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Abstract

Concrete industry is challenged by sustainability and technical concerns. Sustainability includes minimization of raw
material usage, energy consumption, and emission of greenhouse gases, while technical concerns comprise the
enhancement of mechanical properties and durability such as compressive strength, resistance to chloride, acids,
and elevated temperatures. Therefore, recycling of industrial waste in manufacturing of green concrete has become
a robust viable alternative to disposal, due to the limited natural resources and raw materials which contribute to
sustainable construction. Consequently, this research aims to develop an approach using a multicriteria decision-
making algorithm based on Analytical Hierarchy Process (AHP), to select the most suitable industrial waste to achieve
the desired green concrete properties. The research starts by determining the alternatives including 18 industrial
wastes, and the criteria including 14 properties of concrete. After that, an experimental database for the influence of
the alternatives on the criteria is established based on the literature. Then, an algorithm is developed using a python
script to analyze the influence of incorporating each of the industrial waste alternative on both the mechanical and
sustainable properties of concrete. Subsequently, the efficiency of the proposed algorithm is validated using three

enhancement of concrete properties.

case studies that present different circumstances of concrete specifications. Based on the proposed approach, the
decision-maker can assign the appropriate residual waste to be incorporated into the concrete mix according to
its application in a user-friendly manner. Such approach can support both sustainable use of waste materials and

Keywords: industrial waste, green concrete, analytical hierarchy process, decision-making

1 Introduction

Sustainable development related to the construction
industry is concerned with providing a health-built envi-
ronment, efficient resource utilization, and adopting eco-
logical philosophy (Yang, 2005). The need for sustainable
construction is due to the major amount of natural and
non-renewable resources consumed in the construc-
tion industry as well as the significant impact on the
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environment by generating a massive amount of waste
and a huge portion of emissions. Innovation in construc-
tion is essential for sustainable development in construc-
tion (Oke et al, 2017). Therefore, countries are going
towards sustainable construction as one of the measures
being implemented to reduce the negative impacts of the
construction industry on the environment, society, and
economy.

Materials present one of the key areas to contribute
towards a sustainable construction future. Therefore, this
research focuses on concrete which is the most common
construction material used around the world (Palankar
et al., 2015). Production of concrete has negative impacts
on the environment. The adverse environmental impacts
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of concrete are global warming, damage to topsoil, soil
erosion, natural resource depletion, landscape degra-
dation, dust, noise, wastes, emissions, and air pollu-
tion (Alqarni et al., 2020; Assi et al., 2018; Nisbet et al,,
2000). Cement is the major component of concrete. It is
the major producer of CO, and greenhouse gasses emis-
sions in concrete. About 88% of the concrete mix emis-
sions are related to cement. In addition, the energy of
cement production is about 70% of concrete embodied
energy, while transportation only accounts for nearly
7%. Cement industry emits a considerable amount of air-
pollutant such as dust, sulfur dioxide (SO,) and nitrous
oxides (NO,) from fossil fuel burning during manufactur-
ing and transportation (Alqarni et al.,, 2020; Babor et al,,
2009). Therefore, there is a direct relationship between
the used cement content in concrete mix and the con-
crete’s energy consumption and the CO, emissions.

On the other hand, concrete additives have been
adopted by concrete manufacturers to improve its
mechanical properties and durability such as compres-
sive strength, resistance to chloride attacks, acids, and
elevated temperatures. At the same time, reducing the
consumption of cement, reducing energy costs of con-
crete production, and minimization of admixtures cost
are challenging tasks that can be solved using differ-
ent types of waste from many industries as mineral and
chemical modifiers of concrete. The waste disposal prob-
lems have provided many opportunities for the con-
struction industry to utilize waste (Akchurin et al., 2016;
Prusty et al., 2016). Waste management is a challenge for
researchers due to the increasing quantities of industrial
waste materials including industrial by-products. Recy-
cling and employment of industrial wastes in concrete is
an economic alternative that reduces disposals and solves
the problems of land-filling space and cost to achieve
sustainable construction (Siddique, 2012; Siddique et al.,
2018).

According to the equation:

. .1 .1 _ Life timex performance
Concrete sustainability potential = S " "=r=" impact ’

there are three basic methods to producing sustainable
concrete (Miiller et al., 2014):

1. Optimizing the environmental impact of concrete
composition at equal performance and lifetime.

2. Enhancing the performance of concrete at the same
environmental impact and lifetime.

3. Optimizing the lifetime of concrete at the same envi-
ronmental impact and performance.

This research presents a decision analysis approach
that can contribute to these three basic methods by con-
necting the properties of the produced sustainable con-
crete to the required concrete performance.
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2 Research Significance and Objectives

Green concrete is a concept of integrating environmen-
tal considerations in concrete design and construction. It
considers source depletion of raw materials, concrete mix
design, structural design, construction, and maintenance
of concrete structures (Prusty et al., 2016). Green con-
crete encourages sustainable and innovative use of waste
materials and untraditional alternative materials in con-
crete. The most important benefits of green concrete are
(Dash et al., 2016; Liew et al., 2017; Liu et al., 2021):

o Technical Improved strength, workability, durability,
and reduced cracking/curing time.

+ Economic Reduction of construction cost, mainte-
nance cost and increasing service life.

o Environmental Promotes effective waste man-
agement, greenhouse gas (GHG) reduction, and
resource conservation.

Therefore, most research has been going to produce
green concrete for its numerous inherent benefits. The
need for green concrete is increasing due to the demand
for high-quality concrete products (improvement in con-
crete properties), economic benefits, laws, landfill space
limitations, and environmental awareness and regula-
tions including the desire to reduce greenhouse gas emis-
sions, the need for conservation of natural resources,
carbon footprint reduction. In addition, project require-
ments for Leadership in Energy and Environmental
Design (LEED) certifications are another demand for
green construction (Dash et al., 2016; Liew et al.,, 2017;
Teixeira et al., 2016).

In both developed and developing countries, there
is an increase in generated industrial waste due to the
growing urbanization and industrialization. Therefore,
an extensive amount of waste materials with harmful
impact on the environment is generated which causes
a disposal problem (Ulubeyli et al., 2016). Construction
Environmental Management can effectively minimize
any potential adverse environmental to avoid, minimize
and mitigate construction effects on the environment
(Kabir et al., 2016). Consequently, as a smart approach
that can help solving those problems, the construction
industry has shown considerable interest in the utiliza-
tion of waste admixtures with concrete mix to produce
green concrete (Dharmaraj, 2021; Shewalul, 2021). How-
ever, there are several types of industrial wastes due to
the variety of industries; each of these wastes has its indi-
vidual effect when incorporated into concrete.

Several researchers investigated the properties of con-
crete incorporating waste materials using experimen-
tal testing (Balasubramaniam & Stephen, 2022; Brekailo
et al, 2022; Kabir et al, 2016). Other studies used
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regression analysis to predict the properties of green
concrete (Naser et al.,, 2022; Waghmare et al., 2022). In
addition to others who used machine learning tech-
niques such as neural networks to forecast the relation-
ship between various properties of green concrete (Mater
et al., 2022; Ray et al,, 2022). However, the incorporation
of a certain waste into concrete should be linked with its
field of application, to enhance the quality of its required
features. Most of previous studies focused on the evalu-
ation of the concrete properties after the inclusion of
waste materials. In addition, there is a lack of studies that
link between the use of such concrete and the concrete
specifications set by designer of the concrete mix.

To this end, this research aims to develop a decision
analysis approach that enables the incorporation of waste
materials in concrete according to its field of application
as a step towards sustainable construction. To achieve
that aim, two specific objectives are stated:

a. Establishment of the database, based on literature,
by reviewing and analyzing the available industrial
waste additives that can be used in concrete and opti-
mize their effect on the concrete characteristics.

b. Develop an algorithm based on analytical hierarchy
process (AHP) using a python script to implement
a multicriteria decision-making tool that can assist
engineers in selecting the adequate waste to be used
in the manufacture of concrete. The selection process
aims to optimize the required concrete properties
(determined by the decision-maker/designer) taking
physical/mechanical properties, durability, environ-
mental, and economic factors into consideration.

3 Establishment of the Database from Literature
The high demand for natural resources has given many
opportunities for the use of waste materials in green con-
struction. These waste materials participate strongly in
green concrete for either supplementary cementitious
materials (SCM) or alternative aggregates (AA). Waste
materials for green concrete can be categorized as agri-
cultural, domestic, and industrial wastes (Liew et al.,
2017). The scope of this research is limited to the indus-
trial wastes. This research starts by reviewing the vari-
ous types of industrial wastes that can be incorporated
into concrete mixtures, as a replacement for cement or
aggregate, and their influences on the concrete properties
to establish a database for the proposed approach. These
waste materials can be classified into two categories:
end-of-life industrial product residues, and industrial by-
product residues, as presented in Table 1.

Due to the increasing of the environmental awareness
related to potentially harmful effects, and the increasing
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of the industrial by-product’s costs of landfills, the recy-
cling of industrial wastes has become a genius alterna-
tive to disposal (Munir et al., 2017). Several studies were
conducted on the incorporation of by-products in mak-
ing concrete (Anitha Selvasofia et al., 2021; Saloni et al.,
2021; Siddique, 2014). On the other hand, several codes
and regulations considered industrial wastes in concrete.
ASTM (C618-17a) covers the use of coal fly ash and raw
or calcined natural pozzolan in concrete (ASTM Com-
mittee C-09 on Concrete Aggregates, 2013). Coal com-
bustion products are used as construction materials
according to European and national standards and regu-
lations. The European standard for “fly ash for concrete”
(EN 450) deals with the evaluation of fly ash for concrete
(Caldas-Vieira et al., 2013). Many codes, regulations, and
guidelines that deals with the use of recycled aggregates
in concrete are available in different countries around the
world such as India (IS 10262) (Indian Standard 10262,
2009), Germany (DIN 4226-100), UK (BS 8500-2), Span-
ish code on Structural Concrete (EHE-08), French stand-
ard (NF EN 206-1/CN), Italy structural code (NTC), USA
American concrete institute (ACI E-701), Hong Kong,
North European countries, and Australia (Barros et al.,
2017; British Standards Institution, 2006; Deutsches
Institut fiir Normung [DIN], 2002; NTC, 2008; Suchorski
& David, 2007).

3.1 Industrial End-of-Life Product Residues

3.1.1 Construction and Demolition Waste (CDW)
Construction and demolition waste (CDW) includes
waste generated from building materials, construc-
tion, repair, or demolition debris and rubble (Al-Ansary
et al,, 2004). Recycling CDW is a step towards sustain-
able construction because using recycled aggregate as
an alternative to natural aggregate can reduce the need
for new natural resources and reduce transportation
and production costs. However, experimental investiga-
tions showed that using recycled aggregate in concrete
mixtures reduces its strength compared to concrete
with natural aggregate (Senaratne et al, 2016). Many
researchers studied the utilization of CDW as concrete
aggregate (Devi et al.,, 2021; Pliya et al.,, 2021; Zhu et al,,
2021). II'ina et al. concluded that the recycling of con-
struction waste can contribute to solve ecological and
economic problems because secondary rubble from con-
crete is cheaper than natural, since the energy consump-
tion for its manufacture is eight times less. Therefore, the
cost of produced concrete was reduced by 25% (Ilina &
Mukhina, 2016). Panizza et. al. (2018) observed that the
geopolymers with CDW improved the properties of con-
crete even when using 50% or more replacement aggre-
gates (Panizza et al., 2018). Shahidan et al. showed that
Recycled aggregates have higher water absorption, lower
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Table 1 Industrial wastes for concrete.
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Category Industry

Waste

Name Abbreviations

Industrial end-of-life Construction industry

product residues m Buildings'demolition

m Glass manufacturing

m Acrylic paints production
Automotive industry

m Tires manufacturing

Industry by-product
residues

Metal industry

m Silicon metal production
m Metal casting production
m Steel manufacturing

m Copper manufacturing

Construction industry

m Marble and granite mining and processing
m Quarries, rock mining and processing

m Kaolin mining and processing

m \Wastewater treatment plants

m Wood manufacturing

Thermal power plants

m Coal-fired power plants

m Burning of palm oil waste power plants

(1) Construction and demolition waste CDW
(2) Glass waste GW
(3) Water-dispersible acrylic monomer WDAM
(4) Recycled tire rubbers TR

(5) Waste silica “silica fume” SF

(6) Spent foundry sand SFS
(7) Steel slag SS

(8) Ground granulated blast furnace slag GGBS
(9) Iron waste W
(10) Copper slag (@)
(11) Marble waste MW
(12) Quarry dust QD
(13) Kaolin waste KW
(14) Sewage sludge ash SSA
(15) Wood ash WA
(16) Coal fly ash FA
(17) Coal combustion bottom ash CCBA
(18) Palm oil fuel ash POFA

specific gravity, lower density, and much higher porosity
compared to natural aggregates. It was observed that the
optimum results for the splitting tensile strength, com-
pressive strength, and water absorption were noticed for
the 10-mm-sized aggregates. The slump value of recycled
aggregate concrete (RAC) was reduced (Shahidan et al,,
2017). In addition, Hassanein and Ezeldin concluded that
replacing 20-30% of the natural aggregate with recycled
aggregate had minor effects on the compressive strength
(Hassanein & Ezeldin, 2013).

3.1.2 Glass Waste (GW)

Using recycled glass as a concrete aggregate has been
an interesting area due to its benefits of water absorp-
tion and drying shrinkage (Guo et al., 2020). Lee et. al.
(2011) showed that the reduction in glass particle size
can reduce the alkali-silica reaction (ASR) expansion.
Waste glass has been utilized as SCM in many concrete
applications such as ultra-lightweight fiber reinforced
concrete, glass-reinforced panels, concrete for structural
repairs, fast-cured polymer concrete, architectural mor-
tar, and self-compacting concrete (Ling et al., 2013). The
benefits of using waste glass are improving the compres-
sive strength, resistance to freezing and thawing, chloride

penetration and surface scaling, and good resistance to
Na,CO; and H,SO,. The recommended optimum per-
centage was 5-10% for cement replacement and 7.5-25%
for fine aggregate replacement. However, incorporating a
high waste glass ratio may cause negative impacts such
as slump and compressive strength reduction (Liew et al.,
2017).

3.1.3 Water-Dispersible Acrylic Monomer (WDAM)

Akchurin et. al. (2016) reviewed the possibility of using
a water-dispersible acrylic monomer (WDAM) in the
waste of construction acrylic paints production to
improve the concrete properties. The study showed that
the maximum increase in the density was about 10%,
and the maximum increase in compressive strength was
25-30% for concrete samples modified WDAM. Reduc-
tion in porosity and water absorption index was about
60% at 0.3% WDAM, and 65% at 3% WDAM (cement
weight).

3.1.4 Recycled Tire Rubbers (TR)

Lower density, enhanced ductility, and better sound insu-
lation are attractive characteristics for rubberized con-
crete. However, the production of concrete with rubber
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aggregates reduces its compressive strength which limits
its use in some structural applications (Siddique & Naik,
2004). Al-Adili et. al. (2015) studied the properties of con-
crete by adding iron splinters (scrap) and minced rubber.
The highest compressive strength was obtained (increas-
ing about 36%) with a ratio of adding (10% iron splin-
ter+5% of minced rubber) admixture. Flexural strengths
for this percentage were found to be the highest value
(about 12%). Pelisser et. al. (2011), and Rajan et. al. (2021)
noticed that at a replacement percentage of 10% sand by
recycled tire rubber, that there was a reduction 14% in
compressive strength compared to the conventional con-
crete and the concrete compositions was lighter. Ganjian
et. al. (2009) indicated that using waste tire rubber up to
5% replacement did not significantly affect the concrete
characteristics. Benazzouk et. al. (2007) observed that
the mechanical characteristics of lightweight concrete
(LWC) were accepted using a percentage of 50% of rub-
ber. Khaloo et. al. (2008) concluded that using rubber
waste produces concrete with lower unit weights. Using
waste rubber >25% was not recommended due to signifi-
cant reductions in ultimate strength. Li et. al. (2004) con-
cluded that steel belt wires in waste tires had increased
the strength of rubberized concrete. Turatsinze et. al.
(2007) showed that using rubber aggregates obtained
from shredded non-reusable tires in cement mortar can
limit their tendency for cracking.

3.2 Industrial By-product Residues

3.2.1 Waste Silica (Silica Fume SF)

Silica is generally classified as fume and known as “sil-
ica fume” (SF). It is a fine solid material generated dur-
ing silicon metal production. SF has been used in many
applications and acted as SCM, filler and healing agents
due to its high pozzolanicity and its extreme fineness.
Its benefits in concrete include improving flexural and
compressive strengths, durability, and increasing pozzo-
lanic activity (Chaitanya & Ramakrishna, 2021). In addi-
tion, it increases multi-range macro-porosity properties
that allow its usage in the production of high-porosity
cement foams and multi-strength lightweight concrete
(LWC). The optimum percentage of SF is 10—14% when
used in combination with materials such as steel fibers,
nano-silica, and recycled aggregate. Using SF in concrete
had some negative impacts such as reduction in long-
term compressive strength, workability, and creep (Liew
et al., 2017; Siddique, 2014). Hendi et. al. (2018) studied
the concrete mix using glass powder and micro-silica
(with high silica content). Results showed that ordinary
concrete with lower superplasticizer content had bet-
ter performance in HCI medium than self-consolidating
concrete (SCC). Concrete with compressive strength
between 32 and 34 MPa volume of permeable pores of
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15.68% had the top durability performance in HCI acid
medium.

3.2.2 Spent Foundry Sand (SFS)

Spent foundry sand (SES) is a by-product waste material
generated from the metal casting industry (Igbal et al.,
2021; Kavitha et al., 2021). Siddique et. al. (2018) inves-
tigated the economic and environmental advantages of
using SES in concrete as sand replacement. Green con-
crete containing SFS improved compressive strength up
to 26% and splitting tensile strength up to 12.87%. Also,
the strength and durability properties of green concrete
were improved at an optimum of 15% SFS sand replace-
ment. In addition, it achieved a reduction in CO, emis-
sions and saved disposal costs.

3.2.3 Steel Slag (SS)

Steel manufacturing generates an industrial by-product
called steel slag. It can be incorporated in concrete mix
as cement or aggregate replacement (Devi et al., 2020;
Mabharishi et al., 2021; Manjunatha et al., 2021). Wang
(2016) as well as Jiang et. al. (2018) found that it can be
used as SCM with a satisfactory performance at a ratio of
10-20% by weight. Palankar et. al. (2015) assessed the use
of steel slag coarse aggregates in geopolymer concrete as
a replacement for natural aggregates with different ratios.
It indicated that when using steel slag, there was a slight
reduction in compressive strength and higher values of
water absorption.

3.2.4 Granulated Blast Furnace Slag (GGBS)

Geopolymer concrete (GPC) and alkali-activated slag
(AAS) cement can be produced by using granulated blast
furnace slag (GGBS) in concrete. It was recommended
that a ratio of 4:1 was the optimum for cement: GGBS at
W/C=0.3 and cement-to-sand ratio of 1:1.5. One of the
advantages of using GGBS and fly ash is the efficiency in
producing durable structures in aggressive natural envi-
ronments as well as providing steel protection (Liew
et al., 2017). Several researchers (Dixit, 2021; Gholam-
pour & Ozbakkaloglu, 2017; Majhi et al., 2018; Senaratne
et al.,, 2017) noticed that the concrete properties can be
improved using silica fume, fly ash, metakaolin, and
ground granulated blast slag (GGBS). It showed greater
improvements in recycled aggregate concrete than natu-
ral aggregate concrete.

3.2.5 Iron Waste (IW)

Ismail and Al-Hashmi (2008) examined the feasibility of
reusing waste iron in concrete as a partial replacement
for sand with percentages ranging from 10 to 20% in the
concrete mixtures. The results showed that the concrete
mixes made with waste iron had higher compressive
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strengths and flexural strengths compared to traditional
concrete mixtures. However, a slight decrease in the
workability was observed. Satyaprakash et. al. (2019)
investigated the effect of replacing fine aggregates in con-
crete with iron fillings to mitigate the effect of natural
resource depletion due to sand mining. Results showed a
substantial increase in the compressive and splitting-ten-
sile strengths of concrete with the complete replacement
of sand with iron fillings.

3.2.6 Copper Slag (CS)

Copper slag is an industrial by-product that is used as
sand replacement in concrete mix (Prem et al., 2018). It
was concluded that it is technically possible to use high-
volume copper slag up to 100% replacement in con-
crete. Higher compressive and flexural strengths and an
improvement in the water absorption of concrete were
observed with the incorporation of copper slag. Mahari-
shi et. al. (2021) revealed that the addition of up to 40%
CS (by weight of fine aggregate) had a favorable effect on
the mechanical properties of the resulting concrete. Fur-
thermore, it increased the resistance to sulfate attack and
decreased the porosity and water absorption of concrete.

3.2.7 Marble Waste (MW)

Ulubeyli et. al. (2016) studied the influence of conven-
tional and self-compacting concrete containing waste
marble on the durability of concrete. It was found that
it can improve durability properties including water
absorption, permeability, and resistance to chloride pen-
etration and sulfate attack. However, there was no signifi-
cant difference observed for resistance to carbonation.
Rana et. al. (2016) concluded that recycled marble/gran-
ite as coarse aggregates can be used as a total replacement
for natural aggregates with acceptable strength. Anitha
Selvasofia et. al. (2021) revealed that up to 10% waste
marble powder as a replacement for sand enhanced the
mechanical properties of concrete. Moreover, increas-
ing the ratio of MW can further increase the mechanical
properties, but it would have a highly negative impact on
the workability of concrete.

3.2.8 Quarry Dust (QD)

Meisuh et. al. (2018) studied the effect of using quarry
dust on concrete flexural strength. It was found that the
flexural strength of concrete with 25% and 100% quarry
dust were, respectively, 2% and 4.3% higher compared
with ordinary concrete. In addition, the optimum CRD
replacement level for strength properties of concrete was
20% (Febin et al., 2019; Kumar & Ram, 2018; Ponnada
et al., 2020).
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3.2.9 Kaolin Waste (KW)

The kaolin mining and processing industry generates
large amounts of waste (Hasan et al., 2021). Lotfy et. al.
(2015) investigated the benefits of utilization of kaolin
waste (KW) in concretes mix. Different KW replacement
percentages 0%, 5%, 10%, 15%, 20% and 25% of Portland
cement by weight were studied. It was shown that using
KW had improved the compressive strength, particu-
larly at replacement ratios of 10% and 15%. In addition,
increasing KW content improved the concrete chloride
ion penetration resistance.

3.2.10 Sewage Sludge Ash (SSA)

Several researchers used sewage sludge ash in concrete
(Nakic, 2018; Wu et al., 2021), Nakic (2018) found that
the incorporation of up to 10% SSA (by weight of cement)
had minimal effect on the mechanical properties of con-
crete, with a slight increase in the compressive strength.
Although the presence of SSA adversely affected the
workability of concrete, it showed that the use of SSA
in concrete could reduce greenhouse gas emissions and
help conserve non-renewable natural resources. Baeza-
Brotons et. al. (2014) used SSA and marble dust in con-
crete with percentages of 5, 10, 15, and 20% of cement as
a replacement for sand. It was noticed that the density
and resistance are similar in both concrete blocks con-
taining SSA and the control sample. However, there was a
significant reduction in water absorption.

3.2.11 Wood Waste Ash (WA)

Wood ash (WA) is generated as a residue through wood
combustion processes (Rollakanti et al., 2021). Using WA
in concrete mix can provide a solution to the waste man-
agement problem of wood ash and minimize the usage
of energy extensive hydraulic cement (Chowdhury et al.,
2015; Siddique, 2012). Chowdhury et. al. (2015) inves-
tigated the utilization of wood ash (WA) as a partial
replacement of cement in concrete. Compared to cement,
the wood ash particles are coarser and have a higher spe-
cific surface because it has porous nature and irregular
shape. It was reported that increasing of wood ash ratio
caused an increase in water absorption and a major
decrease in strength and split tensile strength and a grad-
ual reduction in bulk density. However, WA replacement
ratio of up to 10% by cement (by weight) could produce
good structural concrete.

3.2.12 Coal Fly Ash (FA)

Fly ash (FA) is a fine powder generated from gases pro-
duced by coal-fired electric power generation, and usu-
ally discarded in landfills (Kurama & Kaya, 2008). Using
fly ash (FA) from coal-fired power plants can solve the
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waste problems and reduce overall energy use. The use of
fly ash as SCM in various concrete applications has been
investigated by many researchers because it contains
silica. It can be replaced from 15 to 35% of the cement
in concrete mixes. Fly ash increases concrete strength,
improves sulfate resistance, workability, segregation, and
ease of pumping of concrete, as well as decreases both
permeability and water ratio required. Fly ash had nega-
tive impacts on high-volume fly ash concrete (HVFAC),
such as extended setting times, slow strength develop-
ment, and low early-age strength (Babor et al., 2009; Liew
et al.,, 2017). Golewski (2017) used coal fly ash in concrete
and explored the effect of the curing time on the concrete
strength. Hanjitsuwan et. al. (2018) studied the strength
and durability of alkali-activated fly ash (FA) mortar with
calcium carbide residue with 0% to 30% (Hanjitsuwan
et al,, 2018). Assi et. al. (2018) used waste materials (fly
ash and slag) in geopolymer concrete and concluded that
Geopolymer concrete can reduce the required energy
by 36% compared with Portland cement. It reflects the
reduction of CO, emissions due to the decrease in fuel
usage. The cost of geopolymer concrete and Portland
cement was studied and concluded that there was a dif-
ference in the cost of about 17%.

3.2.13 Coal Combustion Bottom Ash (CCBA)

Bajare et. al. (2013) studied the economic benefit of using
coal combustion bottom ash (CCBA) as cement replace-
ment (partially) to reduce energy consumption and CO,
emissions. It found that it was possible to decrease the
concrete price by 10% and the amount of CO, emission
by 22.9% by using grinded coal combustion bottom ash.
CCBA can be used as an aggregate replacement, how-
ever, the porous surface structure of CCBA particles
make it less durable and lighter than natural aggregates.
Therefore, it is useful in lightweight concrete applica-
tions. Specimens with 20% cement replacement had the
best results. Cerny et. al. (2017) studied the utilization of
different types of fly ash for artificial sintered aggregate
in order to produce lightweight high-strength concrete.
Teixeira et. al. (2016) found that incorporating by-prod-
uct waste of power/heat production sectors as fly ashes
in concrete as cement replacement can improve the envi-
ronmental performance of the concrete.

3.2.14 Palm Oil Fuel Ash (POFA)

Palm oil fuel ash (POFA) is a by-product material
obtained in power plants as a result of the burning of
palm oil industry waste (palm kernel shell, palm oil
fiber, and palm oil husk) for the generation of electricity.
Many studies (Alnahhal et al., 2021) evaluated POFA as
a construction material because it has pozzolanic char-
acteristics, and can be used as a partial replacement for

Page 7 of 16

cement in concrete (Hamada et al.,, 2018; Thomas et al.,
2017). Palm oil fuel ash was used as SCM. It was reported
that concrete mix with POFA had high strength, higher
performance at elevated temperatures, low shrinkage,
permeability, and high resistance to carbonation, chlo-
ride, sulfate, and acidic environment. However, add-
ing POFA reduced the concrete workability and setting
time because it reduces the heat of hydration. It may be
used up to 20% without any considerable reduction in
the workability. Using concrete with 10-30% POFA pro-
duced compressive strength higher than traditional con-
crete. Using POFA in concrete with a ratio of 10-20% had
given higher splitting tensile strength than conventional
concrete. Moreover, using POFA in lightweight foamed
concrete with a ratio of 10% and 20% gives flexural tensile
strengths and durability higher than conventional con-
crete (Hamada et al,, 2018; Thomas et al., 2017). Shafigh
et. al. (2016) used waste materials of oil palm shell (as
coarse aggregate) and a high volume (50% and 70%) of
type F fly ash (as cement replacement by mass) to make
structural lightweight aggregate concrete. It was found
that high-volume fly ash in oil palm shell concrete signifi-
cantly reduced short-term mechanical properties. How-
ever, the use of limestone powder significantly improved
the compressive strength at early and later ages.

4 Materials and Methods

4.1 Framework of the Algorithm Using AHP and Python
This research developed a multicriteria decision-making
algorithm that can choose the most suitable waste mate-
rial for a concrete mixture based on a database compiled
from previous literature. The algorithm is implemented
through python, based on Analytical Hierarchy Process
(AHP), with the aim of choosing the most suitable indus-
trial waste from a list of proposed alternatives (wastes).
It maximizes the score of an alternative based on the fol-
lowing two main factors: first; whether the increase or
decrease of a specified criterion is beneficial to concrete
(according to the database from the literature). Second:
the importance of this specific criterion according to
the needs of the project/structural element (set by the
decision-maker/concrete mix designer). The algorithm is
built to include the effect of eighteen industrial wastes on
fourteen reinforced concrete characteristics. Alternatives
present the list of industrial wastes. Criteria present the
concrete characteristics. The algorithm helps to select the
alternative that optimizes the criteria. The AHP hierar-
chy is presented in Fig. 1.

4.2 Process Methodology
The decision-making process can be summarized in the
following steps:
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Fig. 1 AHP hierarchy.

1. Inputs to the algorithm

a. Pairwise comparison between the criteria accord-

ing to the project needs.
b.

The proposed alternatives and their effect on con-

crete (logic that determines whether the increase
or decrease of a specific criterion is beneficial to

concrete as presented in the desired outcome as

presented in Table 2).

2. Validation

3. Score calculation

The algorithm calculates a relative score for each

alternative.

Fig. 2 presents the flowchart of the process mecha-

nism.

4.3 Materials Database

The criteria and alternatives and their abbreviations used
in this research are presented in Table 2. The desired out-
come presented in Table 2 refers to whether a specific cri-

The algorithm validates if the inserted data (matrix

forms) are consistent with each other.

terion should increase or decrease to enhance the quality
of the resulting concrete, while Table 3 shows the actual

effect of an alternative on each of the studied criteria
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Table 2 Concrete characteristics (criteria).
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Properties Criteria Abbreviation Desired outcome
Physical and mechanical 1 Compressive strength Co.S 4 up (increase)

2 Flexural strength FLS 4 up (increase)

3 Splitting tensile strength S.TS 1 up (increase)

4 Density D 4 up (increase)

5 Workability W 4 up (increase)
Durability 6 Resistance to chloride penetration RCP 4 up (increase)

7 Resistance to sulfate attack penetration RSAP 4 up (increase)

8 Strength under elevated temperatures SUET 4 up (increase)

9 Alkali silica reaction mitigation ASRM 4 up (increase)

10 Water absorption and porosity WA/P } down (decrease)
Environmental 1 CO, emission CO, E J down (decrease)

12 resource depletion RD J down (decrease)

13 Energy consumption EC J down (decrease)
Economic 14 Cost C J down (decrease)

Input
/////// \\\\\‘\\
//,-"/// \\\\A
e

Pairwise comparison for the
criteria (set by the designer)

~

Proposed alternatives including their
effect on the concrete properties
(collected from the literature)

False consistent

data ?

Python AHP algorithm

Calculation of alternative
scores

Fig. 2 Flowchart of the process.

according to the database collected in this research. It
should be noted that two assumptions were made dur-
ing the construction of the alternatives matrix: the first is
that the effect of waste on a concrete property (criterion)
was determined based on the optimum amount of that

waste when it is used in concrete. The second is that if
there is no data about the effect of a waste on a specified
property (criterion), its effect was assumed to be neutral.
Although the exact effect (percent increase/decrease)
of an industrial waste can differ from one research paper
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Table 3 Database for the effect of industrial wastes on the concrete properties.
Replacement Industrial waste  Physical and mechanical Durability characteristics Environmental Economic

properties of concrete

factors

CO,E. RD EC C

Co.S FL.LS S.TS D W RCP RSAP SUET ASRM WA/P
Aggregate cbw { { - b - - { 1 1 - Vol
Devi et. al. (2021), Iina and Mukhina (2016), Pliya et. al. (2021), Shahidan et. al. (2017), and Zhu et. al. (2021)
W L 2
Ismail and Al-Hashmi (2008), and Satyaprakash et. al. (2019)
TR ooyl - - e v vo- -
Al-Adili et. al. (2015), Benazzouk et. al. (2007), Dharmaraj (2021), Khaloo et. al. (2008), Pelisser et. al. (2011), Rajan
et. al. (2021), Shewalul (2021), and Siddique and Naik (2004)
SFS L T 2 S
Igbal et. al. (2021), Kavitha et. al. (2021), and Siddique et. al. (2018)
MW L S A A A
Rana et. al. (2016), Anitha Selvasofia et. al. (2021), and Ulubeyli et. al. (2016)
Q (N L - -
Febin et. al. (2019), Meisuh et. al. (2018), Nasier, (2021), and Ponnada et. al. (2020)
CCBA N - -
Bajare et. al. (2013), and Kurama and Kaya (2008)
ss e S t - - - -
Devi et. al. (2020), and Palankar et. al. (2015)
cs I e V- Voo
Maharishi et. al. (2021), Manjunatha et. al. (2021), and Prem et. al. (2018)
Cement WDAM 1 1 - -7 - - - N2 2 - i -
Akchurin et. al. (2016), and Liu et. al. (2021)
SF (S S 2 A R N Lo
Chaitanya and Ramakrishna (2021), Liew et. al. (2017), and Siddique (2014)
kw (A N S - - - -
Hasan et. al. (2021), and Lotfy et. al. (2015)
FA L A N S N - - Lo
Babor et. al. (2009), Dharmaraj, (2021), and Liew et. al. (2017)
POFA I T - ! - b
Alnahhal et. al. (2021), Hamada et. al. (2018), and Thomas et. al. (2017)
WA (I A - - 1 ! - -
Chowdhury et. al. (2015), Dixit (2021), and Rollakanti et. al. (2021)
GGBS | { { R 1 t t s { - - -
Chabi et. al. (2018), Gholampour and Ozbakkaloglu (2017), and Majhi et. al. (2018)
GW t - - - 1l 1 t t { | - -
Chabi et. al. (2018), and Guo et. al. (2020)
Both SSA 0 - - -l - - - - 1 1 V-l

Baeza-Brotons et. al. (2014), Nakic (2018), and Wu et. al. (2021)

[1] refers to increasing value, [|] refers to a decreasing value, [-] refers to a neutral value.

to another, it was found that most of the literature agreed
on whether a specific waste had an increasing/decreasing
effect on each specific criterion. Therefore, each alterna-
tive was assumed to either; increase, decrease, or keep
a specified criterion as neutral. Such effect was given
a numbering value as follows: increasing=2, decreas-
ing=0.5, neutral=1, which means that increasing and
decreasing values were assigned two reciprocal values.

Changing those two proposed values had a minor effect
on the results, which will be explained in the sensitivity
analysis process.

5 Application and Validation

5.1 Case Studies

The proposed algorithm is applied on three case stud-
ies representing three concrete elements to validate and
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analyze the results from the algorithm. The priority of
each criterion was assumed as shown in Table 4 for each
structural element. These priorities were set according to
the following.

5.1.1 Case 1: RC Column

The first case study was implemented to represent the
required concrete characteristics of a reinforced concrete
column; therefore, the compressive strength was given
the highest possible value. After which comes the worka-
bility as concrete columns require a considerable amount
of workability during concrete placement. Other durabil-
ity factors were given less value since concrete columns
inside of buildings are protected by concrete surface fin-
ishing. Finally, the environmental and economical val-
ues were given the least priority since concrete columns
have the least volume with respect to the volume of
other structural members of a reinforced concrete (RC)
building.

5.1.2 Case 2:RC Slab

The second case study was developed to demonstrate the
case of a reinforced concrete slab; therefore, the flexural
and splitting tensile strengths were given the highest pri-
ority, followed by the compressive strength as it known
to be the most important property in reinforced concrete
structural members. Environmental and economic fac-
tors were also given the second priority due to the large
concrete volume required to pour concrete slabs within
a project with respect to the other structural members
of the same RC building. Finally, durability factors were

Table 4 Priority of each criterion.

Concrete characteristics Priority

Case1 Case2 Case3

Compressive strength

Flexural strength

Splitting tensile strength

Density

Workability

Resistance to chloride penetration
Resistance to sulfate attack penetration

o N O 1AW N —

Strength under elevated temperatures

O

Alkali silica reaction mitigation

o

Water absorption and porosity

CO, emission

N

Resource depletion

w

Energy consumption
Cost

_ = = =W W W W w1 W W W o
U LU W W W W W WO O um
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given a lesser priority as concrete slabs are protected by
the flooring and surface finishing works.

5.1.3 Case 3: Concrete Block Pavements

Finally, the third case study was implemented to repre-
sent non-structural concrete members, such as concrete
block pavements. The highest priority was given to the
environmental and economic factors, followed by the
durability of concrete, because such members may not
be surface finished, and they may be subjected to extreme
weather conditions. Finally, the least priority was given to
physical and mechanical properties of concrete since it is
a non-structural member.

5.2 Results and Analysis
The results of the three case studies are presented in
Fig. 3, and they were compatible with the priorities set
in the algorithm. In addition, they were compatible with
the results of previous research from the literature. For
example, the best industrial waste to use in a concrete
column (case 1) was found to be fly ash, since it is known
to increase both the compressive strength and work-
ability, as reported in experimental studies (Gadag et al.,
2022; Rao et al., 2022), while the industrial waste with
the least score is CDW as it is known to have an adverse
effect on both the compressive strength and workability
because of its higher water absorption owing to the pres-
ence of adhered cement mortar (Devi et al., 2021).
Results of case 2 showed that palm oil fuel ash and cop-
per slag have the highest scores because they have a posi-
tive impact on the flexural and splitting tensile strengths,
while the worst alternative was found to be traditional/
modifier rubber because of its negative effect on both
properties. Finally, silica fume and fly ash had the highest
potential to be used in non-structural concrete elements
as in case 3, because they can greatly enhance the con-
crete durability, while the worst alternative in this case
was the steel slag because it is reported to increase the
porosity and water absorption of concrete, which in turn
decreases the durability.

5.3 Sensitivity Analysis for the Reciprocal Values

To validate the proposed methodology for the decision-
making tool presented in this research, the reciprocal
increase and decrease values were changed by other
numerical values and the effect was studied on case 1.
The average difference between two consecutive scores
is plotted against various reciprocal values in Fig. 4. An
amplification effect was noticed when the gap between
the reciprocal values increased, such effect boosted the
influence of increasing/decreasing criteria with respect
to criteria having neutral values, which means that
the sensitivity of the decision-making system in the
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proposed methodology can be adjusted to account for
the significance of the influence of any waste material
on a specific concrete property.

Table 5 shows the ordering of the alternatives accord-
ing to the proposed criteria in case 1, the obtained
results were in good agreement with the experimental
database. However, some changes to the ordering were
noticed due to the previously illustrated amplification
effect.

6 Conclusions and Recommendations

Natural and raw materials are limited on our planet.
Moreover, huge amounts of waste are generated due
to mining, processing, and industrial activities. There-
fore, this research considered the reuse and recycling of
wastes to provide alternatives to raw materials in con-
struction to preserve natural resources, reduce the waste
in landfills, save energy, reduce cost, and improve pub-
lic health. Utilizing waste materials as alternatives for
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Table 5 Order of alternatives using different reciprocal values.
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Industrial waste 1.1 and 0.91 2and 0.5 5and 0.2 10and 0.1 100 and 0.01
FA 1 1 1 1 1
KW 2 3 4 4 5
CS 3 5 5 5 6
GW 4 2 2 2 3
SF 5 4 3 3 2
WDAM 6 6 8 8 8
POFA 7 7 7 7 7
Qb 8 10 10 10 10
MW 9 8 9 9 9
IS 10 11 12 12 13
SSA 1M 12 13 13 12
WA 12 13 1 Il Il
SFS 13 14 14 14 14
GGBS 14 9 6 6 4
CCBA 15 15 16 17 18
TR 16 16 15 16 16
SS 17 17 18 18 17
Cbw 18 18 17 15 15

cement or aggregates in green concrete is presented as
one of the most sustainable and innovative methods due
to its environmental and economic advantages. However,
the performance of green concrete should be optimized
to maximize these advantages.

This research starts by presenting a classification and
explanation of the different wastes that can be used
in concrete. The influence of each waste on the pro-
duced concrete is reviewed from the points of physical/
mechanical properties; durability; environmental impact;
and economic effectiveness. According to the analysis of
these effects, the decision-maker has to choose the best
residue that can achieve the objectives. Therefore, an
efficient algorithm—implemented using python—is pro-
posed to optimize the utilization of wastes in green con-
crete. Based on AHP the algorithm can calculate a score
for each waste material from a database of waste alterna-
tives. The score depends on both the effect of each waste
on every property of the concrete (in the database), and
the required concrete specifications (set by the designer).
Three case studies were proposed to test and validate the
efficiency of the proposed algorithm. The three case stud-
ies aim to present different circumstances where differ-
ent concrete specifications are required. The results were
compatible with the priorities set for each case study.
Furthermore, they show high compatibility with experi-
mental results of previous research from the literature.

Since there is no waste material that can be used
to enhance all the concrete properties altogether, the

adoption of the proposed methodology in the produc-
tion of green concrete promotes both the sustainabil-
ity and mechanical properties of concrete. However,
building a larger database incorporating more waste
materials and more concrete properties can signifi-
cantly enhance the decision-making process. Also,
further research is still required to implement a quali-
tative and quantitative approach for data collection
and analysis to achieve more precise input and output
from the proposed methodology.
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