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Abstract

The extraction of unsustainable natural resources like sand and topsoil for construction is disturbing ecological balance,
affecting local hydrology and wildlife. The inter-governmental panel of climate change (IPCC) has discussed its adverse
impacts worldwide and has restricted its extraction. This article has mooted some of its potential threats and remedies to
combat climate change and other social issues associated with the brick industry. Bricks made of clay are commonly used
as a building material for masonry works in densely populated South Asian countries such as India, Pakistan, and Bangla-
desh. To make clay bricks, the topsoil of the floodplain area where most agriculture productivity is carried out is utilized in
millions of tons every year. The main drawbacks of topsoil removal are the depletion of the seed bank, removing soil biota,
and diminishing soil properties and functions. Furthermore, the process often involves burning firewood as emitting fuel
CO,, SO,, NO, and suspended particulate matter (SPM). Thus, the clay brick-making industry contributes to greenhouse
gases directly affecting soil fertility. The primary focus of this review article is to promote research on flyash-based bricks
for the brick industry and provide safe and cost-effective sustainable materials to substitute clay bricks. This review article
presents the worldwide production of clay bricks and their harmful impact on the environment. The current and future
scenarios on flyash, systematic literature review (SLR) on flyash-based bricks, the practical utility of clay and flyash-based
bricks, and issues and opportunities were also discussed. The findings obtained from the past published studies on flyash-
based bricks give an insight to the researchers. The review article also presents the prospects for researchers and designers.
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Introduction

Since ancient times, man has been using bricks for build-
ing purposes, from Egyptian palaces to Gothic-style build-
ings in the Baltic countries till the Middle Ages. Bricks date
back to the Neolithic period (8300-7600BC), Fiala et al. [1]
the oldest known building component. Earlier bricks were
made from clay/mud combined with water and some straw

< Mohammad Nadeem Akhtar
nakhtar@fbsu.edu.sa

Department of Civil Engineering, Fahad Bin Sultan
University, Tabuk, Saudi Arabia

University Polytechnic, Aligarh Muslim University, Aligarh,
India

Department of Civil Engineering, Aligarh Muslim
University, Aligarh, India

Department of Geology, Aligarh Muslim University, Aligarh,
India

as a binder to increase durability and baked for sundry until
fired bricks-baked kilns came into fashion. The ruins of two
great ancient civilizations along the Nile River and Indus
valley are the living evidence that shows bricks were used
as building material at that time. As necessity is the mother
of inventions, this necessity has given the most significant
breakthrough with the discovery of fired brick (3,500 BC);
hence, the need for bricks became popular in cold climates.
The transition from hand-made bricks to mechanized mass
production during the Industrial Revolution increased
demand and led to the explosion of brick as a modern build-
ing material. Amid the early twentieth century, brick had
established itself as the most preferred building material for
commercial purposes.

The rapid growth of urbanization and industrialization in
developing nations has been evolving with a great demand
for construction activities, which has resulted in the inva-
sive growth of brick manufacturing. To fulfill the need for
increasing demand and supply of bricks has given rise to
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illegal contracts in areas vulnerable to air quality and agri-
cultural land degradation. All these activities are impacting
human health and creating ecological imbalances. The pri-
mary raw material required in the brick industry, the top-
soil layer with a small amount of Magnesium (Mg), Barium
(Ba), and other additives, are blended with clay to give dif-
ferent shades. Excessive excavation of this layer reduces the
soil quality and makes it vulnerable to other threats like the
decline in the water table, prone to floods, and waterlogging.

In soil, the fluoride concentration is up to 500 ppm, fluo-
ride in the soil can retain in kilns at 1000 °C released to open
air through the chimney in a gaseous state Jha et al. [2]. In
addition, other pollutants, CO, SO, can pose a potential
threat to human health, such as Asthma, Tuberculosis, skin
allergies, burning eyes, which are more common. There-
fore, to minimize future potential threats, remedial measures
should be looked upon to alter ecological conditions effec-
tively and economically.

According to the National Institute of Health (NIH) [3],
recycling resolves the non-renewable resource problem. It
takes <95% of energy consumption to recycle waste mate-
rial than to generate new products. Recycling also generates
employment and boosts the economy; in one statistical data,
about 1.1 million jobs were created and 236 billion USD
in gross annual sales by the recycling industry in the USA
[3]. Hence, it becomes important to understand the positive
influence of the construction industry’s waste and recycled
material. This field is increasingly becoming indispensable
as it is being explored by researchers where the focus is
mainly on the efficient use of recycled, appropriate waste,
and reused waste. More generally, flyash, silica fumes, roof-
top shingles, layers of palm fruits, peeling of citrus, kiln
dust cement, foundry sand, glass, slag, plastic, crumb rub-
ber, asphalt, and construction and demolition waste are used.

Increasing concerns related to global changes in climate,
a demand rises that companies must cope and evolve by
shifting towards more sustainable construction materials
such as green building materials (GBM). It will play a cru-
cial role in reducing air pollution and combating climatic
changes brick by brick. The civil engineering industry is
one of the most significant industrial waste digesters in
its range of applications, such as building materials, road
materials, bridge materials, dam materials, waste-landfills,
railway track processes, filling, and cutting. Amongst all
mentioned applications, construction and building materi-
als are a demanding sector of the industry. Recycling reuse
and recovery of industrial waste materials have become a
more appealing alternative to the disposal and replacement
of natural materials, as it has a lower carbon footprint [4-7].

Clay brick is a solid masonry unit made up of clay mixed
with water. In comparison, flyash bricks are those whose
basic component is flyash, a waste produced by the com-
bustion of fossil fuels like coal in thermal power plants.
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Flyash-based bricks have emerged as suitable alternatives
for replacing clay bricks as a construction material. Accord-
ing to the report [8], building materials accessories used for
decoration like tiles blocks are produced using only 9.94%
flyash. Statistical data demonstrate that 6.65 billion bricks
are manufactured annually, consuming 2800 clay bricks per
unit in India. Tang et al. [9] reviewed those new materi-
als for walls, such as brick, aerated concrete block, hollow
block, etc., are generated with the aid of flyash. The uti-
lization of these products adds up to 26% of flyash total
yearly consumption in China. According to one estimate of
the Government of India, in the year 1998-99, 0.70 million
tons of flyash were consumed by cement sectors to make
flyash-based bricks, blocks, tiles, etc., which increased to
21.39 million tons in 2019-20 reported in a report [10].
Lingbawan [11] reports that some countries have promoted
flyash in different industries with increased environmental
concerns but have implied government regulations through
legislation. For example, India has made it obligatory for the
clay brick industry to integrate a minimum of 25% flyash in
brick sectors. However, the clay brick kilns should be in the
vicinity of the thermal power plant. This paper discusses the
available literature review, drawing attention to the techno-
logically advanced research related to recycled waste uses
specially flyash to produce flyash-based bricks. The main
criterion for selecting a material is its popularity and its
wide-scale practical applications in construction activities.
In this review article, the worldwide clay bricks production
and its environmental impact, the demand for flyash, and
current and future scenarios on flyash are presented. The
systematic literature review (SLR) on flyash-based bricks
and their practical applications were reviewed. Concerns
related to issues and opportunities and future research gaps
were also investigated and reported. Facts and information
observed by agencies/individuals that was produced through
past reviews was further (assessed to create awareness of the
latest developments in the field. This awareness and assess-
ment have helped states about the importance of the utiliza-
tion and safe disposal of flyash in the brick industry.

Global scenario of clay bricks

If we divide the world into two halves, the most populated,
polluted, and fertile regions are part of the developing
nations. Recent advances in technologies and mass migra-
tion towards cities to earn a better living require more habi-
tats; therefore, to meet these needs, bricks kilns have shifted
in the vicinity of the cities. The annual global production of
baked clay bricks is estimated to be 1.5 trillion, reported by
CSE-India [12]. It contributes to 20% of the world’s black
carbon. Out of the 1.5 trillion bricks productions, only
13.33% is the total share of the western world. In contrast,



Journal of Material Cycles and Waste Management (2022) 24:1663-1678

1665

South Asia is the most significant contributor (86.67%), 90%
of which producers are China, India, Pakistan, Vietnam, and
Bangladesh. Major cities of this nation have contributed to
91% in particulate matter emission in open air due to lack
of proper management and policies; it has taken the lives of
some 7 million people annually Lopez et al. [13].

In less developed countries, only China and Vietnam in
Asian countries have adapted recent and coherent brick-
making technologies by Mitra [14]. The study done by
Zhang [15] reported that South Asia has almost a quarter
of the total world bricks production. ICIMOD [16] reports
that there are estimated to be 260 billion bricks approxi-
mately. However, India's existing yearly demand for bricks
is evaluated to rise from 200-250 billion bricks to 778 bil-
lion bricks with a rural-to-urban ratio of 30:70 shortly. Eil
et al. [17], approximately 7000 brick kilns produce about 27
billion bricks per annum in Bangladesh, contributing 1% to
the national GDP. There are about 1700 brick kilns in Nepal,
with 5 billion bricks produced annually. As recorded by a
report Statista [18], Great Britain (UK) produced 2.03 bil-
lion bricks in 2018, reported the highest since 2013, cross-
ing more than two billion marks. Figure 1 shows the world
brick production percentage published by the world bank
report [19].

Climate change defies world security with its ubiquitous
impacts felt worldwide. Scientists opine that increasing
unforeseeable weather cycles, acute rainfall, and mightier
droughts result from climate change. So, why does South
Asian Region (SAR) become so vulnerable in brick kiln
production? The answer is simple: the SAR has extensive
reserves of Permian-carboniferous coal; the fuel required in
a brick kiln is cheap and readily available. However, burning
fossil fuels leads to increased black carbon emission, CO,,
PM 10, PM 2.5, and SO,, all hazardous for air quality and

Fig. 1 World brick production
published by the World Bank
report

global warming. Therefore, IPCC and world leaders should
focus on alternatives and promote switching to eco-friendly
sources.

Regional scenario

The South Asia Region (SAR) has been undergoing unparal-
leled rapid urbanization with a growth of 1.96 billion, mak-
ing up 24.89% of the world’s total population. The aver-
age capital growth of SAR is at the rate of 6%. Economic
growth and urbanization have led to a surge in residential
and commercial space demand, increasing the demand for
construction materials. In Asian Countries, brick features as
a primary building material. The SAR produces 1.2 trillion
bricks per annum, making them the largest producers of the
bricks. China is the only nation that produces 1 trillion bricks
annually, followed by India (11%), Pakistan (8%), and Bang-
ladesh 4% in clay bricks production. Indo-Gangetic plain
encompasses 7 X 10° km?, an area of which 60,000-70,000.
Fixed Chimney Bull’s Trench Kilns (FCBTK) bricks are
located in this region alone Agarwal [20]. A large popula-
tion is confined in major cities in India, and 70% is yet to be
rebuilt. Despite being a prominent brick-producing region,
SAR employs traditional brick-making technologies. These
traditional technologies have been used for over a century
now, rendering them obsolete, unproductive, and environ-
mentally unsustainable.

Contrary to this, recent and dominant technologies are
Clamp Kilns (CKs), Mobile Chimney Kilns (MCs), Fixed
Chimney Kilns (FCKs), and Zigzag Kilns (ZZKs) FEil et al.
[17]. The most potent air pollution is the FCBKT Kkilns,
which consume more power than Zigzag kilns. According to
one report, the strategy proposed to minimize the emission
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from the kilns is to alter the brick production method by
switching to Zigzag kilns instead of BKT and FCBKT Lopez
et al. [13]. The flow chart in Fig. 2 presents a systematic
procedure for clay brick manufacturing in the SAR region.

Environmental issues

The main reason to advocate for a green and eco-friendly
alternative to clay bricks is ecological imbalances causing
harm to our planet. The participation of the brick industry
in land degradation and deterioration of air quality is much
higher than other thermal power plants because it uses the
poor quality of cheap fuel. The primary essential factor that
makes an industry successful is the easy availability of raw
material; in bricks, the essential commodity is natural clay
excavated readily for ages. However, illegal excavation has
aggravated land and fertility dangers due to the recent smart
cities model. Here, we have discussed two parameters that
are the building blocks of the brick industry.

Bricks industry impacts on agro-economy

The SAR, the Indo-Gangetic plain, comprises a 700,000
km? area fertile for agriculture and a large urban area Misra
et al. [21]. The plains are the world’s most densely populated
regions, with 400 million people living due to the increase in
population. These plains are at a higher risk of shortages of
resources such as water; about 60,000-70,000 brick kilns are
situated in these plains, which is a potential threat to fertil-
ity. Most of the SAR brick kilns sites are in low-lying areas.
Topsoil is a veneer of the outermost layer that extends up to
a depth of 5-10 in. in the ground. The topsoil horizon is vital
for plant growth; soil texture, organic content, and pH levels
are the three main properties that determine production pro-
ductivity and the soil itself. To maintain its produce, topsoil

Extraction and
transportation of
clay to kilns

Mixing of raw
materials

Moulding of
bricks

Drying of bricks
Bricks after
moulding dried
under sun

Firing of bricks

Bricks are fired in kilns
at 800 to 1100 °C

Pollutants from brick kilns
PM 2.5, PM10
CO,, SO, and
Black Carbon

Fig.2 Flow chart depicting the brick-making process used in SAR
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exhaustion will be a massive loss in the agro-economy as
topsoil is the most high-yielding layer of any agricultural
land. The nutrients present in the topsoil like nitrogen, phos-
phorous, calcium, some trace elements Fe, Zn, B, Cu, Mn
and Mo are the building blocks for maintaining soil quality
and nutrient value Das and Sarkar [22]. Nitrogen enhances
soil productivity and helps in the atmospheric fixation of
nitrogen to crops. The rhizobium presents in the leguminous
plants fix about half of the atmospheric nitrogen of the soil,
and the rest is taken from the soil. It shows that no artifi-
cial manure or fertilizers were required if more leguminous
plants were grown. One of the studies in the Philippines
suggests that a loss of 12.5 kg/ha in corn productivity is due
to loss in one ton of soil Francisco and Angeles [23].

Further, Carson [24] demonstrates that topsoil damage up
to a millimeter leads to loss of Nitrogen 10 kg/ha, 7 kg phos-
phorus/ha, and 15 kg potassium/ha. To repay the damage
to soil fertility, farmers adhere to excessive use of artificial
fertilizers, which causes unintentional damage to the natural
process operating in the soil system. India is one of the few
countries that restrict topsoil use for brick-making; however,
a lack of stringent enforcement leads to adverse impacts of
pH levels in soil from the toxic emissions reported by Maria
et al. [25].

Energy consumption

The construction sector is also an emitter of toxic gases and
pollutants like PM 2.5 in the SAR. Maximum contributors
in the construction sector are steel, cement, brick, and lime
[26]. Toxic emissions are causing adverse impacts on the
environment and human health. India mainly produces maxi-
mum black carbon in South Asia. Its brick sector share is
9% of two-thirds of the total black carbon emissions in the
manufacturing sector Eil et al. [17]. India is the 2nd major
consumer of coal with yearly utilization of 62 million tons
in the brick sector alone, while Bangladesh and Nepal’s
annual consumption is 5.1 million tons and 1 million tons.
Besides coal, natural gas and diesel are also used in some
mechanized operating processes. Poor quality of coal lignite
is used in the brick sector in most kilns, which are artisa-
nal types in SAR. The study ascertains that the aggregate
fuel competence of the brick sectors in Bangladesh, Nepal,
and India will be 170-200 g of coal per brick is consumed.
These findings assume that around > 700 g coal is spent to
produce 3 kg brick by weight Heierli et al. [27]. However, it
should be acknowledged that the fuel efficiencies of similar
kilns exhibited differently. Since kilns are not designed as
per standards and are regulated improperly by local con-
tractors hence, proving more hazardous to the environment.
Additionally, the fuel quality, clay physical parameters such
as moisture content, specific gravity, binding capacity, and
global warming are alarming issues. Due to an informal
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operation of brick kilns, the energy consumption monitoring
and data collection system is generally unscientific.

Air pollutants such as carbon monoxide and PM 2.5,
mainly black carbon, are released into open air during brick
production. These are toxic to human health and potentially
alter global climate and seasonal phenomena such as weak-
ening the monsoon (seasonal rainfall) and accelerating gla-
cier melting. These seasonal and global changes threaten
global food security, especially to unprivileged and war-torn
people.

The ministries should take implementation and strict
action to make the public and private sector aware of the
associated health and environmental issues with the emis-
sion of PM and Black carbon. Data from Table 1 [28] shows
that the maximum amount of CO, is generated by solid burnt
clay brick FCBKT, Solid burnt clay from Zigzag Tunnel,
whereas in the case of PM emissions again FCBKT stands
first. The bricks made up of Pulverized fuel ash generated
the lowest CO, and PM emissions.

Impact of land degradation

Land degradation is a collective term mainly used to decline
the productivity of the land or soil, including forest areas,
albeit there are deviating opinions related to the spatial and
temporal scales to which land degradation is defined by War-
ren [29]. However, land degradation is a potential threat to
our ecosystem, a lack of reliable global maps of its extent
and severity [30-33].

Unintended impressions of climate change on land deg-
radation are tough to enumerate due to several combining
reasons. Changes in unsustainable land-use methods are very
intricate, along with physio- biological and socioeconomic
parameters [34, 35].

It is thought that an average of 95% of the world’s
topsoil has been displaced to their present location, and
merely 5% of them are “residual soils” or are in situ USDA
[36].

One of the factors of land-use alteration is the degrada-
tion of agricultural land. It results from unwanted anthro-
pogenic activities (mining topsoil for bricks, illegal sand
mining, and other metallic mineral mining); this will harm
natural land converted for farming to suffice to yield. The
excessive exploitation of topsoil will degrade soil quality
and make it susceptible to erosion, resulting in loss of
productivity, the efficiency of land, affecting local food
security, and forcing non-agricultural lands such as forest
areas to convert into agricultural land [32, 37, 38].

Land degradation plays an essential role in monitor-
ing climate change. The pedogenesis microbial activity
in soil controls the functioning of nitrous oxide (N,0)
associated with management and weather conditions. In
contrast, the presence of methane (CH,) determines the
amount of carbon in soil and the limit of soil subjected to
waterlogging Palm et al. [39]. According to an estimate
presented by CSE-India [12], on average, 28 variegated
soil samples contain approximately 1500 Gt of organic
carbon. This finding infers that soil comprises 1.8 times
extra carbon compared to the atmosphere and 3.3 times
more than global terrestrial vegetation Ciais et al. [40].
Therefore, land degradation, including conversion of for-
est for farming excavating topsoil for bricks industry, will
decline soil carbon content. Its aftermaths can potentially
affect the concentration of CO, in the atmosphere consid-
erably Olsson et al. [41].

Table 1 Comparison of

! Parameters Mined raw  Primary energy  CO, emission PM emission
resource efficiency materials manufacturing manufacturing ~ manufacturing
Units Kg/m? MJ/m?3 t CO,/m’ g/m3
Solid burnt clay-FCBTK (Baseline) 1760 2080 0.19 1888
Solid burnt clay-flyash FCBTK 1009 1558 0.14 1547
Solid burnt clay—Zigzag kiln 1760 1680 0.15 368
Perforated burnt clay—Zigzag kiln 1584 1512 0.14 331
Hollow clay blocks—Tunnel kiln 815 1275 0.12 178
Autoclaved aerated concrete blocks 224 1276 0.14 151
Cellular light-weight concrete 338 1003 0.15 210
Pulverized fuel ash-lime bricks 450 1025 0.08 83
Pulverized fuel ash—cement bricks 711 811 0.12 161
Solid concrete blocks 2153 774 0.12 167
Hollow concrete blocks 1615 581 0.09 125
Compressed stabilized earth blocks 1976 653 0.10 139
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Demand of flyash

The thermal power plants generate energy by igniting fos-
sil fuels, of which flyash is the by-product. Akhtar et al.
[42] reported that the amount of flyash produced from
these plants, only 96 million tons, has been recycled out
of (166 million tons) as a substitution in the cement indus-
try in the last 5 years. Though China is one of the primary
producers of flyash globally, Francisco and Angeles [23]
have simultaneously promoted environmental protection
acts by encouraging multipurpose use of flyash procured
from the power plant as waste. Table 2 shows the con-
sumption of flyash generation by Worldwide Coal Com-
bustion Products Network for the year 2016 Harris et al.
[43]. The most prominent countries in the production of
flyash were China, India, Europe, and the USA. The esti-
mated combustion production is about 1.2 billion for the
year 2016. China and India are the only two countries that
consume large quantities of coal and produce maximum
flyash. A large percentage that is not being utilized by
developed countries is Russia is 72.8% and 44% for the
USA.

In contrast, the difference in flyash percentage that
China and India are not utilizing is (29.9% and 39.03%).
Despite being the most populous nation, India and China
utilizes maximum quantities of their flyash. Therefore,
they are playing their part in suppressing carbon emis-
sions, while other developed nations like the USA and
Russia have yet to join this race.

Table2 Annual production and utilization of flyash in India and
other nations

Country/Region Flyash Flyash % Utilization
generation  utilization
Mv) Mv)
Australia 12.3 54 43.5
Asia
China 565 396 70.1
Korea 10.3 8.8 85.4
India 197 132 67.1
Japan 12.3 12.3 99.3
Other Asia 18.2 12.3 67.6
Europe 140
EUI15 40.3 38 94.3
The Middle East and 322 34 10.6
Africa
Israel 1.1 1 90.9
USA 107.4 60.1 56.0
Canada 4.8 2.6 54.2
Russian Federation 21.3 5.8 27.2
Total 1221.9 677.7 63.9
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The research and development departments of the govern-
ments and private sectors, NGOs, and freelance research-
ers Carson [24] have covered the significant prospects for
utilizing flyash in different sectors in India. Case et al. and
Sunil et al. [44, 45] considered the applications of flyash as
a partial substitute of cement in the concrete mixes. Baeza
et al. [46] demonstrate that flyash when mixed with different
materials as a substitution in a fraction of cement in pastes
and mortars (with 30% as OPC substitute), increases by 9%
compared with the ordinary concrete sample. Smol et al.
[47] report flyash as an alternative for cement and sand for
highways, roadways, pavement, and embankments. Haleem
et al. [48] present a literature overview of the usage of flyash
in roads, bridges, and embankments. Das et al. [49] discuss
sustainable utilization of various industrial wastes, collat-
ing new developments in reducing cement consumption to
produce flyash-based geopolymer concrete (FBGC), which
reduces greenhouse gas emissions and diminishes industrial
waste's disposal cost. The admixture of flyash with cement
improves concrete performance in fresh and hardened states.
Its usage is also cost-effective. The flyash-based concrete
has been used and tested in severe exposure applications
in several highway projects worldwide. Some examples
include the docks and piers of Tampa Bay’s Sunshine Sky-
way Bridge. Another study conducted by Thomas et al. [50]
shows that concrete having quarry dust as flyash aggregate
exhibits less reduction in strength when subjected to a higher
temperature. Kumar et al. [51] considers the use of flyash as
a partial substitute in concrete/mortar to manufacture simple
cellular blocks of concrete. Reviewed studies suggest a wide
variety of potentials of flyash as recycled waste material in
the construction sector. With the attributes of flyash and ris-
ing demand, it will hold a market share to reach 6.86 billion
USD by 2026 [52]. Table 3 shows the precise current and
future scenarios on the flyash market.

Flyash-based bricks and blocks industry is one of the
most demanding sectors for flyash utilization. Flyash-
based bricks and blocks are unconventional bricks and
blocks manufactured by industrial waste in which flyash is
the main ingredient, mixing with other materials such as
cement, sand, and stone dust. The only difference in bricks
and blocks are their mould sizes; the standard bricks and
blocks sizes are 225 mm X 112.5 mm X 75 mm and are
300 mm X 200 mm X 100 mm, respectively.

Systematic literature review (SLR) on flyash-based
bricks

Over the past decade (2010 to 2020), sustained research
activity in recycling flyash for construction materials has
been undertaken extensively. The present section investi-
gates a Systematic literature review (SLR) on flyash-based
bricks. Data extracted from literature are manually curated
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Table 3 Current and future scenarios on selected recycling waste flyash
Type of waste Current scenario Future scenario References
Flyash Flyash has been classified as a toxic matter that causes The need to consider and analyze flyash's main program  [48]
soil, air, and water contamination. Therefore, we have components and subcomponents and the key factors
begun to treat flyash as our essential raw material and sub-elements have helped define managing effects
despite several related issues (land disposal require- beneficial for stakeholders
ments, groundwater contamination, handling problems,
etc.)
In 2020, the flyash global market was estimated at 3.5 USD 4.9 billion to reach the world flyash market by 2027 [77]
billion USD
The market of flyash in the world was USD 4.13 billion =~ By the year 2026, it is estimated to surpass USD 6.86 [78]
in the year 2018 billion
Coal demand in 2010-11 is expected to rise by 730 mil-  In 2031-32, it is anticipated to be approximately 2000 [79]
lion tons in India million tons. 75% of the coal will go to the thermal
power station
China remains the most significant coal market glob- Nearly half of the world’s coal in 2035 will be absorbed  [79]

ally, producing nearly half of the global emissions.
However, the US’s utilization rate (46.74%) and India
(55.79%) reached 67.96%, higher than that

by China. The fastest increase in India’s carbon con-
sumption has overtaken the United States to become
the world’s second-largest carbon user

as a possible solution for critically reviewing the topic in
question. Systematic Literature Review (SLR), or System-
atic Review, as a technique, can be employed to recognize,
appraise, and outline the up-to-date review of formulated
well-defined questions. Databases under SLR are used
restrictively to collect relevant data, where analysis involves
lower bias than traditional reviews. The SLR approach has
been used in various fields such as medical, engineering, and
environmental studies. In the present study, peer-reviewed
journal papers that used the SLR method have been selected
as a guideline. Based on selected SLR-based studies, sum-
maries are developed to understand the present trend of
flyash-based bricks. Databases such as Google Scholar,
PubMed, Science Direct, and Scopus have been used. Out
of 45 screened research papers, 11 were selected based on
the following five heads: title, abstract, materials, results
and discussion, conclusions, and full-text reading. Thus, 11
papers were included in the SLR section of this review arti-
cle. The papers have been arranged in chronological order.
A review studies list leading waste material (LWM), other
mixing materials (OMM), and invented materials (IM).
The comprehensive SLR with different characteristics of
invented materials (IM) are presented in Table 4.

The practical utility of clay and flyash bricks

Flyash is a waste product of thermal power plants. It is an
inexpensive substitute for the OPC industry, usage of fly-
ash as concrete is century-old, where it had been first used
as concrete for the construction of the Hoover Dam in the
US. Typically, concrete designers used 30% of flyash infrac-
tions to substitute the whole cementitious composition OPC.
Still, recent research and developments have opened a new

domain for flyash as a primary commodity in the civil sec-
tor. The experimental studies report that adding flyash in
proportion with cement increases the concrete load-bearing
capacity and will be fruitful for the future. The combinations
of different waste products have been undergone experimen-
tal analysis to manufacturing better quality bricks [53-62].
The flyash characteristics that make it worthy of being used
in the concrete design are odorless, non-toxic, inflamma-
ble, inexplosive. It does not pose any threat to humans. The
substitution of OPC with flyash in the concrete mixture will
prove the panacea by creating a more cementitious paste. It
can be understood from Eqgs. 1 and 2. Other properties that
make it advantageous over clay bricks are summarized in
Table 5. The cement reaction is shown in Eq. 1, and calcium
silicate hydrate a different paste formation is presented in
Eq. 2.

OPC + H,0 = C-S—H + Ca(OH), (1)

Flyash 4+ Ca(OH), = C—S—H. 2

The clay brick industry is an ancient building material,
widely used since the third millennium BC, with docu-
mented evidence from Warren's early Mesopotamian civili-
zation Warren [63]. Brick as a building material is prepared
by mixing clay with some additives, placed for moulding,
followed by slow drying under sun later baked in an oven.
Baking provides strength and increases its durability. The
porosity of brick demonstrates an inverse relation to its
strength lesser the pore spaces higher the binding strength of
bricks Culbert and Christel [64]. The factors that make fly-
ash-based bricks economical are their tendency to enhance
workability, reduce permeability and hydration, and make it

@ Springer
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metakaolin to the samples at different proportions will increase the
geopolymer bricks’ compressive strength to 250.26 kg/cm? after

28-day curing
Flyash tends to enhance mortar compressive strength and provides

stability. The results of samples compressive strength display add
90% flyash and Ceramic dust (meta-kaolin) by 10% of the total
weight of admixture; raises compressive strength to three folds

compared to samples containing flyash metakaolin in similar

quantity
When various proportions of silica fume with flyash and metakao-

lin, geopolymer mixtures led to unsatisfactory outcomes, like the

amalgamation swells up
The increment is seen in compressive and flexural strength when

ratio (0.3) increase compressive strength to 50% or more, reaching
19 MPa. Thus, the ultimate Geopolymer bricks flexural load was

water and binder ratio reach (0.3); the pragmatic results of the w/b
270 kg

Waste by-products of ceramic made up of metakaolin can be utilized
for this purpose and cost-effective materials. Furthermore, adding

Key findings

Flyash-based geopolymer bricks

™M

Flyash Ceramic Powder Waste, silica fume

Research LWM OMM

Table 4 (continued)
[90]

heat resistant. Moreover, resist chemical reactions like sul-
fates and chloride's improving strength, gives even finish-
ing, reduces shrinkages on walls. The strength and durability
characteristics of clay and flyash-based bricks are compared
in Table 5 [65].

Specimen bricks were designed using clay as a raw mate-
rial by baking them at variable temperatures. The physi-
cal and mechanical properties are avidly monitored for the
bricks. Later, these data are compared to bricks prepared
with flyash. It was done to assess the variations in the quality
of bricks shown by flyash-based and clay bricks. The use of
flyash as an additive in bricks can be an innovative techno-
economic raw material for brick-and-mortar designers. It
will serve as a competent resource by recycling it. Typically
clay bricks vary in colors due to artificial chemical-based
colors, whereas flyash bricks have an even and pleasing
natural color of their own, like cement. Regular clay bricks
are fragile, whereas flyash are composed densely. Plaster
is required to protect standard clay brick walls, whereas, in
flyash bricks, no plaster is needed. These flyash bricks are
also lighter in weight than clay bricks.

The flyash-based bricks and blocks are manufactured by
specification and quality standards as per IS 12894 [66] and
IS 16720 [67]. The process of flyash-based brick consists
of four Phases. Phase 1 includes the pre-production phase,
phase 2 production phase, phase 3 curing phase, and phase 4
quality control and dispatch. The main constituent in flyash-
based bricks is flyash, and other mixing materials are bind-
ing material cement, filler materials, sand, and stone dust.
The prepared material is processed for mixing, handling,
pressing, stacking, and curing, as shown in Fig. 3b.

In many cases, flyash bricks have more compressive
strength than clay bricks and are less porous. Figure 3a
shows the building constructed using flyash-based bricks
and blocks. Figure 3b presents the systematic diagram show-
ing the production of flyash-based blocks in the industry.
Figure 3¢ shows clay and flyash-based brick unit images,
and Fig. 3d exhibits a traditional clay brick kiln.

Issues and opportunities

Environmental and sustainability issues associated with clay
bricks have become apparent with increasing climate change.
It is essential to curtail energy consumption and carbon diox-
ide emissions from brick kilns, directly affecting climate
change. Flooding, drought, and heat waves have hit the UK,
lately witnessing the most drastic impact of climate change.
The anthropogenic accumulation of GHGs in the atmos-
phere, mainly CO, emission due to non-renewable fuels
igniting, has escalated the global temperature. Other climatic
phenomenon has come into effect, like frequent cyclones,
drought, delay in monsoon, etc. The recent disappearance
of north-pole Greenland glaciers and the disintegration of

@ Springer
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Table 5 Comparison of flyash-based bricks over clay bricks

Properties Clay Bricks

Flyash-based Bricks Remarks

Compressive strength 30-35 kg/cm?

Density > 16,500 kg/m®
Absorption 25%

Water intake More water

Plastering Unevenly spread over walls

95-100 kg/cm? High load-bearing capacity

> 1700 kg/m? -
14% Absorbs less moisture
less water Improves water and cement ratio

It gives a smooth and even
plaster

Saves up to 20% of plaster

Flyash based bricks Flyash based blocks
building building

Flyhulker

(a)

Flyash bricks

Clay bricks

(c)

Fig.3 Clay and flyash-based bricks examples

the “doomsday glacier” in Antarctica suggests global cli-
mate changes contributed to local seasonal changes. These
changes will cause mayhem to our planet with frequent
flash floods and droughts, cloud burst events, food security
at the edge, making occupants more significant risks unless
corrective actions are implemented Oti and Kinuthia [68].
The burning of low-grade coal in brick kilns is one primary
factor contributing to air pollution in SAR. India is second
to China in brick production. The WHO report on diseases
reveals that air pollution was the cause of 62,700 premature
infant deaths in India alone in 2010. About 1000 brick kilns
or more in Delhi’s vicinity are supposed to be significant
contributors (10%) of total air pollution by the report [69]
in the Delhi-National Capital Region (NCR) region. Gut-
tikunda and Calori [70] over 1,00,000 tons of yearly black

@ Springer

Block mixer plant

Flyash based blocks

Block making machine

(b)

Clay brick kiln

(d)

carbon emissions are estimated in Indian bricks kilns. The
three major air pollutants of brick kilns are dust, sulfur diox-
ide (SO,), Black carbon, PM 2.5, and nitrogen oxides (NO,)
as per China’s National Mandatory Standard [71]. The rise
in respiratory diseases and disruptive ecological balance are
some of the outcomes of brick kilns Zhang et al. [72].

In China, the elementary building material is clay bricks
with over 60,000 clay bricks plants operating, with 800
trillion bricks per annum. Velasco et al. [73] assessed the
significance of sustainable construction material. Velasco
et al. [73] tried to draw the construction industry's attention
towards its uses like recycling waste in plastic or buildings
or waste of thermal power plants like flyash. An advanced
and innovative design for making brick using asphalt mix
as an additive Bonet et al. [74]. Aguilar et al. [75] designed
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their construction material from wastes to make ecologically
green bricks. Alwetaishi et al. [76] briefed the reuse of Alu-
minum wastes as a raw material to manufacture green clay
bricks. We propose that China and India, along with other
South Asian clay brick industries, should alter their methods
to switch to alternative material applications as a substitute
for clay raw material.

In this article, use of flyash has been counseled as a
substitution of fresh unused primary material for clay to

make baked bricks. It is one of the beneficial initiatives to
save land degradation and lessen pollution. As far as envi-
ronmental study is concerned, unrestricted use of flyash-
based bricks will not lead to any severe environmental
problems Leiva et al.[57]. Figure 4 represents the Issues
and opportunities analysis.

ISSUES and OPPORTUNITIES

|

|

|

|

Clav Bisck Environmental i Emissions
i Issues of Clay . &
Production = Alternative e
Brick Production Environment
L 8 - r vy
South Asia produces Black carbon (BC) and Sun-dried Bricks Mandatory use of
quarter of total global Ozone (Cl:’lgt;n]?o;t 4 fiyash-based
‘1 z common po = from
ik pnindie the b]:jck sector Pressed Blocks Gg'?;rﬁml:nt
4 schemes
r Stabilized Soil /Programmes
Blocks
South Asia Region A4 sia
proimcns-E1% ufithe 91% of total Particulate .
world’s total bricks, ' » & Sand Lime Bricks
2 : Matter (PM) emissions
second only to China, B :
i : i from brick sector in | !
which produces 67% . South Asian citi
and rest of the world I SR LTI Flyash Lime Amendment of
only 12% Bricks Building Bye-
. T Laws mandatory
Ji for million plus
| Flyash Clay cities
4 Year 2013 reports about Bricks
China, India, Pakistan, 6,100, 55,000, and 600
Bangladesh, Nepal- deaths caused by 4
largest brick producer pollution from brick Flvash Sand
countries m the world sec.tor_ in Bangladesh, L x;n a: Bﬁaénh y
India, and_ ?\Te}—;:al Flyash utilization
Tespectively 1 regulation for all
Rubble Filler manflf;"f" -
v R units within 300
Black carbon emissions i’ Tf;;]ﬁlgsoﬁir
from brick kilns in India Hollow Concrete P
estimated to be over Blocks fivash for brick
100,000 tonnesyear T ‘Pm o P
Black Cotton
So1l Flyash
]
Flyash Based
Bricks

Fig.4 Issues and opportunities analysis
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Prospect

This review article presents the scope and direction for
industry and research organizations. In this review article,
issues related to clay bricks are discussed. The findings
obtained from the past published studies on flyash-based
bricks give a broad understanding to future research.
Available research data on flyash-based bricks are pre-
sented, and research gaps for future work on flyash-based
bricks were proposed.

The review article suggests that flyash-based bricks
and blocks can be made by incorporating supplementary
wastes such as (recycled crushed sand, crumb rubber,
stone dust, and silica fume). The strength and durabil-
ity of sustainable flyash-based bricks and blocks can be
assessed. A comparative cost analysis program on flyash-
based bricks and blocks will be developed. It would con-
tribute to the industry by enhancing profitability and pro-
moting sustainable construction materials with the help of
new technologies. The study can be a good proposition for
future research in the industry.

Based on the reviewed studies and discussion, the fol-
lowing technical prospect is made:

e Comprehensive research is available on the strength
characteristics of flyash-based bricks and blocks.

e [t has been found that a detailed durability analysis on
flyash-based bricks and blocks is not reported exten-
sively.

e Long-term durability analyses can be done on the fly-
ash-based bricks and blocks.

e The addition of crumb rubber can improve the ther-
mal resistance of flyash-based bricks and blocks with
crumb rubber combinations.

e The addition of silica fume can improve durability, and
partial replacement of cement will help reduce CO,
emissions

e The addition of recycled crushed sand also improves
strength and durability characteristics, and its utiliza-
tion will help maintain the ecological balance.

Conclusion

The objective of this review article was to discuss the
alternatives of clay bricks for construction activities
globally and in the South Asian Region notably. Based on
observations and learnings, it is found that the traditional
way of clay brick-making kilns is prevalent in the South
Asian Region. However, the practice of using this type of
kiln is a threat to our ecosystem. This review article aims

@ Springer

to draw the attention of many researchers and scientists
towards the rising climate changes globally. Ensuring that
all clay brick kilns gradually switch from traditional to
a more sustainable approach shall involve many consoli-
dated efforts at the regional, national, and international
levels. Processes and initiatives are mandatory to provide
the fundamental edge to utilize waste materials such as fly-
ash in brick manufacturing. Research associated with new
technology for construction bricks containing significant
flyash content can be a successful alternative to traditional
clay bricks.

Proper flyash usage in brick manufacturing can suc-
cessfully resolve environmental problems associated with
clay bricks. An urgent consideration with studied actions is
required for fundamental modernization in the bricks indus-
try, especially in South Asian Region. As a development
priority, governments must initiate projects to modernize
brick manufacturing start-ups in their policies. Environment-
friendly building materials such as flyash-based bricks will
consume minimum energy, cause negligible pollution, and
possess multi-faceted recycling attributes leading to better
opportunities. The flyash-based bricks will help consolidate
coherent resources, better environmental monitoring protec-
tion, and cleaner production. Flyash-based bricks are the
renewed form of ancient times bricks making procedures.
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