replacement for cement
achieved the same compressive strength as the benchmark.
Additionally, a simplified cost analysis was performed on all
mixes, along with assessments of the environmental effects of
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TABLE 1 Statistical analysis of collected database.

Range Minimum Maximum Mean
C 0.21 0.32 0.53 043
FAg 0.18 0.54 0.72 0.65
CAg 0.18 1.03 121 112
w 0.06 0.15 0.21 0.17
FA 0.06 0.00 0.06 0.03
SF 0.02 0.00 0.02 0.00
PL 0.01 0.00 0.01 0.00
A 6.32 0.11 6.43 1.96
Fc 100.00 7.80 107.80 56.81

using water and the possibility of global warming. The mix with
10% RM and 7.5% SF obtained the highest overall aggregated
performance grade.

In this paper, multiple data for the compressive strength of
concrete produced from the addition of fly ash (FA) and silica
fume (SF) in addition to the traditional concrete constituents was
collected, life cycle assessment based on global warming potential
(CO, emissions potential) of the FA-SF-based concrete was also
carried out and artificial intelligent predictions of the
compressive strength of the FA-SF-concrete was proposed
considering four machine learning techniques.

2 Methodology
2.1 Data collection and preparation

The data collection and preparation approach adopted in this
present research work was purely the literature search method
where multiple data points of the compressive strength of
concrete made from the addition of fly ash and silica fume.
During the extensive literature search, 330 records were curated
from previous results (Khan and Ali, 2019; Che Amat et al., 2020;
Tayeh et al, 2020; Kumar et al., 2021b; Ashraf et al.,, 2022).

TABLE 2 Pearson correlation matrix.

C FAg CAg W FA SF PL A Fc
C 1.00
FAg 037 100
CAg -057 -034 100
W 046 -086 032 100
FA 005 -053 010 004 100
SF 009 013  -022 -007 -025 100
PL 062 057 -015 -083 0.9 -0.05 100
A 003 -0.07 015 005 006 -0.10 005 100
Fc 053 055 -035 -046 -035 010 043 054 100
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SD Variance Skewness Kurtosis
0.05 0.00 0.41 -1.09

0.05 0.00 -0.49 -0.87

0.04 0.00 -0.56 -0.19

0.02 0.00 0.84 -1.17

0.02 0.00 0.22 112

0.00 0.00 0.44 -1.63

0.01 0.00 0.03 2,01

2.12 447 1.18 0.15

22.79 519.29 -0.05 -0.56

Figure 3 shows the theoretical framework of the methodology
applied in the research paper. The whole database was analyzed
on the basis of the environmental impact of FA-SF addition in
concrete production in terms of CO, emissions contribution to
the global warming potential and also on the basis of intelligent
prediction of the compressive strength of the FA-SF-based
concrete considering the concrete’s life cycle assessment

evaluation.

2.2 Statistical analysis of collected data

330 records were collected for experimental tested concrete
mixtures with different components’ ratios including the Fly Ash
(FA) and Silica Fume (SF). Each record contains the following
data: cement content (C) ton/m’, ine aggregates content (FAg)
ton/m’, coarse aggregate content (CAg), ton/m3, water content
(W), ton/m3, fly ash content (FA), ton/m3, silica fume content
(SF), ton/m3, superplasticizer content (PL), ton/m3, relative
(A), age/28 days)
compressive strength of concrete (Fc), MPa.

curing age (concrete and cylinder

The collected records were divided into training set
(270 records-80%) and validation set (60 records-20%). Tables
1, 2 summarize their statistical characteristics and the Pearson
correlation matrix. Finally, Figure 4 shows the histograms for

both inputs and outputs.

2.3 Research plan

2.3.1 Life cycle impact assessment and life-cycle
inventory and method

The environmental assessment is based on the international
norms ISO 14040 (The International Standards Organisation,
2006). It provides the evaluation of the environmental impacts of
the life of the analyzed structure. The goal of this study is to
analyze and compare different environmental indicators for
concrete that contain fly ash or silica fume. For this purpose,
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FIGURE 4
Distribution histograms for inputs (in blue) and outputs (in green).
a life cycle assessment (LCA) has been carried out for the statistics of FA-SF-C proportions, the important of which is the
concrete samples described in the 330 data points. The amount of cement utilized in each mix.
functional unit for LCA has been defined as 1 m® of concrete Figure 5 represents the system boundary which shows
production. The scope of this study covers the extraction of the each component considered in the LCA. The LCA shows the
different materials used in the different mixes such as cement, fly environmental burden of concrete samples based on
ash, fine aggregate, coarse aggregate silica sand, and cement or partially replaced cement with recycled/value-
superplasticizer (PL). The details of each mix design show the added components like fly ash. Moreover, it considers the
06 frontiersin.org
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FIGURE 5
System boundary for 1 m* concrete production.

use of fine and coarse aggregate, and depending on the
concrete mix design, the addition of silica fume. Besides, as
seen in system boundary, the use of a superplasticizer (PL)
as water reducing agent was also taken into account.

The mixes for the LCA were classified based on the
amount (kg) of cement, fly ash and silica fume required.
If a mix has a repeating code, then, the amount of fine
aggregates was included. For instance, a concrete mix with
400 kg of cement and no silica fume or fly ash has the code
C400-FA0-SF0. However, there is another mix with the same
mass of cement but a variation in the fine aggregate (677 kg).
Thus, the code for that mix is C400-FAg677-FA0-SFO (FA-
SE-400).

The inventory accounts for the inputs of the different
materials needed for the production of the concrete mix
following the functional unit. The Ecolnvent Database 3.2
(Wernet et al., 2016) was used to evaluate the impact of each
material used for the production of 1 m® of concrete production.
Ordinary Portland cement (OPC), cement with fly ash 5%-15%,
silica sand, fine aggregate, and coarse aggregate considered in a
global market approach and consequential unit perspective was
applied in the LCA to give a broader range of results that could be
applied globally.

The LCA software requires the inclusion of a methodology
that is capable of transforming input data into environmental
impacts. For this study, ReCiPe Midpoint H (Huijbregts et al.,
2017) was used to assess the impacts of the different concrete
mixes from the 330 data points. This method allows for a
global approach on the environmental impacts while
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maintaining a conservative but balanced approach on those
impacts.

2.3.2 Al models prediction and mix design chart

Four different Artificial Intelligent (AI) techniques were used
to predict the characteristic strengths and the slump of concrete
using the collected database. These techniques are genetic
programming (GP), 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 strength (Fc) using cement content (C), fine
aggregates content (FAg), coarse aggregates content (CAg),
water content (W), Fly Ash content (FA), silica fume content
(SE), super-plasticizer content (PL) and relative age (A) (concrete
age/28 days). Each model on the four developed models was
based on different approach (evolutionary approach for GP&
GEP, mimicking biological neurons for ANN and optimized
mathematical regression technique for EPR). However, for all
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.

3 Discussion of results
3.1 Life cycle impact assessment

3.1.1 Global warming potential

The life cycle impact assessment analyzed in first place the
effect of cement on the environmental indicators. Cement is the
main contributor to global warming potential in any concrete
mix (Garcia-Troncoso et al., 2022). Therefore, its impact on the
environment is the first step in a life cycle assessment. Figures
6A-D shows the impact score of the mixes based on the amount
of cement that they contain. Results showed that lower
percentages of cement have direct effect on environmental
impact. Figure 6A) has the mixes with the lowest burdens
which is related directly to the use of cement. The bottom
part of the Figures 6EF, the influence of fly ash and silica
fume was assessed. Figure 6E) shows variations in the amount
of silica fume while maintaining fly ash at zero. The same was
conducted for fly ash in Figure 6F). Once again, the tendency is to
be more affected by the cement than any of the two other
variables because of the small amounts used when compared
to OPC. However, it can be noticed that the addition of silica
fume and fly ash have slight effect on the indicator because it adds
impact. Fly ash contributes more to the impact than silica sand.

The mean score for global warming potential for all the mixes
was 418.15kg of CO, per m* with a standard deviation of
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49.80 kg of CO, per m’. The lowest result was achieved by the
mix design that uses 340 of cement, 658 kg of fine aggregates,
no fly ash, and 15 kg of silica fume. In this sense, one study
that assessed the inclusion of fly ash and copper tailings
obtained a global warming potential that was in the range of
approximately 290 kg-460 kg of CO, (Dandautiya and Singh,
2019). Another study had results for variations of fly ash in
the ranges of 413 kg-662 kg of CO, per m? and about 780 kg
of CO, per m® of conventional concrete (Teixeira et al., 2016).
This study has results in the ranges presented by literature.
For instance, the mean score is half of the impact of
conventional concrete.

Frontiers in Built Environment

The mix with the better environmental profile was
analyzed in further detail. The process contribution of the
mix can be seen in Figure 7. For this impact category, Portland
cement contributes about 90% of the total impact score,
followed by the wuse of coarse aggregate (6%),
superplasticizer (PL) (3%), and fine aggregates (2%).
Literature showed for one research that had a functional
unit of 100 years of operation for the concrete mix that the
inclusion of fly ash had a positive repercussion on the impact,
lowering the different impact categories (Panesar et al., 2019).
In the same way, for this study when fly ash was considered in
the mix, impacts were reduced.
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Terrestrial acidification potential for the concrete mixes assessed in this study.

u C316-FAg

10 mC337-FAg

uc g 15 =G g

W C360-FAg666-FAQ-SF10
™ C368-FAg686-FA20-SF0

W C380-FAg674-FA10-SFO

™ C360-FAg666-FA20-SF0
W C380-FAg674-FAD-5F5

mC398-FAg686-FA30-SFO

W C400-FAO-SFO W C400-FAQ-SFS

= C400-FA15-SFO ™ C400-FA25-SFO
= C400-FA25-SFS C400-FA40-SFS
= C400-FA45-SFO = C400-FAS5-SFO
W C400-FAG677-FAO-SFO W C410-FAQ-SFO
W C410-FAO-SF5. W C410-FA15-SFO
W C410-FA20-5F5 W C410-FA25-5F0
™ C410-FA40-SFS  C410-FA45-SFO
C410-FAS5-SFO C421-FAg686-FA10-SF10
W C421-FAg686-FA20-SFO M C442-FAg686-FAL0-SF6
W C474-FAg6S6-FAO-SF10  MCA74-FAg636-FA10-SFO
W C484-FAG686-FAQ-SFS W C495-FAg636-FAQ-SF6
W C500-FAO-SFO W C500-FAO-SFS
= C500-FA15-SFO = CS500-FA20-SFS
= C500-FA25-SFO C500-FA40-SF5

m C500-FA45-SFO = C500-FASS5-SFO

W C527-FAg686-FAO-SFO

3.1.2 Terrestrial acidification

The environmental burden rises when the amount of cement is
increased in the mix as aforementioned. However, in this category,
the first mix which has the lower percentage of cement has also the
lowest environmental impact score. This shows a stronger relation
between the impact indicator and the OPC. For this category,
Teixeira et al. (2016) reported values for acidification potential
with a mean value of 3.3kg of SO, per m® of concrete mix.
Meanwhile, the lowest mix in this study has a score of 0.6 kg of
SO, per m’; this is ~82% less impact for this category. Figure 8 shows
that the increase of cement in the mixture directly increases the
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impact indicator. Further analysis while maintaining the cement
proportion is needed to establish the correlation between the impacts
of the fly ash or silica fume with this indicator.

Additionally, the lowest cement mix stated before has a
human toxicity, both carcinogenic and non-carcinogenic, that
have an added result of ~14 kg of 1,4 DCB eq. This result is 428%
less impact than one study found in literature that used fly ash as
well (Dandautiya and Singh, 2019). In addition, literature showed
that the eutrophication potential when varying fly ash showed
10 times more impact that the mixes presented for this research
(Teixeira et al., 2016).
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3.2 Fc Al predictive models

3.2.1 Model (1)—Using GP technique

A GP model with five complexity levels was developed to
predict (Fc) values. The population size, survivor size and
100,000, 30,000
100 respectively. Eq. 1 presented the output formula for

number of generations were and
(Fc). Both average error % of total dataset and (R*) value
are 9.5% and 0.941% respectively. The closed-form equations
are used in consideration of the environmental impact of the
Portland cement dosage in concrete to predict both manually
and intelligently the compressive strength of concrete based
healthy considerations at reduced CO, emissions which will
conform to previous results (Teixeira et al., 2016; Dandautiya

and Singh, 2019; Panesar et al., 2019).

Fc = 11C(115SF +12.75) + (0.22 + 13.5 CAg) (0.86 Ln (A) + 15)
+ (20SF — 2.4 A — 444) (0.4 FA + 0.645 CAg — 0.325 FAg) (2)

3.2.2 Model (2)—Using GEP technique

The developed GEP model has 50 lines of code. The
population size, survivor size and number of generations were
10,000, 3,000, and 1,000 respectively. Eq. 2 presented the output
formula for Fc. The average error % of total dataset is 10.0% while
the R* value is 0.935.

2
Fc = (210C.FAg(FAg +SF+C) - %) - (@) - (ﬁ@) +FAg+X

A + 36FA

Where: —_————+
ere 21A7 —13A* 017

X = 24 3)

3.2.3 Model (3)—Using EPR technique

The developed EPR model was limited to cubic level, for
8 inputs; there are 165 possible terms (120 + 36+8 + 1 = 165) as
follows:

i=8 j=8 k

)

i=1 j=1 k

8 i

XX X+

I
©

j=8 i=8
X X;j+ ) X;+C
=1 i

i=1

(4)

11
-

—
.

GA technique was applied on these 165 terms to select the
most effective 10 terms to predict the values of (Fc). The outputs
are illustrated in Eq. 3. The average error in % is 8.7% and R*
value is 0.951) for the total datasets.

C.A(4.24 - 3.83FAg) — 3000 W2 + 71

Fc =
CW
, A(B044W - 2333) 3,44 FAg
AFAg
- 1.55FAg (982 FAg + A%) + 2384 (5)
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FIGURE 9
Architecture layout for the developed ANN models.

3.2.4 Model (4)—Using ANN techniques

The developed model layout is (8:5:1), normalization method
(-1.0 to 1.0), activation function (Hyper Tan) and “Back Propagation
(BP)” traditional algorithm. The developed model was used to
predict (Fc). The used network layout is illustrated in Figure 9
while its weight matrix is showed in Table 3. The average errors % of
total dataset is 4.8% and the R* value is 0.986. The relative
importance values for each input parameter are illustrated in
Figure 10, which showed that water, fine aggregates, fly ash
contents and relative age are the most important inputs. Coarse
aggregates, silica fume, and cement contents came in second place
and lastly the super-plasticizer content. The relations between
calculated and predicted values for the models are shown in
Figure 11. Figures 12-14 shows the Taylor diagram, variances
and the relative error (%) between predicted and measured/
average values for the model exercise. As presented in Figure 12,
the correlation coefficient, root mean squared error and standard
deviation of the studied parameters of the models are graphically
shown. The summation of the absolute weights of each neuron in
the input layer of the developed (ANN) model indicated that water,
fine aggregates, fly ash content sand relative age are the most
important inputs which presents about 63% of the total influence
with almost equal shares. Coarse aggregates, silica fume, and cement
contents came in second place with about 30% of the influence with
almost equal shares. Lastly the super-plasticizer content presented
the rest 7% of the influence. Table 4 summarized the accuracies of
the four developed predictive models.
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TABLE 3 Weights matrix for the developed ANN model.

Input Layer (Bias)

FAg
CAg

FA
SF
PL

Hidden Layer
Output layer
Fc

TABLE 4 Accuracies of prediction of developed models.

Hidden layer
H (1:1)

-4.18
0.06
0.20
0.08
0.25
0.20
0.05
0.04
-3.01

H (1:1)
9.15

H (1:2)

0.50

-1.24
-2.00
-1.81
1.49

-0.49
-3.73
-0.27
-0.17

H (1:2)

-0.42

Technique  Model SSE  Avg. Error (%) R’
GP Eq. 1 9548 95 0.941
GEP Eq. 2 10,700 100 0.935
EPR Eq. 3 8110 87 0.951
ANN Figure 3; Table 3 2,417 48 0.986
W, 17.0%
FAg,16.6%
FA,14.8%
FIGURE 10

Relative importance of input parameters.

Frontiers in Built Environment

10.3389/fbuil.2022.992552

H (1:3) H (1:4) H (1:5)

-0.56 4.59 2.16

-0.40 4.18 -0.10

-0.97 -3.69 -2.32

-0.70 -1.64 0.50

-0.83 -6.22 -0.30

0.00 -3.09 -3.57

-0.22 0.10 -1.62

0.31 -4.08 1.40

0.24 -0.11 0.09

H (13) H (1:4) H (1:5) (Bias)
0.62 0.38 0.49 -9.09

4 Conclusion

This research presents four models using three (AI)
techniques (GP, GEP, EPR and ANN) to predict the
cylinder compressive strength (Fc) in MPa considering
the relative age (A) (concrete age/28 days) besides
cement content (C), fine aggregate content (FAg), coarse
aggregate content (CAg), water content (W), fly ash content
(FA), silica fume content (SF) and super-plasticizer content

PL,7.1%

SF,10.1%

CAg, 10.6%

A, 14.5%
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(PL) as inputs. First, an environmental impact of the fly ash-
silica fume was conducted by evaluating the life cycle
impact assessment (LCIA) of all the collected mix points.
It was found that the addition of fly ash and silica sand
(fume) has a lowering effect on the impact indicators
the the
environmental profile of the mixes is ordinary Portland

analyzed because main  contributor in
cement (OPC). The tendency of the impacts rises while
increasing the proportion of cement. The environmental
effect of fly ash and silica fume in the mixes have less
to OPC for the
quantities replaced in this study. Generally, the use of
FA-SF

proportional replacement of cement, which indicates the

negative impact when compared

in concrete production is achieved by

reduction of cement proportion. Having established
through research that cement usage is the primary
contributor to the environmental impact of concrete
production, it follows that its replacement by FA-SF
credits the admixture for its role in the reduction of the
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Variances between measured and predicted values.

effect of cement usage impact. The impact on water
index, water is heavily consumed by concrete during
its production and it takes energy to either transport
water or pump it for usage during the production of
concrete and this is where it is applied as impacting on
the environment.

Furthermore, from the following artificial intelligence
predictive models for the Fc, it can be concluded as follows:

10.3389/fbuil.2022.992552

(GP), (GEP) and (EPR) models shared almost the same
level of accuracy (90.5%, 90.0% and 91.3%)
respectively. They all generated closed form equations
with almost the same level of complexity. Hence, these
modes are equivalent and could be applied manually.
The (ANN) model presented a slightly higher levels of
accuracy (95.2%), complexity, and lower scattering than
(GP), (GRP) and (EPR). Although, it has a better accuracy, but
the generated model can’t be applied manually.

Taylor chart showed that the correlation coefficients exceeded
99% for (ANN) models, 95% for (GP), (GEP) and (EPR)
models.

For all developed models, the characteristic compressive
strength  after 28days could be computed by
substituting (A = 1.0).

None of the developed models used the all eight inputs
except the (ANN). (GP) used six inputs and neglected
(W, PL). (GEP) also used six inputs and neglected (CAg,
W). Finally, the (EPR) model used only four inputs and
neglected (CAg, PL, FA, SF). These results give the
advantage to the (GP) model because it is the model
that used the all admixture components (where water
and super-plasticizer contents could be roughly
estimated assuming the total volume = 1.0m® and
total weight = 2,350 kg-2,400 kg for normal weight
aggregates).

- GA technique successfully reduced the 165 terms of

conventional polynomial regression quadrilateral formula to
only 10 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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FIGURE 14
Relative error (%) between predicted-measured/average.
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