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Abstract

Electrical resistance and sulphate attack resistance are the most important indicators for defining the
durable performance of masonry mortars. The present investigation deals with the electrical resistivity and
sulphate resistance behavior of binary blended mortars which are made with partial replacements of
Portland Cement (PC) with various industrial by-products. Fly ash (FA), Coal Bottom Ash (CBA), Ground
Granulated Blast Slag (GGBS), Copper Slag (CS) and Silica Fume (SF) are the readily and most abundant
by-products which are generated from coal, slag, copper and silicon industry in India respectively. These
by-products are successfully considered as an alternate material for replacement of PC in masonry mortars
up to specific levels due to their inherent pozzolanic nature. The current investigation presents the results
of electrical resistivity and sulphate attack tests conducted to examine the resistance behavior of binary
masonry mortars made with aforementioned by-products. The binary mortar mixes were made by
systematically replacing PC by FA/CBA/GGBS/CS/SF up to 0-30% respectively. Usage of aforesaid by-
products up to specified amount as an alternate of PC in masonry mortars not only enhances the durability
concern but also actuates the economy, energy effectiveness along with ecological and environment
welfare.
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1. Introduction

1.1 General

Ordinary Portland Cement (OPC) is more reliable for high strength, durability and can be used in marine
and offshore engineering but due to the aggressive environment present in the surroundings of marine
region the concrete structure is deteriorated and losses its durability. To evaluate the concrete structures
which are exposed to the aggressive environments needs a deep investigation of the degradation
mechanism in severe conditions, such as chloride ingression, sulphate resistance and carbonation (D1 et
al., n.d.). The main cause of deterioration of concrete structures is due to the ingression of certain
pernicious species like chloride ions and sulphate ions enters into the microstructure of concrete and leads
to corrosion of reinforcement (Zhongya et al., 2019). As soon as the reinforcement corrosion starts and
progress, the bars reduce their tensile strength and the corrosion products settles on the reinforcement and
produce tensile stresses in concrete which can leads to brittle failure (Balestra et al., 2020). Concrete’s
durability is mostly depends on microstructure properties like pore size distribution and shape of the
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interconnections. Concrete with large number of pours which are interconnected results in higher
permeability and having less durability (Hamed Layssi, Pouria Ghods, Aali R. Alizadeh & T, 2015).
Several research studies have shown that using of Supplementary Cementitious Materials (SCMs) such as
Fly ash (FA), Coal bottom ash (CBA), Ground granulated blast furnace slag (GGBS), Copper slag (CS)
and Silica fume (SF), are getting out as a waste from various industries as a partial replacement of cement
will enhances strength and durability properties of concrete. The replacement of SCMs in cement mortar
will increases the pozzolanic reaction rate during hydration of cement that leads to decrease the porosity
of concrete (Mohan & Mini, 2018a). So far it is the responsible of construction industry to accept the
challenges mostly for the production of binary cements by adding various dosages of industrial by-
products obtained from different types of industries. These cement mixes often deliver more benefits such
as high strength, low water absorption, slow heat of hydration, increasing resistance to alkali-silica
reaction, sulphate attack, and chloride ion penetration. Binary cements, however, are often associated with
shortcomings such as the need for extended moist-curing, increased use of chemical admixtures, low-
early-age strengths, increased cracking tendency due to plastic shrinkage, and de-icing salt scaling
problems. Extended utilization of industrial by-products will results in decreases the concrete cost
significantly and made concrete more economical and environmental friendly material (Ganesh & Murthy,
2019).

Cement mortar is a made by mixing of cement, sand and also sometimes lime which is mostly used
workable concrete paste for structural units known as masonry units, stones, fills, bricks, seal the irregular
gaps in building units, used as patterns in masonry walls, and some occasions add as decorative colors,
and when original mortar was washed away it can be sometimes used to fix or point. In practice, a mortar
connects and acts like binder, the sticky material that joins the units together helps in keeping them
together meanwhile performs as a space-filling adhesive. Cement demand and necessity increases the total
output of cement production to 3 billion tons in 2009 across the world, while in 2012 it was approximately
increased to 3.6 billion tons and it is expecting that it may exceed up to 18 billion tons by 2050. Now a
days, the demand and need for cement is increasing, this means that the emission of CO2 in the atmosphere
is also increasing which leads to global warming. According to the survey it was known that around 65%
of global warming is due to the CO2 among all the greenhouse gases present in the atmosphere
(Rafieizonooz et al., 2016; Rashad, 2015). OPC is being the most widely using material across the world,
a lot of fillers and additives were investigated to enhance the properties like strength and durability for
making the concrete more greener and cheaper (Seifan et al., 2020).

Industrial wastes have become a major problem in the world for its disposal and also causing an
environmental pollution. It is the duty of every individual to protect the environment by safe disposal of
industrial waste effectively without causing any harm to the environment. Many developed countries have
already used the industrial waste effectively in construction industry for increasing the performance of
concrete. India is producing 960 million tons of industrial waste per annum from different sources like
industrial, mining, agricultural etc., and also it is one of the major countries, which is producing large
amount of solid waste. The by-products which are getting out from the industries are using as SCM’s in
cement and concrete for sustainable concrete design and green environment (Badur & Chaudhary, 2008;
Basak Mescia, semra coruhb, 2010; Dash et al., 2016). According to survey, it was widely known that
concrete manufacturing industries are generating 5 to 7% of world’s carbon dioxide (CO2) for the
manufacturing of cement which is much more times of CO2 compared to remaining industries (Fahim et
al., 2019; Jindal, 2019; N Singh & Singh, 2016). According to survey from recent studies up to 80% of
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carbon dioxide can be reduced by using SCMs as a partial replacement or complete replacement of cement
which helps in decrease the usage of natural resources (Hossain et al., 2020).

Fly ash (FA) which is also called as pulverized fuel ash in united states, is a by-product coming out from
coal fired thermal power plants due to the combustion of coal. From recent studies it was known that
globally 780 million tons of fly ash production is taking place annually around 2011-2012, and among
that 415 million tons which is only 53% of total fly ash production is effectively utilized in various sectors
(Seifan et al., 2020). India has increased the production of fly ash enormously from 68.88 million tons in
the year 199697 to 163.56 million tons nearly more than 50% increases in the year 2012—13 but only
100.37 million tones was using for various purposes. India has played a major role in extremely increasing
the utilization from 9.63% in the year 199697 to 61.37% in the year 2012—13 but almost 40% of the FA
is still remains unused (Journal & Chemistry, 2017). Currently on an average 200 million metric tons of
ash is producing from thermal power plants and this has been steadily increasing every year. Globally the
maximum share of FA market is occupied by OPC in 2015 about 26% of market revenue and is expected
to retain its position during the forecast period from 2016 to 2022. The recent trends are showing that, if
the overall consumption of FA were to continue then FA generation will turn up to 310 million ton by
2030. This shows that production had increased from 25% to 35% by 2030 which will include the total
amount of FA generated and utilization in cement's portion. From the aforementioned data, it was known
that the need of FA will increases to 151 million ton by 2030 and about 128 million tons of FA will be
remained as unused (FLY-ASH-REPORT-FINAL JULY-23.Pdf, n.d.). The FA which was remained
unused is to be disposed by land filling and water bodies, so that 2,300 hectares of more land and nearly
1.3 billion cubic meters of water are required for FA disposal, intensifies the currently facing problems
regarding FA disposal.

Coal bottom ash (CBA) is also one of the major by-product that has been generated from the thermal
power plants mainly due to combustion of pulverized coal along with coal fly ash however its quantity is
nearly one by fourth to that of FA (Sata et al., 2012). According to the previous researches, India is
generating 2.6 million tons ash is producing out of which 0.43 million tons is estimated production of
bottom ash ranging from 10-20% and rest of it is being fly ash ranging from 70-80% (Ahmaruzzaman.Pdf,
n.d.). According to the survey, The CBA production is estimated approximately around 600 million tons
per annum and almost 500 million tons was occupied by FA and remaining of about 100 million tons is
CBA (Argiz et al., 2018). According to the evidence from “central authority annual report” the total
electricity generation from thermal power plants is approximately 80%. The generation of bottom ash in
2020 may be increased up to 40-50 million tons per annum, this means approximately 20-25% of 190
million tons of coal combustion residues (Mandal & Sinha, 2014). The coal bottom ash which was
remained after the utilization in various sectors is to be disposed either by land filling or in ash ponds. The
disposing of CBA in water bodies will enhances the serious problems to human health and nature because
the CBA contains some harmful chemicals such as sulphates and some other ionic species in high
concentrations which contaminates ground water as well as surface water.

Ground granulated blast furnace slag (GGBS) is a primary major by-product which is produced from iron
and steel industries during the production of iron from iron or steel manufacturing industries. It is a low
carbon cementitious material which helps in reducing the thermal cracking in concrete while adding in the
partial replacement of cement (Priya et al., 2020). For every one ton of iron production nearly 0.3 to 0354
tons of slag will be produced in ca case of high-grade ores that contains 60-65% of iron and for low grade
iron ores it is to the amount of production (Maharishi et al., 2020). Recent studies have shown that about
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530 million tons of GGBS is producing globally but the construction industry is consuming only 65% and
remaining is unutilized. In India almost around 15 million tons of GGBS is extracting annually but the
cement manufacturing industries are consuming only 55% of GGBS among that and remaining was
unutilized (Ganesh & Murthy, 2019). Currently the waste coming out from iron and steel industries is 270
million tons of which only 30-35% is consuming for various purposes and rest of is disposed by dumping
as well as land filling which are adopted for industrial waste disposal, this will be threat to the environment
(Tiwari et al., 2016).

Copper slag (CS) is smoothy and glassy by-product produced during matte smelting refinement steps
involved in production of copper from copper industry. For every one ton of copper production
approximately 2.2 tons to 3 tons of CS was produced and it was known that nearly 24.2 million tons of
CS is producing in all over the world (Maharishi et al., 2020). According to Ministry of Energy and
Mineral Resources Republic Indonesia data in 2012, it was shown that almost all about 4,00,000 tons of
CS is produced per annum in Indonesia, while in Japan about two million tons of CS was produced per
annum (Sandra et al., 2020). India is expected to be the 6th largest copper market by 2020 with major
consumption sectors like Electrical, Transport and Telecommunications. Currently, all over the world
around 33 tons of slag is produced while in India copper generated around 6-6.5 tons of slag at various
sites. Almost all about 50% CS can be utilizing as a replacement of regular sand in cement mortars and
concrete applications for enhancing the performance needed to increase durability and the remaining waste
is dumped or land filling (Dash et al., 2016).

Silica fume (SF) is a smoky by product which we can get from silicon or ferrosilicon industries and it is
ultrafine non-crystalline in nature and it is also called as micro silica. SF is also a smoky by product comes
out by carbothermic reduction of high purity quartz with carbonaceous material like coal in electric arc
furnace. SF contains large amounts of Si02 and small amounts carbon content which helps in occurrence
of reaction with cement to form silicates and produce an extra strength (Adil et al., 2020; Alla et al., 2020).
In SF the amount of Si02 depends on the type of alloy produced and ranges about 85% in ferrosilicon and
90% in silicon metal (Gruszczynski & Lenart, 2020). About 100,000 tons of SF is produced per annum
globally while in India 30,000 tons of SF is produced by steel authority per annum. Many countries have
initiated strict enforcement of air pollution controls regarding to the releasing of SF along with other fine
gases into the atmosphere.

The SCMs which have already used in mortar extracts better durability properties and increased specific
performance characteristics in blended mortar such as improved strength, low heat, corrosion of steel
reinforcement, sulphate resistance, chloride resistance, lower water abortion, decreasing the permeability,
lower shrinkage and certain other applications but the rate of strength gain was depend on the amount of
mixing of SCMs (Maheswari, 2016; Roziere et al., 2009; Navdeep Singh & Bhardwaj, 2020). The main
advantage of using SCMs in cement mortar can helps in increasing the durability and reduce the quantity
of cement in producing mortar, as a result there will be increase in utilization of resources efficiently and
also reduction in construction cost (DURABILITY ASPECTS, 2013).

1.2 Research Significance

This paper studies the strength, electrical resistivity and sulphate attack of blended mortar made with
binary cementitious materials. The single and synergetic action influences of FA GGBS, SF shows
increasing the electrical resistivity as the age of the concrete increase due to the late pozzolanic reaction.
According to previous studies it was known that electrical resistivity is inversely proportional to porosity
of concrete (Balestra et al., 2020). The durability effect of binary cementitious system which are resistance
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to sulphate attack will be discussed in literature review part. In the aid of factorial designing method,

optimal cementitious materials proportion for chloride resistance and sulphate resistance can be presented

(Kapeluszna et al., 2020).

It was known that the blended concrete either binary cement is having wider particle size distribution

because of having fineness particles. These cements contains both highly reactive pozzolans and latent

pozzolans which will consumes calcium hydroxide released at early ages of hydration of OPC and later
stages significantly by synergistic action (Rafieizonooz et al., 2017; Su & Yurdusev, 2004). Therefore,
this study investigates the performance of binary cements with partial replacement of OPC with FA-CBA-

GGBS-CS-SF. According to the test result of chloride attack and sulphate attack for 28 days will be

discussed. The binary mortar mixes were made by replacing PC by FA/CBA/GGBS/CS/SF up to 0-40%

respectively. Usage of the aforementioned by-products up to specified amount as an alternate of PC in

masonry mortars not only enhances the durability concern but also actuates the economy, energy
effectiveness along with ecological and environment welfare.

1.3 Objectives

The primary objectives of this research work are to investigate the durability properties of masonry mortars

made with industrial by products along partial replacement from 5% to 40%. The following studies were

proposed to be undertaken in this investigation:

1. To evaluate the durability properties of masonry mortar made with industrial waste such as
FA/CBA/GGBS/CS/SF at different replacement levels of cement additions.

2. The flow test determines the free flow of hydraulic cement mortars. It also depicts the sufficient
amount of the required water for achieving a desired flow level. The flow values of each mix indicate
the amount SP to be inculcated for the adequate flow of the blended mortars.

3. Electrical resistivity of blended mortars has been evaluated to study the effect of chloride ingression.
The blended mortars made with replacement of PC with cement additions (FA/CBA/GGBS/CS/FA)
has been evaluated on electrical resistivity test.

4. Sulphate attack resistance of the blended mortars has been evaluated to study the effect of addition of
various cement additions. The blended mortars containing either of the cement additions
(FA/CBA/GGBS/CS/SF) as a partial replacement of PC have been tested at different exposure periods.

1.4 Scope and Methodology

The following was the scope of this investigation

1. Due to availability of an assured supply of sufficient stock of industrial wastes, the cement additions
used in this investigation were obtained from various industries located near region and nearby states.
The nominal maximum size of the cement additions was kept at below 90 microns, the same as the
size of the PC.

2. In the control mortar, the total cementitious materials content consisted of 100% PC. In the investiga-
tions related to the cementitious materials, blended cement in turn was replaced with from 5% to 40%
(FA/CBA/GGBS/CS/FA). For details of various mixes and replacement levels, reference may be made
to Table below. The fresh properties of blended mortars mixes were studied with the help of tests such
flow test by maintaining a flow of 105% to 115% at 0.4 water cement ratio by adding superplasticizer.

3. The durability properties of blended mortars mixes were studied with the help of tests such as electrical
resistivity and sulphate resistance.

4. The electrical resistivity tests and sulphate resistance tests were conducted after 7, 28, 56 and 90 days
of curing period.
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5. The binary mixes were made by systematically replacing PC by FA/CBA/GGBS/CS/SF up to 0-40%
respectively. The findings indicate better resistance towards both electrical resistivity and sulphate
resistance in comparison to reference mortar mixes. The enhanced curing periods further improve the
performance of binary mortar mixes.

1.5 Organization of the Dissertation

This thesis consists of the following five chapters:

Chapter-1, Introduction: This chapter introduces the work carried out in this thesis. The research

significance of the work has been stated and the objectives, the scope and the methodology used in the

experimental programme for achieving the desired objectives have been described. This chapter concludes
with a brief description of the thesis organization.

Chapter-2, Literature Review: A review of the literature relevant to this thesis is presented in this chapter

in order to identify research gaps and the Chapter concludes with identification of the need for this

investigation.

Chapter-3, Experimental Programme: This chapter describes in detail the experimental programme

undertaken to achieve the desired objectives. Details of the industrial blended mortars mixes are given in

this Chapter together with a description of the tests used to evaluate the envisaged properties of mortars.

Results of material characterization are also presented in this chapter.

Chapter-4, Results and discussion: Experimental results are presented and discussed in this Chapter and

relevant conclusions have been drawn. Wherever possible, the experimental results have been compared

with relevant results in the literature and attempts have been made to identify broad-based trends on the
basis of which generalization can be made.

Chapter-5, Conclusions: The conclusions drawn from the previous Chapter have been compiled in this

Chapter and the need of further investigation in the areas relevant to this thesis has been presented.

2. Review of Literature

In this chapter the discussion is all about a brief literature review on industrial wastes as SCMs such as
FA, CBA, GGBS, CS and SF which can be used in blended cement mortar based on durability tests like
electrical resistivity and sulphate attack. The conclusions of some previous researches have been compiled
and are discussed mainly in form of durability and green aspects. Correspondingly, the physical and
chemical nature of aforementioned industrial wastes has also been presented in the following paragraphs.
2.1. Fly ash (FA)

FA or coal flue ash which is also named as pulverized fuel ash, is extracted out from coal-burned boilers
along with other flue gases. The FA particles which are very small are generally collects before entering
into chimneys by electrostatic precipitators or different filtration equipment that can captures small
particles in modern coal-burned thermal power plants. FA product is generated due to the ignition of coal
which is in the form of the small particulates and the remaining ash at boiler's combustion chamber that
settles down at bottom of chamber is called CBA. It was known that FA vary considerably depends on the
availability conditions and composition of the coal burned. FA mainly contains huge amounts of silicon
dioxide (Si0O), aluminium trioxide (Al>O3) and calcium oxide (CaO) that occupies more percentages
(Journal & Chemistry, 2017; Low-calcium & Papadakis, 1999; Rashad, 2015). Application of FA by
incorporating into concrete or mortar helps in improving the microstructure and rheological properties of
concrete (Journal & Chemistry, 2017).
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2.1.1. Applications of FA

The applications of FA are increasing day by day due to is environmental benefits and has proven to be a
green building material. FA is primarily used in cement production, in concrete as a substitute for making
of blocks, laying pavements, manufacturing of concrete railway sleepers and FA bricks, used as zeolite in
making geo-polymer concrete, for treatment of metalliferous or acid rock drainages, good backfilling
material for stabilization and also used for increasing the yield of agricultural crops (Navdeep Singh,
Kumar, et al., 2019).

2.1.2. Advantageous of FA

The advantageous properties of FA mixed concrete are such as high workability, improves durability,
increases in strength, low heat of hydration, reducing CO> emissions, reduces crack growth, permeability
compared to OPC due to its alkali-silica reaction. High fineness nature is the main advantage of yielding
high strength concrete and gives better durability properties by decreasing permeability of concrete.
Course FA is high crystalline in nature exhibits low pozzolanic activity when mixed in concrete may
results in less durability (Jaturapitakkul et al., 2004). Low quality FA is generally used for cement mixes
because it is having sulphate corrosion resistance (Su & Yurdusev, 2004).

2.1.3. Disadvantageous of FA

FA exhibits poor strength at ambient temperature of curing with the replacement of cement due to slow
polymerization process (Seifan et al., 2020). According to previous studies, FA shows poor strength in
early stages due to its slow pozzolanic reaction but it improves strength and durability in later stages
(Nawaz et al., 2020). FA having impurities or poor quality FA is responsible for high permeability of
concrete and also threat for demand and growth of Global FA market (Journal & Chemistry, 2017).
2.1.4. Physical properties of FA

According to the previous researches, it has been known FA particles are mostly spherical which flows
easily in concrete mix and helps in filling the voids. (Jindal, 2019). The FA particles mostly consist of
solid spheres, after that hallow cenospheres and plerospheres (generally small spheres). The size of the
FA particles generally ranges from less than 1 um to greater than 100 pm while the size of coarse FA
particles starts from 90 um to 100 um. The surface area of FA particles is ranges from 300 -500 m*/kg,
among that some FA particles possesses surface area less than 200 m?/kg and some are more than 700
m?/kg. The relative density of FA along with air voids between the particles is ranges from 540 — 860
kg/m®, similarly the FA enhances its relative density that ranges from 1120 — 1500 m?/kg when set to
compaction or vibrated and the specific gravity of FA particles ranges in between 1.9 to 2.8
(Ahmaruzzaman.Pdf, n.d.; Rashad, 2015). The physical properties of FA from previous researchers are
presented in Table-2.1.

2.1.5. Chemical properties of FA

FA mainly consists silica (SiO2), alumina (Al>O3), iron (Fe203), calcium (CaO) are major constituents
while, Magnesium (MgO), sulphur (SO3), sodium (Na>O), potassium (K»0), and carbon are present in
small quantities (Rashad, 2015). FA acts as a binder in geo-polymer concrete due to the presence of silica
and alumina that forms aluminosilicate gel through alkaline solution (Jindal, 2019). According to ASTM
C618-12(a), depends on the chemical composition, FA is classified as Class C and Class F. Class F FA
has lime content less than 10% and having good pozzolanic properties but less cementitious nature. Class
C FA has lime content more than 20%, having lower pozzolanic activity and high cementitious properties.
According to Canadian Standards Association (CSA), FA is classified into 3 classes based on the amount
of CaO present. Class F contains 8%, Class C contains 8-20% and finally Class CH contains more than
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20% CaO by mass respectively. Among the different types of FA Class C FA in concrete shows more
resistance to acid attack and also the concrete with 70% FA had 37% of less strength loss is attained than
concrete without FA (Joorabchian, 2010; Rashad, 2015; S. Wang et al., 2008). The chemical properties of

FA from previous researchers are presented in Table-2.2.

Table-2.1 Physical properties of FA from different authors

MA. Na- | C.Jatur- .G.Pa-
F. can- Na C, Jatur Shicong V-G ? Tokya Patel et | Yaman
Property waz pita padaki
pola et al kou et al et al al et al
et al et al et al
Surface
area 3.34 _ _ 3.96 6.2 _ _ _
(m*/g)
Specific
gravity | 2.43 2.18 2.18 2.31 2.66 2.08 2.16 2.25
(g/cm?)
Fineness
modulus | 2231 4350 2370 _ _ 2890 2810 2870
(cm?/g)
Table-2.2 Chemical properties of FA from different authors
Ja-
Com- Seifan | Nab et | S.All et | Canpo- | Nawa et | torapi- | Shicongkou | Vagelis
pound et al al al latetal | al takkul | etal et al
et al
Silica
51.8 60.03 45.31 42.81 58.19 46.25 56.79 39.21
(Si02)
Alumina
24.4 22.75 28.73 23.03 23.56 26.43 28.21 16.22
(A1203)
Iron oxide
9.62 6.78 3.89 5.33 8.61 10.71 5.31 6.58
(Fe203)
Calcium
oxide 4.37 3.80 20 21.60 3.52 7.61 2.9 5.18
(Ca0)
Magne-
sium ox-| 1.5 12.9 1.26 1.81 1.77 2.21 5.21 _
ide (MgO)
Sodium
oxide 0.34 0.54 0.97 0.34 B 1.11 _ _
(Na20)
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Potassium
oxide 1.41 1.28 0.73 1.38 3.07
(K20)
Sulphur
trioxide 0.26 0.25 3.39 0.64 1.85 0.68 4.30
(S0O3)
Loss on

1.15 4.82 0.23 3.90 2.10

ignition

2.2. Coal Bottom Ash (CBA)

CBA is an un burnt matter generated from coal which is obtained from coal-fired plants is formed at boiler
and constitutes about 10-20% and rest of being is FA. CBA which generally settles down at the bottom of
the combustion chamber can be used in generation of electricity as well as steam or sometimes both. CBA
is generally considered as a waste material which is thrown at landfills or making into slurry and thrown
into ponds. Due to its disposal or dumping of CBA, contaminates land, water bodies and environment due
its toxicity (Muthusamy et al., 2020; Topgu et al., 2014). To protect our environment and follow
environmental regulations, we need to decrease the utility of natural resources and enhances the usage of
industrial waste products and also helps in economical point of view (Sengul, 2014). Recent studies have
shown that CBA produced by the combustion of different types of coal such as lignite, anthracite,
bituminous and sub bituminous will enhance the pozzolanic properties that helps in growth of concrete
industry (Mandal & Sinha, 2014).

2.2.1. Applications of CBA

CBA is mainly used in variety of manufacturing and constructional uses such as for filling road base or
sub base, foundation filling, backfilling, act as porous media for drainage, as a fine aggregate replacement
in concrete, making of abrasive products for grip, artificial soil products, manufacturing of construction
materials, soil stabilization, agricultural purpose etc., (Mandal & Sinha, 2014). The most important use of
CBA s applied as a substitution of natural fine aggregate in mortar in form of partial or complete
replacement (Argiz et al., 2018).

2.2.2. Advantageous of CBA

CBA is the cheapest replacement material in the manufacturing of concrete or mortar and shows positive
effect on durability when using in concrete. According to the previous studies, it was known that grinding
of CBA helps in improving pozzolanic activity and can be used in concrete. From previous studies, there
is a decrement in the workability of concrete because the setting time for CBA mixed concrete is more
(Sengul, 2014). Chloride diffusion of CBA mixed concrete is low compared to FA and also decreases the
chloride ingression up to 25% in concrete. In the similar way electrical resistivity is also higher for CBA
on compared with FA (Argiz et al., 2018).

2.2.3. Disadvantages of CBA

CBA in concrete is relatively slow in increasing early age strength and mostly begins after 28 days because
the rate of pozzolanic reaction is slow (H et al., 2015). Increasing the replacement levels of CBA in mortar
will enhances the decrement in compressive strength, tensile strength, flexural strength and also reduction
in density. With regard to the durability, CBA shows less carbonation resistance compared to the plain
concrete. There is no particular standardisation for the replacement of granular porous textured CBA that
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holds a low specific gravity which shows less resistance under loading conditions hence, cannot be used
in mortar (Argiz et al., 2018).

2.2.4. Physical properties of CBA

CBA is a greyish black dust in colour and, having rough surface texture which is spherical in shape and
also porous in nature. Most of the CBA particles are angular shaped which are large in size compared to
FA and spherical particles are also present but with small proportions. The particle size distribution of
fine aggregate mixed in mortar and CBA is appeared to be same and also the shape and surface texture of
CBA is tough (Wongkeo & Chaipanich, 2010). These particles of CBA when compared to fine aggregate
are exhibits less weight more brittle can be easily degrade under compaction. Generally, the particle size
should be less than 75 microns but due to inefficient burning of coal, results in the presence of large sized
particles along with combustion coal. Specific gravity of a typical CBA ranges from 1.60-2.39 based on
its chemical composition but low specific gravity CBA results in less resistance under loading conditions.
The bulk density for CBA varies from 630-776 kg/m® for different types of CBA because of having
different variations in the particle sizes and shapes (Mandal & Sinha, 2014). The physical properties of
CBA from previous literatures are listed in Table-2.3.

2.2.5. Chemical Properties of CBA

CBA constitutes chemical components mainly Silica (Si02), Alumina (Al203), and Iron (Fe;O3) contains
high percentage and rest of the compounds are in small percentages. Silicon dioxide Was found to be
abundant in CBA with 57.43% of whole weight and aluminium was found to be the next one followed by
Iron oxide. The chemical composition of Aluminium in CBA is little bit higher than FA because of having
variations in melting points. Similar to that of FA, CBA is also divided into Class F and Class C CBA
depends on the proportions of chemicals presented. The chemical composition of major constituents of
Class F CBA which is the sum of silica, alumina and iron is greater than 70% and remaining are the minor
constituents that includes ignition loss is less than 10% and possesses a good pozzolanic properties by
proper grinding. For Class C CBA the percentage of major constituents such as silica, alumina and iron if
greater than 50% and the presence of calcium content is high compared to FA (M. Singh & Siddique,
2014). CBA which is extracted from Sulphur coal also known as low grade coal is having more density
results in less porous in nature. Usually CBA from same power station exhibits different particle size
distribution even though, it is well graded (Mandal & Sinha, 2014). The chemical properties of CBA from
previous literatures are listed in Table-2.4.

Table-2.3 Physical properties of CBA from different authors

A.K.Man-
R.siddique | M.Rafieizo | Kim&lee M.singh an H.K.Kim
Property dal
et al nooz et al et al et al et al
et al
ifi
Specific 1.93 1.88 1.87 1.39 2.39 1.98
gravity
Fi
1neness 14 60 3.44 236 137 228 234
modulus
Bulk den-
sity  (Kg/ | B _ _ 620 _
m?3)
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Water ab-
sorption B 11.61 5.45 31.48 B 8.7
(%)

Table-2.4 Chemical properties of CBA from different authors

H.Ku- M.Singh R.Siddique | Rafieizon- | Sani Wongkeo
Element

ramaa et al | et al et al 00z et al et al et al
SiO2 54.5 56.44 57.76 45.3 54.80 45.51
AlLOs 154 29.24 21.58 18.1 28.50 23.52
Fe:0s 11.16 8.44 8.56 19.84 8.49 10.20
CaO 4.69 0.75 1.58 8.70 4.20 12.55
MgO 4.26 0.40 1.19 0.969 0.35 2.45
K20 1.34 1.29 1.08 2.48 0.45 2.12
Na20 _ 0.09 0.14 _ 0.08 2.20
TiO2 _ 3.36 _ 3.27 2.71 0.41
SOs 1.30 0.24 0.02 0.35 _ _
ffs';'t“’n 8.90 0.89 5.80 - 2.46 3.82

2.3. Ground granulated blast furance slag (GGBS)

GGBS is obtained as a by-product in the production of iron from iron ore as a waste from iron and steel
industries. The blast furnace slag which was obtained is quenched under high pressure water jets for
generating a shiny granular product which is dried and grounded it as powdered form of required size to
form ground granulated slag (Cheng et al., 2005). The particles of GGBS are covered with an impervious
layer of silicon and aluminium that causes a late reaction of quenched glass and water. This can be
normalised by adding alkali compounds like calcium hydroxide acts as booster. Due to its latent hydralic
properties, hydration of GGBS immediately starts after contacting with water. GGBS contains silica in
large proportions and hence, rapidly cooled GGBS is vague with pozzolanic properties. According to some
surveys, it was known that the utilization of GGBS is increasing every year due to its benificial
cementitious and pozzolanic properties (Tiwari et al., 2016).

2.3.1. Applications of GGBS

GGBS is having wide range of applications such as used in the building constructions, in construction of
Roads and Flyovers and also in marine conditions to increase durability. GGBS is used mostly in the
manufacture of cement or adding as mineral additive and also can be usedin making of normal
conventional concrete to high performance concrete. GGBS with a replacement level ranges from 30 to
85% exhibits good pozzolanic properties helps in utilizing as a binder in in the place of OPC (Maharishi
et al., 2020). GGBS when mixed with concrete shows lower early age temperature rise helps in reducing
the risk of themal cracking and also eliminates the risk due to internal reaction in the concrete constituents
(Shreyas, 2017).

2.3.2. Advantages of GGBS

GGBS has lot of advantages like enhances workability,longer period strength development, early age
strength, prolonged setting time, reduces permeability, resistance to sulphate attack and durability (Priya
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et al., 2020; Prusty & Pradhan, 2020; Sengul, 2014). Early ages of strength development is inversly
proportional to amount of GGBS in the cement mix. GGBS prolongs the setting time of cement and will
remain workable for longer periods which can be used in hot climatic zones and also having good
compaction characteristics. GGBS in concrete improves the non permeability resistance, corrosion
resistance and sulphate attack resistance in order to enhances service life of the structure. Unlike cement
GGBS will not produce CO2, SO, and nitrogen oxides, add as a substitution of cement in concrete mix
upto 80% which will decreases the carbon emissions (Cheng et al., 2005; Shreyas, 2017).

2.3.3. Disadvantages of GGBS

Higher replacements level of GGBS with cement in concrete mix may decreases the early age strength
than the normal mix concrete without GGBS. Due to its slow heat of hydration, the setting time of the
cement prolongs and cannot be used in cold temperatures. the effect of carbonation rate is high in the
concrete mixed with GGBS which damage the concrete’s pore structure results in decreasing life span of
concrete structure by increasing the permeability and cause corrosion (Mohmed & Blash, 2016).

2.3.4. Physical properties of GGBS

GGBS is has off-white or near-white colour which is more even and light and exhibits excellent
cementitious and pozzolanic properties when mixed with OPC (Tiwari et al., 2016). GGBS is fine,
granular and non crystalline form which is obtained as a by-product from the production pig iron. The
specific gravity of GGBS was 2.90 as well as bulk density of GGBS is 1200 kg/m°. Fineness of GGBS
which also known as specific surface area ranges from 400-600 kg/m? (Cheng et al., 2005; Mohmed &
Blash, 2016). The particle size of GGBS is ranges from 20um to 250um but higher strengths of concrete
will be attained for 20pm particles compared to 250um particles, because fine particles decreases porosity
of the structure and helps in developing the strength (Shreyas, 2017). The physical properties of GGBS
from previous studies are listed in Table-2.5.

Table-2.5 Physical properties of GGBS from different authors

Maharishi et | D.Shanmug et | p.Ganesh et | Cheng et | Shreyas.K et
Property
al al al al al
Surface area (m?/g) | B 0.396 B 1.2
fi :
Specific gravity | , ¢ 2.85 2.85 2.90 2.90
(g/em”)
Fineness (cm?/g) 3930 3369 _ _ 3506

2.3.5. Chemical properties of GGBS

The performance of GGBS mainly based on its chemical composition when it is mixed with concrete. The
main components of GGBS are Calcium ranges from 30 to 50%, silica ranges from 28 to 38%, alumina
ranges from 8 to 24% and magnisium ranges from 1 to 18%. The proportions of magnisium and silica are
almost similar which cannot increse further from 10 to 14% respectively. The proportion of calcium
content in GGBS will enhances the slag basisity as well as compressive strength (Cheng et al., 2005;
Shreyas, 2017; Tiwari et al., 2016). The chemical composition of GGBS mainly consists of silicates,
alumina-silicatea and calcium alumina silicates. The main components of GGBS are silicon, aluminium,
calcium,and magnesium will make sum upto 95% of composition and which was same as that of OPC.
GGBS when turned into a powdered form enables the cementitious properties and enhances the usage in
OPC as a supplymentary cementitious product for increasing the performance of blended concrete
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(Shreyas, 2017; Tiwari et al., 2016). The chemical properties of GGBS from different authors are
mentioned in Table-2.6.

Table-2.6 Chemical properties of GGBS reported by various authors

0. Ozkan | D.Bondar P. Ganesh C.MC Nally AN. Cheng
Element

et al et al et al et al et al
SiO2 35.11 35.7 30.12 35.1 34.4
Al2O3 17.54 11.2 13.35 12.4 9.0
Fe203 . 0.3 0.45 0.6 2.58
CaO 37.80 43.9 45.86 40.6 44.8
MgO 5.54 6.5 4.98 8.6 4.43
SOs 0.70 0.69 3.51 _ 2.26
Na20 0.38 0.48 0.28 0.3 0.62
K20 0.98 0.88 0.37 0.4 0.5
LOI 9.4 0.31 B B 1.32

2.4. Copper slag (CS)

Copper slag is a waste material obtained as a by-product of matte smelting and purifying of copper from
copper manufacturing industry (Maharishi et al., 2020). The particle nature of CS have exhibits its
capability in enhancing the mechanical as well as durability properties, while used as substitute in blended
mortar (Ma et al., 2018). Recent studies have shown that, the CS can be added in manufaturing of cement,
as a substituent in mortar as well as concrete and finally as a substitution of fine aggregates as well as
coarse aggregates in concrete or blended mortar (Patil et al., 2018). From previous researches, the
durability of the concrete mix with CS tested through Sorptivity and RCPT tests shows good results for
the structures constructed in marine environment (Sandra et al., 2020). It is also known that workability
of the concrete enhances with increasing of CS proportion in concrete because of its glassy nature and less
absorption of water than natural fine aggregate (Khalifa S. Al-Jabri et al., 2009). The inclusion CS in
blended mortar will reduces the environmental pollution and enhances the economical benefits, especially
in the places where higher amounts of CS is produced (Patil et al., 2018). These investigations showed
that CS as cement replacement exhibited better strength and long-term properties as compare to normal
concrete batches.

2.4.1. Applications of CS

CS can be used in various applications such as making of abrasive products, cutting abrasive discs,
manufacturing of gripping tiles, coarser glass and granites cutting, asphalt mixtures, inconstruction
industry, automobile industry etc. CS as a substitution of natural sand for different propertions in blended
mortar enhances its capability in aggressive environments. Some investigations have proved that
powdered form of CS added as a substitution for fine aggregate enormously increases the compressive
strength and consistency of cement by not adding any extra water (Patil et al., 2018; Sandra et al., 2020).
2.4.2. Advantages of CS

CS in concrete possess many advantages like increasing compressive strength, bending strength, high
workability, decrease of sorptivity and decreases in chloride ion penetration (Sandra et al., 2020). The
substitution of natural sand with CS will decreases the environmental pollution by less dumping and
increase in economical gain by decreases in cost and also decreases the need of natura fine aggregate
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which ultimately produces a decrement in construction cost (Maharishi et al., 2020). The advantage of
using CS in concrete will increase the pozzolanic reaction and also prolongs the setting time of concrete.
According to previous studies, adding of CS in cement may results in reduces the voids in capillary pores
which enhances the electrical resistivity and makes the concrete more compatible, more durable and
provides anti corrosion effect(Achudhan et al., 2018).

2.4.3. Disadvantages of CS

According to some previous researches, CS in concrete mix may results in bleeding due to less water
absorption of of CS when water tends to increase in fresh concrete mix. Substitution of CS with cement
will improves workability and setting time may results in slight decrement in compressive strength of
mortar (Sandra et al., 2020). Recent investigations have shown that gaining of mass is noticed in CS mixed
blended mortar when exposed to sulphate environment and also exhibit a decrement in the compressive
strength (Maharishi et al., 2020). The compressive strength, tensile strength and bending strength of
concrete were comparable to concrete mix upto 50% of replacement with CS and decrease with enhancing
the CS proportions in blended mortar (Patil et al., 2018).

2.4.4. Physical properties of CS

CS is a smooth and glassy product which is black in colour and it was first grounded in Laboratory Ball
Mill using 20mm and 25 mm stainless steel balls for 2 hours. Subsequently, CS was sieved through 90-
micron sieve to attain the required fineness and the specific gravity of CS is 3.49 which is almost 10%
more than cement (Najimi et al., 2011). The bulk density of CS is 3.55 g/cm® which is more denser
compared to OPC and other materials in concrete because of high composition iron. Higher substitutions
of CS with natural fine aggregate results in high density compared to the concrete without CS replacement
(Achudhan et al., 2018). water absorption of the CS is 0.65, which was found out by a conventional
meathod is very low compared with sand is 1.01 and the unbound water content present in concrete will
increases with increasing amount of CS content (Patil et al., 2018). The physical properties of CS by
various authors are listed in Table-2.7.

2.4.5. Chemical properties of CS

According to ASTM C618, the chemical constituents of CS such as silica, alumina and iron will sum upto
74.4% and it is sllightly greater than the 70% for Class N raw and calcined natural pozzolans. The
mineralogical compounds of CS identified by X-Ray Diffraction (XRD) analysis contains main
components as Pyroxene, Fayalite, Anorthite, Quartz and Magnetite while some researchers have shown
only Fayalite, magnetite and Quartz (Najimi et al., 2011). From recent studies It was known that CS
contains mainly iron and silica with large proportions and remaining constituents like aluminium, calcium
and magnesium with small proportions. CS comprises of iron ranges from 34 to 60%, silica ranges from
22 to 39%, calcium ranges from 1 to 11% and aluminium ranges from 1 to 16% but the summation of
main components contributes 90% of the total proportions of oxide constituents present in CS. Generally
CS has very low proportion of lime which is approximately 6% which is not sufficient to be used as
cementitious material but with the addition of considerable amount of lime that helps in enhancing the
hydration rate for attaining early age strength development. Hence, it will become more advantageous in
enhancing the pozzolanic reaction when CS is activated by increasing the lime proportion. From recent
studies it was concluded that CS can be used as a partial substituent of OPC as well as fine aggregate due
to its well defined mechanical and chemical characteristics (Achudhan et al., 2018). The chemical
properties of CS found by various authors are presented in Table-2.8.
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Table-2.7 Physical properties of CS reported by various authors
Property N. Gupta Qianmin. MA Najimi N. Sandra
et al et al et al et al
Specific  gravity
(g/cm?) 3.51 3.89 3.15 3.55
Fi Y
ineness (em’/g) | 5 2.56 3.31 2.29
Water
Absorption(%) 0.36 _ _ 0.04
Table-2.8 Chemical properties of CS reported by various authors
Element N. Gupta Al-jabri Qianmin.MA | Najimi Patil
et al et al et al et al et al
SiO2 33.62 33.05 17.88 9.57 97.01
ALO3 3.65 2.79 6.64 4.43 0.095
Fe203 55.6 53.45 56.16 57.42 1.05
CaO 3.31 6.06 5.86 22.25 1.064
MgO 1.51 1.56 4.66 1.56 0.118
SOs 1.12 1.89 0.16 _ 0.008
Na:0 0.37 0.28 0.70 1.47 0.118
K20 0.82 0.61 0.90 _ 0.028

2.5. Silica Fume (SF)

SF is an non crystalline ultrafined material which is obtained as a by-product from silicon and ferrosilicon
alloys in submerged electric arc furnaces (Adil et al., 2020). SF is formed by reducing originally presented
quartz into silica at high temperatures of almost 2000°C which generates vapours of silicon dioxide and
finally condensed into SF after cooling.. Researchers have said that SF enhances the performance of
concrete by adding as a mineral admixture having excellent cementitious properties results improving
strength due to its fineness (Alla et al., 2020). Some researches have concluded that 5-8% replacement
level of SF by weight in concrete mix leads to significant improvement in concrete durability (D. Wang
et al., 2017).

2.5.1. Applications of SF

SF has wide range of applications in all over the world such as light weight concrete construction, overlay
for bridge decks, under water repairs, parking gaurage repairs, construction of spillways, producing of
post tensioning ducts by grouting, manufacturing of concrete pipes resistance to high pressure and more
recently in marine conditions for construction of off-shore platform due to its high performance in
resistance to chemical attack when mixed in blended motar. SF in concrete helps in reducing the porosity
by entering into the void spaces which also improves compaction of cement matrix structure due to its
high fineness compared to cement (Ramezanianpour & Moeini, 2018).

2.5.2. Advantages of SF

SF produces a highly densed microstructure which will improves compressive strength, resistance to
chemical attacks, permeability nature, and enhances the binding nature, abrasion resistance of impervious
concrete, resistance to carbonation (Adil et al., 2020; Pedro et al., 2018). As the substitution level of SF
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increases, which significantly enhances the performance of concrete by improving flexural strength and
flow rate resistance notability increased. Recent studies have shown, on addition of SF 12% by weight
will encances the strength development in compression, tension as well as in bending due to its finer nature
which is having high reactivity for formation of C-S-H gel at early ages that leads to densification of
matrix. SF has high pozzolanic properties which helps in sealing of cement matrix by reducing the pores
which results in increasing of strength and durability (G. Singh, 2020).

2.5.3. Disadvantages of SF

SF possess low workability because the rate of water absorption is due to fineness having more surface
area leads to reduce bleeding in plastic stage of concrete mix (Gruszczynski & Lenart, 2020). According
to some recent studies, if the percentage of mixing SF in concrete recahes beyond 5% exhibits sticky
nature that causes more permeability which ultimately decreases the mechanical and durability properties
(Adil et al., 2020).

2.5.4. Physical properties of SF

SF is ultrafine, spherical and non crystaline which is having a particle mean diameter of 0.1 um which is
less, compared to mean diameter of cement particle by 100 times. SF which is also known as microsilica
or condensed SF, is a waste material can be used as a pozzolan and its relative density is ranges from 200
to 300 kg/m*. The small particle size of the SF yields a high specific surface area of 15000-25000m?/kg
and produces low workability. SF increases the packing density of concrete mix which results in
decreasing the voids in concrete structure and makes the concrete more durable (Adil et al., 2020). SF
shows high electrical resistivity due to the development of strong interficial transition zone and also
increases resistance to chloride ion penetration (Sasanipour et al., 2019).

2.5.5. Chemical properties of SF

SF contains large amounts of silica but low carbon content which forms silicates by reacting with cement
to yield a high strength concrete (Alla et al., 2020). The SiO> content in the SF will increases significantly
as the presence of high amounts of silica in the alloy produced. The silica content in the generation of
ferrosilicon is about 85% and in case of silicon metal, it is 98% (Gruszczynski & Lenart, 2020). SF mainly
comprised of amorphous silica which is highly reactive pozzolan helps in enhancing the interficial
transition zone characteristics and contributes towards further C-S-H gel production (Ramezanianpour &
Moeini, 2018).

Table-2.9 Physical properties of SF reported by various authors

Property Suseela alla et al Sasampour.H et al
Specific gravity (g/cm?) 2.20 2.21

Surface area (kg/m?) 17000-30000 14000

Bulk density (kg/m?) 550-700 B

Table-2.10 Chemical properties of SF reported by various authors

S. Alla G. Singh Ali Akbar H. Sasampour
Element
et al et al et al et al
SiO2 92.2 95-98 99.5 85-95
ALO3 0.5 0.03 0.001 0.5-1.7
Fe203 14 0.02 0.001 04-2
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CaO 0.5 0.05 . B

MgO 0.3 0.10 B 0.1-0.9

K20 0.7 _ B 0.15-0.2

SOs _ _ _ 0.15-1.02

LOI 2.8 2 0.94 3.5

2.6 Properties of industrial waste blended mortar

The following sections deetermins the effect of emerging of industrial waste as a partial substitution of
OPC for various green and fresh blended mortars that helps in increasing of both mechanical and durability
properties at different curing periods. The use of industrial wastes which have mentioned above has
encouraged in producing green and sustainable concrete. Similar to the aforementioned case, in order to
enhance the durability properties, many research studies have carried out whereas most of the research
findings related to fresh and durability properties are briefly summarized.

2.7. Electrical resistivity characteristics

Surface electrical resistivity is a simple and latest nondestructive test in order to find out the electrical
resistance of concrete which exhibits an inverse relationship to depth of chloride penetration. Surface
electrical resistivity is the alternative test of rapid chloride penetration test (RCPT) for determining the
chloride ingression. The time taken for determining the depth of chloride penetration in the form of
electrical resistance is less compared to RCPT test. It had been observed that values obtained from
electrical resistivity test possesses an approximate value to the chloride penetration values obtained from
RCPT test with inverse relationship (i.e. if the electrical resistivity is more, the depth chloride penetration
is less). This happens due to the interconnectivity of pores which is responsible for flowing of charge
freely and penetration of chlorides (Fares et al., 2018).

2.7.1. Fly ash

FA adding in cement enhances the developing of imperviousness nature of cementitious matrix and also
increases electrical resistivity results at later ages (Duran-Herrera et al., 2019). According to previous
studies, it was known that concrete mix with 70% replacement of FA shows more resistance to the chloride
ingression compared to concrete mix without FA (Sai Chand & Hanumantha Rao, 2020). Recent studies
have shown 40% replacement of FA result in higher electrical resistivity compared to 20% FA replacement
and some have shown 60% replacement level of FA slightly decreases in electrical resistivity values (Kang
et al., 2020; Tibbetts et al., 2020). The inclusion of high volumes of FA in the matrix exhibits a decrement
in permeability as well as diffusion of chloride which enhances the durability properties but increases the
water absorption capacity (Rashad, 2015).

2.7.2 Coal bottom ash

PC with 10% replacement of CBA and 25% replacement of FA shows exactly same results of electrical
resistivity compared to conventional mixed concrete, but at the age 90 days and 132 days of curing blended
mortars shows higher electrical resistance than conventional mixed mortars. Recent studies have shown
that, CBA with 10% replacement level exhibits higher electrical resistivity values approximately 1.6 times
more with curing period lies in the range of 28 to 90 days than the FA mixed concrete. Therefore the
electrical resistivity of CBA mixed concrete shows 3.3 times higher than FA mixed concrete (Argiz et al.,
2018).
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2.7.3 Ground granulated blast furnace slag

The partial substitution of PC with GGBS enhances the compressive strength and also increases resistance
to chloride ingression as well as decreases the apparent porosity that helps in increasing of electrical
resistivity of concrete (G. Li et al., 2018). It was also known that, increasing the content of GGBS in a
blended cements will enhances more compressive strength and chloride diffusion resistance (Bondar et
al., 2019).

2.7.4. Copper slag

The electrical resistance increases with increasing the amount of CS substitution with cement to form
mortar and also depends on the time passes for hardening of mortar. According to recent studies, CS with
30% substitution results more electrical resistance compared to 20% substitution of CS mortars
(Gopalakrishnan & Nithiyanantham, 2020). The measurement of mortar resistance depends on various
factors such as including the binder phase composition, the liquid phase composition and pore network
connection. It was also concluded that, on replacement of CS with natural fine aggregate by 100% had
yield a results of 20% more compressive strength and 22% of less water demand for same workability
compared to conventional mix concrete (Khalifa S. Al-Jabri et al., 2009).

2.7.5 Silica fume

Silica fume mixed concrete shows more electrical resistance than the other concrete mixes due to its high
fineness which helps in enhancing the interfacial transition zone by occupying the pores of concrete
formed due to aggregates (Sasanipour et al., 2019). SF on adding to PC produces an electrical resistivity
results of 2.2, 2.5 and 4.1 with a replacement level of 2.5%, 5% and 10% which shows increasing the
percentage of SF in concrete will increase the electrical resistivity (Khodabakhshian et al., 2017).

2.8 Sulphate attack characteristics

2.8.1 Fly ash

According to some previous studies, FA with 25% and 30% replacement levels improves the behavior of
cement mortar which was exposed to leaching and sulphate attack. Concrete mix with FA binder shows
good results against sulphate resistance under marine conditions without considering the variations in
chemical compositions of FA (Snelson & Kinuthia, 2010). Geo-polymer mortar blended with FA has an
excellent resistance to sulphate attack, no considerable damages were found on the surface of test specimen
when exposed to 5% sodium sulphate solution up to one year but the visual appearance of mortar after
immersion of H2SOs slightly damage the surface of the specimen (Bhutta et al., 2013). The inclusion of
high volumes of FA in the cement matrix increase the resistance to sulphate attack and acid attack
(Rashad, 2015)

2.8.2 Coal bottom Ash

According to some recent studies, geo-polymer mortars with CBA when exposed to 5% sodium sulphate
(Na2SOg4) solutions exhibits less resistance compared to OPC mortars. CBA possess more stability in
marine conditions because of having cross linked aluminosilicate polymer and exhibits mass loss of 3.6%
compared to ordinary concrete specimen for a curing period of 120 days (Sata et al., 2012).

2.8.3 Ground granulated blast furnace slag

In general, GGBS mortar exhibits improved resistance against diffusion of chloride, and sulphate attack.
GGBS mortar enables more resistance against sulphate attack, thus no significance loss of weight or
specimen expansion was observed when cured in pure sodium sulphate solution under normal conditions
(Maes & De Belie, 2014). The partial substitution of cement by GGBS enhances the durability factors
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such as compressive strength, resistance to chloride ingression, and decreases the permeability. According
to some authors, the aforementioned durability properties have increased with the replacement of GGBS
to optimum value of 25% by weight when exposed to sodium sulphate conditions (G. Li et al., 2018).
2.8.4. Copper slag

The application of CS as a substitute in concrete enhances the resistance effectively against marine
conditions. According to recent studies, it was observed that replacement of cement with CS by 5%, 10%
and 15% shows 57%, 64%, and 64.7% less expansions of test specimens made by CS waste compared to
ordinary concrete specimens. The test specimens which were made by CS yields more compressive
strength under sulphate conditions than the specimens made with normal concrete (Najimi et al., 2011).
Some authors have shown that the CS in concrete mix with 40% replacement level will results in loss of
mass by 0.04% and also less reduction in compressive strength compared to 100% substitution level of
CS in concrete mix when immersed in sulphate solution (Mabharishi et al., 2020). Inclusion of CS in
blended mortar exhibits a continuous pozzolan effect which helps in protecting against sulphate exposure
conditions by minimizing the concrete pore microstructure compared to normal cement mortars.

2.8.5 Silica fume

According to previous literatures, SF mixed concrete shows less expansion and more loss of mass when
compared to ordinary mixed concrete. SF and FA in concrete mix shows improved concrete resistance
against sulphate conditions with 25% of FA and 5-8% of SF replacement level by weight notably enhances
the concrete’s durability (D. Wang et al., 2017). Some authors have concluded that the concrete containing
SF and GGBS shows negligible expansion and considerable mass loss when dipped in H2SO4 solution
(Girardi et al., 2010).

2.9 Concluding remarks

I have gone through the papers related to various properties of industrial waste by product blended mortar

(FA, CBA, GGBS, CS and SF) at different proportions and reviewed it on these chapter. I have concluded

the review with the following investigations.

1. FA up to 40% replacement shows excellent result for electrical resistivity followed by CBA, GGBS,
CS and SF. At higher content of SF electrical resistivity is increasing.

2. SF blended mortars have high compressive strength among other industrial by products. Coal bottom
ash showing least compressive strength among other.

3. FA, CS, GGBS and SF blended mortars with optimum level replacement shows better resistance to
sulphate attack but CBA exhibits less resistance to sulphate attack compared to OPC mortar. Abbre-
viations and Acronyms.

3. Experimental Programme

3.1. General

The main goal of this study's experimental procedure is to assess the durability and mechanical properties
of masonry mortar that has been blended with industrial by-products. As a result, a comprehensive
experimental programme was designed to perform various tests on fresh and hardened properties at
various replacement levels of masonry mortar blended with cementitious materials such as FA, CBA,
GGBS, CS, SF to meet the objectives specified in Chapter-1. The details of the experimental program
planned for the present study has been presented in this chapter. There are two phases of experimental
work was done. The first phase comprises the characterization of the materials utilized in the current study.
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The second phase includes the durability tests such as electrical and sulphate resistivity.

3.2. Test Programme
The flow chart of the current investigational program planned for the current study is depicted in Figure-

3.1
"/ Materials \

characteri |
ation / |

" [ Trial mix

wortion
vale asting

and curing
of )
specimen/

( Aests of
"/ blended

| mortars
-~

Figure-3.1: Outline of Test Program

3.3. Material Characterization
Two different codes were used to estimate the different assets of materials used in the prevailing study,
the two codes are as per the Indian standards and ASTM codes of practices. To keep the condition constant
of the constituents used, the materials were kept in closed containers/bags in the Concrete Laboratory
throughout the testing period. The materials used in this research program are grade 43 PC, Fine Natural
Sand, FA, CBA, CS, GGBS and SF. To maintain flow value of masonry mortars mixes, appropriate dose
of Super Plasticizer (SP) was used.
3.3.1 Portland Cement
Portland cement of grade 43 was utilized throughout in the prevailing study. The physical properties of
the PC as decided with different tests are recorded in Table- 3.1. All the tests were conceded as per IS:
8112-1989.

Table-3.1: Physical properties of PC

Specific gravity -- 3.14
Fineness cm?/gm 2341
Soundness mm 3
Normal consistency % 33
Setting Time minutes 64
409
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3.3.2 Natural Fine Aggregates

River based sand having greater magnitudes of 2.36 mm were utilized as Fine Natural Aggregates (FNA).
The test values obtained through physical properties and other sieve analysis of FNA in current
investigations are recorded in Table-3.2 and 3.3.

Table-3.2: Physical properties of fine aggregates

Physical characteristics Result obtained
Specific gravity 2.7

Water absorption (%) 1.24

Fineness Modulus 3.8

Grading Well graded

Table-3.3: Sieve Analysis of fine aggregate

Sieve size Weight retained | % aggregate Cumulative % of passing
(mm) of total retained of total | percentage

aggregate aggregate weight

(gm) retained

(%)

4.75 24 1.2 1.2 98.8
2.36 208 10.4 11.6 88.4
1.18 270 13.5 25.1 74.9
0.600 382 19.1 44.2 55.8
0.300 824 41.2 85.4 14.6
0.150 255 12.75 98.15 1.85
0.075 27 1.35 99.5 0.5
Pan 10 0.5 100 0

Total=2000

>F = summation of cumulative weight retained % up to 0.150 mm sieve = 265.65

Fineness Modulus of fine aggregates = XF/100 = 265.65/100= 2.6565 = 2.7

3.3.3 Cement Additions

Cement addition used as Fly ash was obtained from Coal based Thermal Power Plant located in Punjab
knows as Ropar Plant which is state in India. Fly ash was sieved through 90-micron sieve to attain the
required fineness. Coal bottom ash used throughout in our investigation also obtained from the same Ropar
thermal Power Plant. Coal bottom ash was firstly ground in the ‘Ball Mill’ by using 20 mm and 25 mm
stainless steel balls for 2 hours. Further, CBA was sieved through 90-micron sieve to attain the desired
fineness as equivalent to that of PC. GGBS was brought in raw form from Mandi Gobindgarh, Punjab,
India. GGBS was only sieved through 90-micron sieve to attain the required fineness. Copper slag was
obtained from Birla Copper unit which is located at Dahej in Gujarat. Copper Slag was also ground in the
Ball Mill and later was sieved through 90-micron. The specific gravity of FA, CBA, GGBS and CS are
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2.38,2.64, 2.85 and 3.21 respectively as calculated in the authors’ institute. The physical properties of all
cement additions are summarized in Table- 3.4. Water having pH value varying from 6.5 - 8.5 was used
during casting and curing of mortar mixes. Figure-3.2 shows Particle Size Distributions for PC and Cement

Additions. Table-3.5 shows chemical composition of cementitious additions used in the study.

Table-3.4 Physical properties of PC and cement additions

. PC FA CBA GGBS CS SF
Properties
Specific - Gravity | 5 1 2.38 2.64 2.85 321 2.63
(g/em”)
1 Ligh
Colour Grey 1ght Dark Grey | White Black White
Grey
Inlflal setting time 65 90 59 13 50 59
(Minutes)
Final “setting time | ,,, 320 280 270 220 180
(Minutes)
Normal Consistency
(%) 34 36.5 35.5 31 29 32
Soundness (MM) 3 4 5 3 4 3

Fig-3.2 Cementitious additions used in the study
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3.3.4. Superplasticizer

For the current investigation, Superplasticizer (SP) with trade name ‘Glenium 51’ has been used. The flow
value was maintained by varying the superplasticizer content on the flow test apparatus for all mixes. The
item was provided especially for investigating reasons by M/S Gupta Dyes and Chemicals (India) Pvt.
Ltd., Delhi, India.

3.3.5. Water

Water with pH value ranging from 6.5 - 8.5, free from impurities, suspended solids and organic materials

with negligible turbidity was used during casting and curing of blended masonry mortar mixes throughout
the investigation.

Table-3.5 Chemical properties of PC, FA, CBA, GGBS, CS and SF

Composition PC FA CBA GGBS CS SF
SiO2 20.1% 56.50% 57.76% 34.06% 39.41% 89%
AlLO3 6.80% 17.70% 21.58% 18.8% 2.84% 0.47%
Fe:03 4.30% 11% 8.56% 0.7% 53.45% 1.53%
CaO 61.3% 3.20% 1.58% 32.4% 5.61% 0.89%
MgO 2.6% 5.40% 1.19% 10.75% 2.63% 1.6%
Specific gravity 3.14 2.38 2.64 2.85 3.21 2.63
100
920
& 80
g 70
2 60
Z 50
= 40
£ 30
S 20
10
0

Particle size in pm

——PC —e—FA CBA ——-GGBS —e—CS SF

Figure-3.3 Particle Size Distributions for PC and Cement Additions

3.4 Preparation of Blended Mortar mixes

3.4.1 Mix details and proportions

All the mortar mixes were design with a fixed flow range 105-115 % (ASTM C1437, 2015) and with a
total binder content of 575Kg/m3 for compressive strength test, sulphate attack test, and electrical
resistivity test with water/binder ratio of 0.40 respectively. A total number of 16(Compressive Test,
Sulphate attack test, Electrical resistivity test and Flow Test) mortar mixes containing various replacement
levels of PC by weight with FA, CBA, GGBS, CS and SF with PC. For all mortar mixes the level of
replacement level was kept at varying from 5 % to 40% which is found to be optimum from previous
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studies. The Table-3.6 indicates the summary of the various cement mortars blends used along with their
replacement levels and notations are described with all water cement ratio.

Table-3.6 Electrical resistivity and Sulphate attack tests mix notations and details of mortar mixes
used in investigation.

g PC | FA | CBA | GGBS | CS SF WA- SpP SAND
b= TER

) Kg/m? (cement to sand ratio of 1:2.75; W/C 0.4)

.E

C-0 575 |0 0 0 0 0 226 14.3 1627
CFA-20 460 |87 |0 0 0 0 226 12.3 1627
CFA-30 403 [ 131 |0 0 0 0 226 7.4 1627
CFA-40 345 | 174 | 0 0 0 0 226 4.35 1627
CCBA-10 517 |0 48 0 0 0 226 12.71 1627
CCBA-15 489 |0 72 0 0 0 226 11.21 1627
CCBA-20 460 | 0 96 0 0 0 226 10.3 1627
CGGBS-10 517 |0 0 53 0 0 226 7.68 1627
CGGBS-20 460 | 0 0 104 0 0 226 5.6 1627
CGGBS-30 403 | 0 0 156 0 0 226 1.67 1627
CCS-10 517 |0 0 0 59 0 226 3 1627
CCS-15 489 |0 0 0 89 0 226 4.43 1627
CCS-20 460 | 0 0 0 117 0 226 5.7 1627
CSF-5 546 | 0 0 0 0 24 226 13.9 1627
CSF-10 517 | 0 0 0 0 48 226 11.84 1627
CSF-15 489 | 0 0 0 0 72 226 6.72 1627

3.4.2 Mixing of Ingredients

Handing mixing is adopted for mixing of masonry blended mortar mixes in the laboratory. During Initial
stage, the cement and cement additions (FA/CBA/GGBS/CS and SF) were loaded into the small container
and mixed uniformly for 12 minutes by using hands and shovels. Fine aggregates and cement additions
were mixed thoroughly about 5 to 6 minutes after PC and cement additions (FA/CBA/GGBS/CS and SF)
were added to the fine aggregates. After that 2/3 of water was added to the mix and mixed for another 60
seconds. Afterward, another one third of water mixed with required amount of superplasticizer was added
to the old wet mix and continue of mixing for another 3 to 4 minutes.

Several trials were made keeping in view of basic flowability requirements for blended mortar mix and
subsequent adjustments were made in the mix proportions to obtain a suitable mix by adding
superplasticizer maintaining 105mm to 115mm. Superplasticizer was added by maintaining above
mentioned flow at varying replacement levels of PC from 5 to 40% of cement additions like
FA/CBA/GGBS/CS and SF. Trial was conducted on each mixes to satisfy the flow by varying the amount
of superplasticizer from 0.1 % to 3 % for varying blended mixes. The prepared blended mixes are made
stable by retaining a flow of 105 to 115%.
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3.5 Casting of specimen and curing

3.5.1 Specimen Details

Standard sized 100 mm x 200mm cylinders were cast for conducting the Electrical Resistivity tests
(AASHTO T 358-15, n.d.). Cube specimens of size 50 mm x 50 mm x 50 mm were used for compressive
strength (ASTM C109/C109M, 2016) and Sulphate Resistivity.

3.5.2 Casting and Curing of Specimens

Prior to the casting of specimens, the moulds of cubes and cylinders specimens were cleaned, brushed and
duly oiled. The moulds were filled in two separate intervals and the specimens were marked with their
respective designations after initial set of casting. The specimens were demoulded after 24 hours of
casting. The cylinder specimens were cured under normal water for a period up to seven days, twenty-
eight days, fifty-six days and ninety days. For sulphate attack test the cube specimens were demoulded
after 24 hours and immersed in water for a period of 28 days to attain normal strength and were later on
immersed in sodium sulphate solution (prepared by adding 5% of Na2SO4 in one litre of water) for a
period up to seven days, twenty-eight days, fifty-six days and ninety days.

The total number of specimens along with their curing ages corresponding to the test is presented Table-
3.7. The specimens used in our investigations are cured for seven days, twenty-eight days, fifty-six days
and ninety days in the institute lab (Temperature-controlled curing tanks/bath). After casting, the
specimens were kept at 27°C + 2 °C temperature. For sulphate attack, the curing regime as prescribed by
ASTM C1012/C1012M—18b was adopted and for compressive strength (ASTM C109/C109M—16a) and
Electrical resistivity tests. All the samplings were demolded manually after 24 hours of the casting from
the lab and they are kept in the moist cured temperature-controlled water bath available in our lab as show
in figure-3.3 for 7/28/56/90 days. These to be tested according to relevant curing durations of of seven
days, twenty-eight days, fifty-six days and ninety days of regime.

‘ontrolled Water Bath

Fig-3.4 Temperature-controlled curing tank

3.5.3 Curing of Specimens

The Table-3.7 shows the numbers of the specimens cast for tests such as Electrical resistivity/ Sulphate
attack for curing periods of seven days, twenty-eight days, fifty-six days and ninety days. The
Temperature-controlled curing tanks were used for curing of all the casted cubes and cylinders. The
temperature-controlled curing tank is show in the Figure-3.4 is used throughout the investigation.
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Table-3.7 Curing and exposure periods for different tests and specimen details of various tests

Number of Curin eriod | Curing period in
Test conducted moulds ) uring - p uring p .
in days sulphate solution
casted
Electrical Resistivity test 64 7,28, 56 and 90
Compressive Strength Test 152 7,28,56and 90 | -
Sulphate attack test 304 28 7,28, 56 and 90

3.6 Tests on Hardened Mortars

The following tests were conducted on blended mortars mixes:

1. Flow Test

2. Compressive Strength Test

3. Sulphate Attack Test

4. Electrical Resistivity Test.

3.6.1 Flow Test

The test determines the free flow of hydraulic cement mortars. It also depicts the sufficient amount of the
required water for achieving a desired flow level. The flow tests have been performed on all combinations
of masonry mortars tested in current investigation in accordance to ASTM 1437-15. The water cement
ratio was used in our investigation is constant of 0.4 throughout our experiments and the flow spread was
maintained for the diameter ranging from 105% — 115%. Fig-3.5 shows experimental set up for measuring
flow test of mortar.

el

Figure-3.5 Experimental set up for measuring flow test of mortar

3.6.2 Compressive Strength Test

The compressive test machine having a capacity of 2000kN were conducted according to the stipulations
set by IS: 516-1959 (confirmed 1999). The position of cube while testing was at right angles to that of
casting position (Figure-3.6). The axis of sampling was cautiously ranged with the center of thrust on
spherical shaped seated plates. The load was increased at a constant rate of 2.1 N/mm2/minute which is
applied gradually without any shock or jerk until failure take place on the samples. This test covers the
finding of the compressive strength of cement mortars, using 50 mm x 50 mm x 50 mm cubical shaped
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samplings in agreement with ASTM C109/C109M—16a. Manual mixing was adopted for preparing the
different mortar mixes. The samplings were demolded after 24 hours of casting and were cured in water
bath in temperature-controlled curing tanks. The average of three 50 mm cube samplings was taken as the
final value of compression strength result for each set of mortar after a curing regime of seven days,
twenty-eight days, fifty-six days and ninety days. The sampling's compressive strength was calculated by
dividing the maximum load applied during the test by the cross-sectional area of 50mm cubes. During the
compressive strength of the mortar mixture used in the investigation, an average of three values was
recorded. Figure-3.5 shows experimental set up for measuring compressive strength of mortar.

_F
Fck = "

Where P = Maximum load applied in kN
A = Surface area of cube used 50mm x 50mm x 50mm.

Figure-3.6 Experimental arrangement used for measuring compressive strength of mortar

IJFMR260378174 Volume 8, Issue 3, May-June 2026 27



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

3.6.3 Sulphate Attack Test

The sulphate attack method was carried out in accordance with ASTM C1012-04. Sulphate attack tests
were performed on a 50mm x 50mm x 50mm cube specimen immersed in a 5% Na2SO4 solution. After
a 28-day initial water curing period, the compressive strength and weight change of the specimen were
recorded at 7, 28, 56, and 90 days in sulphate solution. After 24 hours of casting, the samples were
demolded and cured in a water bath in temperature-controlled curing tanks for 28 days to achieve normal
strength. Following the completion of the initial curing, the cubes were kept in room temperature for 24
hours before being marked and weighed before immersion in the sulphate solution, as shown in fig 3.7.
For every 15 days, the sulphate solution was changed on a regular basis, and the pH was kept between 6
and 8. To avoid salt deposition in the tank, the solution was stirred on a regular basis. After keeping the
cubes in room temperature for 24 hours, compressive strength was evaluated at a specific testing age.

Fig:3.7 Experimental arrangement for curing samples in sulphate solution.

3.6.4 Electrical Resistivity Test

The electrical resistivity tests were carried out using a four probe method (Wenner array method).
Electrical resistance was estimated on cylinders measuring 100 mm x 200 mm in length in the present
investigation. During the casting process, four copper probes/strips measuring 10mm x 50mm x 2mm
were embedded on the cylinder. Probes/strips were used in the four probe method to measure the current
intensity and potential drop. The two inner electrodes were used to measure voltage drop, while the two
outer electrodes were used to measure current intensity. In the tests, a constant current source with a
current capacity ranging from 500 microamperes to 5 amperes and a digital multimeter were used. The
resistivity (p) of mixtures will be determined directly using electrical resistivity equipment, as illustrated
in fig-3.8.
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Figure-3.8 Experlmental arrangement for finding Electrical resnstwnty test on mortar

3.7 Concluding Remarks

The Chapter Three having out sketch of the experimental programme performed in our research program
investigation. Also, the Chapter going through the physical and chemical properties of PC, FA, CBA,
GGBS, CS and SF and particle size distributions of aforesaid industrial waste blended mortar mixes details
with their proportions and the procedure adopted for their casting and curing process. Further, the Chapter
presents the various tests conducted on hardened specimens of masonry blended mortar mixes with their
explained details of apparatus and the methods adopted and procedure for their testing.

4. Results and Discussions

4.1 General

The current chapter discussing results of mechanical properties like compressive strength and durability
properties likes electrical resistivity and sulphate resistance strength using industrial by products blended
mortar of all the sixteen (16) mixes tested in this research program. The blended mortar mixes containing
different combinations as partial replacement of PC by cement additions such as FA (20%,30% and 40%
by weight of PC), CBA (10%,15% and 20% by weight of PC) GGBS (10%,20% and 30% by weight of
PC), CS (10%,15% and 20% by weight of PC), and SF (5%,10% and 15% by weight of PC) were tested
for Flow test, compressive strength, electrical resistivity and sulphate attack test at different curing period
of 7 days,28 days, 56 days and 90 days.

Firstly, flow test was examined for all the 16 binary mix such as FA (20%,30% and 40% by weight of
PC), CBA (10%, 15% and 20% by weight of PC), GGBS (10%,20% and 30% by weight of PC) CS (10%,
15% and 20% by weight of PC), and SF (5%,10% and 15% by weight of PC) for determining the
mechanical properties like compressive strength and durability properties like electrical resistance and
sulphate resistance in 1:2.75 cement sand ratio. Based on the experimental results of binary mixes which
were casted and tested for compressive test, also our objective is to find out most efficient combination
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from the result obtained by blended them to get best combination in all accepts of durability as well as
mechanical properties in terms of PC, sand and cement additions like FA/CBA/GGBS/CS and SF for the
best and efficient performance of mortar mixes in terms of all the above-mentioned properties. The
investigated results have been explained and presented in the following manner:

1. Flow Test.

2. Compressive Strength Test Results.

3. Electrical Resistivity Test Results.

4. Sulphate Attack Test Results.

4.2 Flow Tests Results

The section comprises the results and observations of the flow tests conducted on all mortar specimens
containing FA/CBA/GGBS/CS/SF as partial replacement of PC. This test has been performed for
estimating the appropriate amount of water required for gauging of ingredients. Later on, this estimated
amount of water will be directly used for preparing the specimens for compressive strength tests, electrical
resistivity tests and sulphate attack tests. Further, the calculated amount of water from the flow tests offers
the approximate idea on the workability of the masonry mortars based on either of the aforesaid cement
additions. ASTM C109/C109M—16a suggests 1:2:75 cement sand ratio for compressive strength test
(ASTM C109/C109M, 2016). The flow tests were performed on all mortar mixes by adopting the same
ratio in the entire experimental program along with constant w/c ratio of 0.4. The w/c ratio was kept
constant for all combinations of the mortar specimens.

Based on the literature and as per code specifications the flow/workability of all the mortar mixes was
kept in range of 105 % -115 %. It is worthwhile to mention that no additional water was added to any of
the mortar mixes for maintaining the abovementioned flow, however the amount of superplasticizer was
varied from 0.1%-3% (by weight of PC). The percentage of superplasticizer for the aforementioned tests
was maximum for the mortar mix containing FA having 20% replacement by weight of PC
(Superplasticizer 2.26% by weight of PC) followed by CBA having 10% (Superplasticizer of 2.25% by
weight of PC) as replacement of PC. On the other hand, amount of superplasticizer was observed less for
mortar mixes containing of CCS-20 (0.15% by weight of PC)(Vishnumaya & Ambi, 2014).

As the percentage of FA content increase amount of superplasticizer was decreasing from the range of
2.26% to 0.84% by weight of PC for CFA-20 to CFA-40 respectively(H. Kim et al., 2007; H. K. Kim et
al., 2012; Kondraivendhan & Bhattacharjee, 2015; Oruji et al., 2017; Samantasinghar & Singh, 2019).
Likewise, As CBA content increases the amount of superplasticizer is reducing from 2.25% to 1.86% by
weight of PC for CCBA-10 to CCBA-20 respectively. On the hand, similar trend had been noticed for
GGBS content increases the amount of superplasticizer is reducing from 1.35% to 0.3% by weight of PC
for CGGBS-10 to CGGBS-30 respectively. Similarly, As the percentage of CS content increases the
amount of superplasticizer was decreasing from the range of 0.5% to 0.15% by weight of PC for CCS-10
to CCS-20 respectively. Fortunately, As the percentage of SF content increases the amount of
superplasticizer was decreasing from the range of 2.45% to 1.2% by weight of PC for CSF-5 to CSF-10
respectively. Higher degree of fineness which is the responsible for the cause compared with reference
control mix. The amount of SP has been varying from 1.35%-0.15% for the mortar mixes made with
replacement of PC with either GGBS/CS. The usage of higher percentage of SP in preparing mortars for
the desired workability/flow is due to ineffectiveness of the ball bearing effect of spherical particles of
cement additions during mixing (H. Kim et al., 2007; H. K. Kim et al., 2012; Kondraivendhan &
Bhattacharjee, 2015). Higher number of spherical particles of FA and GGBS enhances the free flow of the
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mortars requires less amount of SP. The glassy and coarser behavior of CS enhances the workability

resulting in least percentage application of SP(H. Kim et al., 2007; Kondraivendhan & Bhattacharjee,
2015; Ramakrishna & Sundararajan, 2018).
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Figure-4.1 Percentage of SP in Blended Mortars for Flow Tests

4.3 Compressive Strength Tests Results

Compressive strength test on mortar is a reflective and a rational indicator of assessing the overall
performance of any masonry mortar structure. The effect of replacing PC with cement additions
(FA/CBA/GGBS/CS/SF) on compressive strength values in blended mortar mixes has been evaluated.
The observed variation in the compressive strength of the blended mortars due to variations in the
aforementioned cement additions has been quantified. Following that, the overall performance and
usefulness of cement additions in terms of compressive strength were discussed.
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Figure-4.2 Compressive Strength development of blended mortars mixes at various curing days

The results of compressive strength tests on blended mortar mixes made with FA/CBA/GGBS/CS/SF as
a replacement for PC at various exposure periods are shown in Fig.4.2. The behaviour of compressive
strength result values on blended mortars is observed to be complex. The results of compressive strength
tests show SF as cement addition mortar mixes has top compressive strength values followed by CCS-10,
CGGBS-30, CFA-20 and CCBA-10 binary mortar mixes. Hence, the following sequence has been
suggested for the blended mortars based on the compressive strength tests results: CSF-15>CCS-
10>CGGBS-30>FA-20>CCBA10. All SF based blended mortars resulted in higher compressive strength
values compared to reference control mortar mix C-0 at all mentioned curing days. As a result, there is
significant increase of compressive strength nearly 71%, 47% and 38% for the mortar mix CSF-15
compared to control mix C-0 at 28 days, 56 days and 90 days of curing respectively. But gaining of
strength on later curing ages was in a reducing trend in all SF based mixes as the percentage of
replacement increases (1%(CSF-5) ,2%(CSF-10) and 6%(CSF-15) from 56 days to 90 days of curing)(Al-
Nageim et al., 2013; Ghassemzadeh et al., 2010; Guo et al., 2019; J. Li & Yao, 2001; Nehdi & Sumner,
2002; Rao, 2003; Navdeep Singh & Singh, 2018; Tiirkel & Altuntas, 2008). Therefore, maximum
percentage of SF can be used in mortars is 15% by weight of cement. The compressive strength of blended
mortar mixes containing 15% of SF (CSF-15) has been observed to be higher to that of control masonry
mix at all curing periods. Compressive strength of CCS-10 is second best among all other mixes to that of
the control masonry mix at all curing periods. Further, slight increments up to 11% have been observed
up to 28 days of curing while an equivalent figure has been observed after curing age of 56 days for mortar
mix of CCS-10 in comparison to reference control mix of C-0. The compressive strength of blended mortar
mixes containing CS having 10% replacement by weight has been observed to be higher to that of control
masonry mix at all curing periods among the CS mixes. Compressive strength was increasing in the order
of 10%, 3% and 8% on age of respective curing days. It has been observed marginal decrement of
compressive strength in CCS-15 and CSS-20 on higher curing ages like 56 days and 90 days(K. S. Al-
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Jabri et al., 2006; Kubba et al., 2018; Oruji et al., 2017; J. Singh et al., 2016). These may be due their less
pozzolanic behavior on later curing ages. The decreases are of 5% compared with 28 days on 56 days
curing. The compressive strength values of the mortar mix of CGGBS-30 have been found to be better
than that of control mortar mix C-0 after higher curing period (>90 days) despite of initial reduction at 7
days of curing. All GGBS based blended mortars resulted in higher compressive strength values compared
to control mortar mix C-0 at higher curing periods above seven days but CGGBS-10 showed higher
compressive strength during initial stages also. Further there is an increasing trend in the compressive
strength from 10% to 30% GGBS replacement by the weight of PC. It is noticed that gain of strength in
GGBS based mix on age of curing days increasing from seven to twenty — eight days very rapid 18%,70%
and 98% for CGGBS-10,CGGBS-20 and CGGBS-30 respectively(do Couto Rosa Almeida & Klemm,
2016; Guo et al., 2019; Y. Kim et al., 2018; Korde et al., 2018; J. Li & Yao, 2001; Mohan & Mini, 2018b;
Qiang et al., 2014; Revathi et al., 2018; Siddique & Bennacer, 2012; Thakur, 2016). The compressive
strength of blended mortar mixes containing FA having 20% replacement by weight has been observed to
be higher to that of control masonry mix at all curing periods. And marginal increase of an order of 34%,
21%, 16%, 7% has been observed after curing age of seven, twenty — eight, fifty-six and ninety days of
curing on in comparison to control mix C-0 and further curing days. Compressive strength was decreasing
in the order 10% and 9% on age of fifty-six days and ninety days respectively on curing days for CFA-
30.Furthur same trend was observed in CFA-40, and it is noticed that compressive strength was decreasing
as the percentage of FA increases(Ehsani et al., 2017; Hu et al., 2017; Kubba et al., 2018; Moon et al.,
2014; Navdeep Singh, Kumar, et al., 2019; Navdeep Singh, Mithulraj, et al., 2019). All CBA based
blended mortars resulted in lower compressive strength values compared to control mortar mix C-0 at all
curing periods. The maximum decrease in compressive strength values was noticed up to 21%, 24% and
28% for the mortar mix CCBA-10, CCBA-15, CCBA-20 respectively after ninety days of curing
compared to that of control mortar mix. CBA-10 was performed better on initial curing days but later
stages strength was marginally less than control mortar mix. The compressive strength values of CBA-10
were found to be increased by 20% for seven days curing ,18% for twenty — eight days curing and
decreased 10% for ninety days. While for CCBA-15, a significant decrease of about 5% for fifty-six days
(CCBA-15) and 6% for 90 days (CCBA-15) curing periods has been observed in comparison to their
successive curing ages respectively.
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Figure-4.3 Compressive strength development of blended mortar mix at 28 days curing

Furthermore, the compressive strength has been decreased marginally up to 12% for the mortar mix
CCBA-20 in comparison to their successive curing ages of fifty-six days and ninety days period. However,
the compressive strength of all mortar mixes has increased with curing period due to pozzolanic behavior,
refinement of pore structure, formation of additional strength imparting hydration products such as C-S-
H etc. The noticed behavior has been found to be similar to that of mortar mixes made with and without
incorporation of cement additions as replacement of PC (Cheng, 2012; Menendez et al., 2014; Naganathan
et al., 2016; Wongkeo et al., 2012).

Fig. 4.4 describes the results of the compressive strength tests conducted on the blended mortar mixes
made with FA/CBA/GGBS/CS/SF as replacement of PC at twenty - eight days curing periods. The binary
mixes were made by systematically replacing PC by FA/CBA/GGBS/CS/SF up to 0 -40% respectively.
The enhanced curing periods further improve the performance of binary mortar mixes. The compressive
strength of binary blended mortar mixes containing 15% of SF (CSF-15) has been observed to be higher
to that of control masonry mix at twenty - eight days of curing periods. The maximum compressive
strength for binary mixes followed the order of CSF-15 > CS-10>CGGBS-30> CFA-20> CCBA-10. From
the result of our twenty (16) blended mortar mixes investigation for twenty-eight days curing, the
compressive strength follows the order of CSF-15 >CSF-10>CCS-10> CGGBS-30> CFA-20> CCS-15>
CCS-20> CFA-30> CCBA-15> CSF-5> CGGBS-20 >C-0> CCBA-20 > CFA-40> CCBA-10> CGGBS-
10.

4.4 Electrical Resistivity Test Results

Electrical resistivity is one of the durability tests which helps in find out the chloride penetrability of a
concrete structure built in chloride environment. The phenomena involve the process of passing an electric
charge through the hardened concrete or mortar to determine the electrical resistance of the structure.
Electrical resistivity of the blended mortars has been gauged and studied based on the effect of adding of
different cement additions (FA/CBA/GGBS/CS/SF). The blended mortars having any of the cement
additions (FA/CBA/GGBS/CS/SF) as a partial replacement of PC have been tested and gauged at different
curing periods like seven, twenty - eight, fifty-six and ninety days. The increment in the electrical
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resistance on account of replacement of PC with cement additions has been quantified. All samplings were
kept under temperature-controlled water bath at 27 &+ 2 degrees Celsius temperature respectively.
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Fig-4.4 Electrical resistivity of blended mortar mixes at various curing days

In general, at all exposure periods, the electrical resistance of all blended mortar mixes has been found to
be increased with incorporation of cement additions. The electrical resistance of the blended mortar mix
having FA (20%, 30% and 40% by weight) as replacement of PC at different curing ages is presented in
Fig-3. The electrical resistivity has been found to be decreased for the initial exposure periods for FA
based blended mortars while with development of curing time the resistance towards chloride ingression
increases. As expected, a decrease of an order of 9%, 6%, for FA based blended mortar CFA-20, has been
witnessed with reference to that of the control reference mortar mix (C-0) after seven days and twenty
days of curing period respectively. On the other hand, there is an increment of 13% and 20% for CFA-20
after fifty-six days and ninety days curing period respectively. As well as, an increase of an order 1.6%,
4%, 13% and 28% for FA based blended mortar CFA-30, which is compared with control mix C-0 after a
curing period of seven, twenty - eight, fifty-six and ninety days respectively. Similar trend has been
observed for CFA-40, an increase of an order of 12%, 16%, 35% and 38% in association with that of the
control mortar mix C-0 after a curing period of seven days, twenty eigth days, fifty-six days and ninety
days respectively. From the above investigation, we can conclude that, as the percentage of FA increases
electrical resistivity increases.

Electrical resistance is in the order CFA-40>CFA-30>CFA-20 (Ghosh et al., 2018). Likewise, the
electrical resistivity values have been increased by 15%, 13%, 19%and 23% for the mortar mix made with
replacement of PC with CBA (CCBA-10) compared to the control mix (C-0) for the aforesaid curing
periods. Similarly, the electrical resistivity values have been increased by 41%, 28%, 40 and 46% for the
mortar mix made with replacement of PC with CBA (CCBA-20) with reference to the control mix C-0 for
the aforesaid curing periods. Moreover, the electrical resistivity values have been increased by 44%, 38%,
42% and 51% for the mortar mix made with replacement of PC with CBA (CCBA-10) has been related to
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the control mix (C-0) for the aforesaid curing periods. Overall, CCBA-20 showed the optimum result
among the all three CBA mixes and resistance was in the order CCBA-20 >CCBA-15 >CCBA-10, from
the above results it can be concluded that the electrical resistance increases as the percentage of CBA
increases in the mortar (Argiz et al., 2018; Mangi et al., 2019; N Savadogo et al., 2020; Nafissatou
Savadogo et al., 2020). In these research program shows beneficial effects of FA and CBA has been
noticed at all curing periods which is gauged according to code specification. The formation of
supplementary hydration products and pore refining action due to smaller size compared to that of PC
particles are the probable causes for the improvement in the resistance towards electrical resistance in
blended mortars. The electrical resistance values of bended mortars were found to be higher when
comparing mutually at the initial curing periods. The decrease of capillary pores resulted in inducing the
capillary tension that ultimately becomes probable reason for higher value of electrical resistance. The
development of additional C—S—H gel helps in refinement the pore. The influence of GGBS and CS is
somewhat high resistance from the effect of FA and CBA in context to electrical resistivity behavior of
blended mortar. The trend has been observed in case of CS shows an increase of around 45%, 25%, 40%
and 38% of electrical resistivity values for CCS-10 compared to the control mix C-0 after seven, twenty -
eight, fifty-six- and ninety-days curing period. Likewise, the electrical resistivity values for CCS-15
follows an increasing order of 50%, 31%, 40% and 57% compared to control mix C-0 for aforesaid curing
periods. As well as, for CCS-20 an increase of 47%, 35%, 52% and 60% with control mix C-0 for aforesaid
curing periods. Therefore, CCS-20 shows more resistance towards electrical resistivity follows the order
CCS-20> CCS-15> CCS-10.

An increase of around 38%, 20%, 35% and 39% for GGBS based blended mortar CGGBS-10, has been
observed in relationship to that of the control mix C-0 tested after curing period of seven, twenty - eight,
fifty-six and ninety days respectively. Similarly, an increment of 59%, 34%, 53% and 59% in electrical
resistivity has been observed which further matched to that of the control mix C-0 after curing period of
seven, twenty - eight, fifty-six and ninety days respectively. Likewise, an increase of around 72%, 44%,
62% and 66% for GGBS based blended mortar CGGBS-30, which is matched with control mix C-0 as
reference after curing period of seven, twenty - eight, fifty-six and ninety days respectively. From the
above investigation, we can conclude the trend as the percentage of GGBS increases electrical resistance
increases and resistance is in the order of CGGBS-30>CGGBS-20>CGGBS-10(Divsholi et al., 2014;
Marriaga et al., 2010; L. Wang & Aslani, 2020).

Out of all aforementioned industrial by products, SF shows high electrical resistance after all curing
periods was noticed for the blended mortar mixes which are prepared by SF as replacement for cement. A
considerable increment in electrical resistance values was obtained for all curing days in case of SF. All
SF based mortar mixes (5%, 10% and 15%) result in higher electrical resistivity after curing period as
compared to other mortar mixes made with FA, CBA, CS and GGBS up to ninety days of curing period.
An increase of around 28%, 20%, 36 and 41% for SF based blended mortar CSF-5 on an exposure period
seven, twenty - eight, fifty-six and ninety days respectively with respect to our reference C-0. similarly,
an increase of around 39%, 37%,55% and 64 for SF based blended mortar CSF-10, has been observed in
reference to that of the control mix C-0 after exposure period of seven, twenty - eight, fifty-six and ninety
days respectively. Results showed a value greater than C-0 and an increase of order 60%, 52%, 69% and
73% on seven, twenty - eight, fifty-six and ninety days of curing period respectively. It is noted that CSF-
15 has higher electrical resistance after ninety days curing period which is greater than control mix C-0
and other mixes. Overall, CSF-15 showed the optimum result among the all three SF mixes resistance was
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in the order CSF-5>CSF-10>CSF>15(Adil et al., 2020; Sasanipour et al., 2019). The results show that as
the percentage of SF in the blended mortars increases the electrical resistance also increases. From the
result of our sixteen (16) blended mortar mixes of our current investigation above mentioned air exposure
period, the drying shrinkage resistance follow the order of CSF-15 > CGGBS-30 > CSF-10 > CCS-20>
CGGBS-20 > CCS-15> CCBA-20 > CSF-5> CCBA-15 > CGGBS-10 > CCS-10 > CFA-40 > CFA-30 >
CCBA-10> CFA-20 > C-0.

In overall, the lowest values of electrical resistance were experienced for bended mortars containing FA
followed by CBA, CS, GGBS and SF. The estimation of electrical resistance is a simple way in
determining the chloride ingression occurred in concrete/mortar. The literature confirmed that, it is the
simple and alternative way of determining the chloride ion penetration. It has been observed and noticed
from the above investigation shows that, all the used cement additions in the current study results in
enhancement of resistance towards chloride ingression of the blended mortars. The advantageous role of
the cement additions is observed more for the higher curing periods (>28 days). The prime reason of the
observed increment in electrical resistivity for SF based mortar mix in comparison to remaining mortar
mixes is due to its small size which helps in decreasing of porosity. On the other hand, GGBS incorporation
also results in advantage on comparing to control concrete mortar mix as higher electrical resistivity values
have been obtained (Fig. 4.4). Likewise, the presence of CS (mortar mix CCS-20) with maturation of time
imparts the filler effect which results in increased electrical resistance compared to control mortar mix C-
0.

4.5 Sulphate Attack Test Results

It has been found from the research that sulphate attack is one of the reasons for the deterioration of
masonry mortars structures due to the presence sulphate environment in marine conditions. which is prime
and directly parameter which influences the durability behavior of concrete or mortar. The permeability
of mortar or concrete is inversely proportional to the resistance towards deterioration of mortars structures.
The compressive strength loss results of the mortar specimens are presented in Figure-4.5. it has been
found out from the investigation carried on that compressive strength loss values of all mixes which were
made by different proportion significantly by replacing PC with industrial wastes
(FA/CBA/GGBS/CS/SF) with reference to that of control mix. In broad-spectrum, lower values of
compressive strength loss results were observed at the higher replacement levels propositions of PC with
SF, GGBS and CBA at all the curing periods. Whereas higher values of compressive strength loss were
observed at higher replacement level of PC with FA and CS for aforesaid industrial by products in blended
mortars at initial days of curing after twenty - eight days. The inclusion of FA in blended mortars as cement
addition has offered the maximum compressive strength values followed by CBA, GGBS, CS and SF.
Consequently, the following sequence has been suggested for the blended mortars based on the
compressive strength loss results: C-FA> C-CS> C-GGBS> C-CCBA> C-SF.

All FA based mortar mixes (20%, 30% and 40%) result in higher compressive strength loss values after
immersion in sulphate solution as compared to other mortar mixes made with C-CBA, C-CS, C-GGBS
and C-SF. But there is a decrease in compressive strength loss values of around 34%, 28%, 30% and 21%
for CFA-20 after seven, twenty - eight, fifty-six and ninety days of sulphate curing on relationship with
respect to the control mix C-0 show in Figure-4.5. It has been observed that the compressive strength loss
was less in initial curing period compared to other curing periods. Similarly, for CFA-30 a decrease of
compressive strength loss was observed around 17%, 7%, 20% and 26% after seven, twenty - eight, fifty-
six and ninety days of sulphate curing with reference to that of control mix C-0. Likewise, for CFA-40 a
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decrease of around 8%, 20%, 25% and 29% was observed after aforesaid curing periods in sulphate
solution compared to control mix C-0. It was observed that as the FA content increases there is an
increment in the compressive strength loss was noticed at initial curing days but a decrement was observed
after 90 days of curing period in sulphate solution compared to control mix C-0. Overall CFA-40 shows
optimum results among all the FA based mixes and resistance to sulphate attack was in the order CFA-
40 > CFA-30 > CFA-20. From the above sequence, it can be concluded that as the FA content increases
resistance towards sulphate attack increases (S. Lee & Lee, 2012; Liu & Mo, 2013). In case CBA based
mortars a decrease of around 31%, 10%, 24% and 25% of compressive strength loss was noticed for
CCBA-10 after seven, twenty - eight, fifty-six and ninety days of sulphate curing compared to reference
control mix C-0. While for CCBA-15 a decrease of around 34%, 27%, 26% and 30% compressive strength
loss was observed after aforesaid curing period in sulphate solution compared to control mix C-0. As well
as for CCBA-20 a decrease of around 44%, 24%, 26% and 34% of compressive strength loss was observed
after aforesaid curing period in sulphate solution compared to control mix C-0. The results show, as the
percentage of CBA increases the compressive strength loss was less which means more resistance towards
sulphate attack. Overall, CCBA-20 shows optimum result among all other CBA based mixes and follows
the order CCBA-20 > CCBA-15> CCBA-10 (Ali et al., 2018).

On CCS-10 based mortar mixes shows decrease in compressive strength loss from 25%, 21%, 30% and
26% for seven days, twenty - eight days, fifty-six days and ninety days of curing in sulphate solution on
comparison with the control mix C-0. Meanwhile, for CCS-15 mix compressive strength loss was
decreases in the order 36%, 19%, 33% and 32% for seven days, twenty - eight days, fifty-six days and
ninety days of curing in sulphate solution with respect to the control mix C-0 respectively. Likewise, for
CCS-10 mix the compressive strength loss decreases in the order of 42%, 30%, 39% and 36% was
observed for aforesaid curing periods in sulphate solution on comparison with the control mix C-0
respectively. It is observed that all the CS based blended mortar mixes shows initial early seven days
compressive strength loss is less. But results show that there is a decrement in compressive strength loss
result after ninety days with increase in the CS percentage. Overall, CCS-20 showed the optimum result
among the all three CS mixes and resistance was in the order CCS-20 >CCS-15 > CCS> 10, from the
above sequence it can be concluded that increment in content of CS increases resistance towards sulphate
attack decreases (EFFECTS OF FLY ASH AND SILICA FUME ON THE RESISTANCE, 1994; Najimi
etal., 2011; Rose & Velan, 2019).

The mortar mix containing CGGBS-10 shows the compressive strength loss decrease of 30%, 18%, 25%,
and 26% on seven, twenty - eight, fifty-six and ninety days of curing in sulphate solution on comparison
with the control mix C-0 respectively. Similarly, for CGGBS-20 mix showed with decreases of 38%, 25%,
29% and 30% for seven, twenty - eight, fifty-six and ninety days of sulphate curing on comparison with
the control mix C-0 respectively. Likewise, CGGBS-30 mix compressive strength loss decreases in the
order 34%, 24%, 30% and 33% was observed for aforesaid curing periods in sulphate solution on appraisal
with the control mix C-0 respectively. Overall, CGGBS-30 showed the optimum result among the all three
GGBS mixes and resistance was in the order CGGBS-30 > CGGBS-20> GGBS-10, results from the graph
indicate that as the percentage of GGBS increases the resistance towards sulphate attack increases
(Higgins, 2003; S. Lee & Lee, 2012).

The incorporation of SF as partial replacement of PC (5%, 10% and 15%) has been found to be beneficial
as the compressive strength loss has been decreased after seven, twenty - eight, fifty-six and ninety days
of curing periods in sulphate solution on basis of control mortar C-0. In case of CSF-5, a decrease of
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around 34%, 28%, 32% and 30% of compressive strength loss was observed after seven, twenty - eight,
fifty-six and ninety days of sulphate curing with respect to control mix C-0 respectively. As well as for
CSF-10, a decrease of around 44%, 37% 34% and 36% of compressive strength loss was noticed for
aforesaid curing periods in sulphate solution in comparison with control mix C-0 respectively. Meanwhile,
a decrease of around 51%, 39%, 37% and 40% of compressive strength loss was noticed in case of CSF-
15 for aforesaid curing period in sulphate solution compared to control mix C-0 respectively. However,
its inclusion as CSF-15 in replacement of PC results best in resistance to sulphate attack on comparison
to control mortar mix C-0 and remaining mixes for the same curing periods. Meanwhile, better resistance
has been showed by all SF based blended mortar mixes on all curing ages compared to the reference
mortar. All SF based mix such CSF-5, CSF-10 and CSF-15 shows a better resistance of decreases in
compressive strength loss by 30%, 36% and 40% compared with the reference mortar on 90 days
respectively. Overall, CSF-15 showed the optimum result among the all three SF mixes and resistance
was in the order CSF-15 > CSF-10 > CSF-5 results shows that as the percentage of SF increases resistance
towards sulphate attack increases (Jo et al., 2019; S. T. Lee, 2005; Moon et al., 2014).

Out of all aforementioned industrial by products FA, CBA, GGBS, CS and SF, the finest in terms of
performance based against sulphate attack after immersion in sulphate solution was noticed for the blended
mortar mixes made with various propositions level of PC with SF. A considerable reduction in
compressive strength loss values has been noticed in assessment to control mix C-0 at all curing periods.
Compressive strength loss has been decreased at higher rate by 40% on 90 days of sulphate curing
compared with control mix C-0. Compressive strength loss after immersion in sulphate solution shows as
similar result for CSF-10, CGGBS-30 and CCBA-20 mix with decreases of 36%, 34% and 341% for
ninety days of curing regime on evaluation with the control mix C-0 respectively.

From the result of our sixteen (16) blended mortar mixes investigation for 90 days curing, the compressive
strength loss results follow the order of C-0 > CFA-20 > CCBA-10 > CFA-30 > CFA-40 > CCS-10 >
CGGBS-10 > CSF-5> CCBA-15 > CGGBS-20 > CCS-15> CCS-20> CCBA-20> CGGBS-30> CSF-10 >
CSF-15.
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Fig- 4.5 Compressive strength loss (%) of blended mortars at various curing days
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4.6 Combinations for Optimum Performance as Recommended from Results

It has been observed from the discussions that, the performance of blended mortar mixes varies mainly in
terms of compressive strength, electrical resistance and sulphate resistance with curing periods. The
blended mixes made with SF and GGBS are performing better than the control mortar mix and remaining
mixes while the mortar mix made with CS and CBA behaves more to that of control mortar mix, whereas
the mortar made with FA is found to be comparable in terms of compressive strength after 90 days of
curing. Likewise, the blended mixes made with SF, GGBS and CBA are found to have more resistance
towards sulphate attack followed by CS and FA after curing period of 90 days while mortars made with
SF at higher percentage showed high resistance against sulphate attack. Keeping abovementioned results
in view, the compressive strength results follow the trend of PC-SF>PC-FA> PC-CS > PC-GGBS> PC-
CBA. On other hand, Electrical resistance of mortars follows the order PC-SF>PC-GGBS>PC-CS>PC-
CBA>PC-FA. Likewise, the maximum resistance towards sulphate attack for binary mixes follow the
order of PC-SF>PC-CBA>PC-GGBS>PC-CS> PC-FA. It may be much admired that the emphasis in
selecting optimum blended mix is to not only to achieve higher resistance towards chloride ingression and
sulphate resistance but also to utilize the industrial by-products effectively.

4.7 Concluding Remarks

Results of the Compressive Strength Tests, Electrical Resistivity Test and Sulphate Attack Test mixes
containing blended mortars consists of with different replacement levels of industrial by products has been
presented and discussed to meet the objectives of the current investigation. Keeping abovementioned
results in view, the compressive strength results follow the trend of PC-SF>PC-FA> PC-CS > PC-GGBS>
PC-CBA. On other hand, electrical resistance of mortars follows the order PC-SF>PC-GGBS>PC-
CS>PC-CBA>PC-FA. Likewise, the maximum resistance towards sulphate attack for binary mixes follow
the order of PC-SF>PC-CBA >PC-GGBS>PC-CS>PC-FA. The conclusions from this Chapter are
summarized in Chapter-5.

5. Conclusions

5.1 General

The outcomes of the current investigation indicate the significant potential application of industrial wastes
in manufacturing of blended mortars. The usage of such cement additions prospects towards the several
environmental benefits leading to encourage the young practitioners and researchers of the construction
materials industry. Moreover, this attempt also offers a suitable alternative to the conventional cement
mortar in the upcoming times. In this investigation result will encourage and promote the use of durable
blended mortars with PC-FA/CBA/GGBS/CS/SF and will encourage the ecological balance with reducing
the risk of land degradation. From these previous researches, it has been observed that FA (20%,30% and
40%), CBA (10%,15% and 20%), GGBS (10%,20% and 30%), CS (10%, 15% and 20%) and SF (5%,
10% and 15%) incorporation has improved the performance of concretes in terms of mechanical as well
as durability aspect. However, the review of literature presented in Chapter-2 reveals that durability
properties of blended mortar made with FA, CBA, GGBS, CS and SF have not yet been studied. Thus, the
investigation was planned and carried such that to achieve our research objectives procured in Chapter-1,
in order to find electrical resistivity and sulphate resistance of industrial by products blended mortar as
well as optimum performance of binary mixes. An extensive experimental programme was planned in
which tests such as Flow test, Compressive strength test, Electrical resistivity test, Sulphate attack test was
conducted on various industrial by product blended mortars mixes as presented in Chapter-3, The data so
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obtained has been analyzed and discussed in Chapter-4. The current Chapter will explain and computes
the conclusions that are obtained from our research program with in its scope of study.

5.2 Conclusions

1.

Flowability in mortars is a general measure of shear resistance. Superplasticizers affect significantly
the flowability of blended mortars. The blended mortars follow the trend of CCS-20>CGGBS-
20>CCBA-20>CFA-20>C-0 with flow values of 105-115% with SP content of 0.1-2.5% with 1:2.75
cement to sand ratio. The workability/ flowability of the blended mortars depend on the shape and size
of the cement additions.

The experimental outcomes revealed that inclusion of SF increases the compressive strength of the
blended mortars followed by the mortars made with CS, GGBS, FA and CBA at 90 days of curing.
Out of all cement additions, the inclusion of SF has resulted in maximum increase in compressive
strength due to higher pozzolanic activity compared to other cement additions. Due to identical
chemical composition of GGBS to PC it is widely used as an alternative to PC as its incorporation
enhances the compressive strength at higher ages. At the same time equivalent compressive strength
has been detected for the blended mortars prepared with CS, FA and CBA compared to control mortar
mix. The results and investigation indicate that the binary combinations results performed better to
control mix at higher curing periods.

With increase in content of industrial waste such as FA, CBA, CS, GGBS and SF the electrical
resistance increases linearly. Mortars like SF, CS and GGBS showed higher electrical resistivity on
later curing ages after 90 days of curing period. The electrical resistance has been increased
significantly for SF and CS based blended mortars for all curing periods. With increase in content of
industrial waste such as SF and CS the electrical resistance increases linearly. Further, GGBS and
CBA offers high values of electrical resistance compared to control mortar mix followed by FA based
mortar mixes. The inclusion of SF has shown a remarkable resistance towards chloride ingression and
electrical resistance values indicates that it has been reduced considerably to that of reference mortar
mix. The order for electrical resistivity tests after 90 days of curing period for higher replacement
levels follow the trend of CSF>CCS>CGGBS>CCBA>CFA.

With increase in the exposure period to sulphate solution compressive strength loss increases linearly.
The compressive strength loss has been reduced with increasing the content of industrial waste
significantly for all blended mortars at all exposure periods. The presence of SF, GGBS, CS and CBA
has shown a positive effect and resistance towards sulphate attack is high compared to control mix.
FA also offers more resistance towards sulphate attack compared to control mortar mix but shows high
values of compressive strength loss with respect to other blended mortars. In overall the application
of all five cement additions (FA, CBA, CS, GGBS and SF) are found to be suitable in mortars for
offering better/comparable resistance towards sulphate attack.

It may be much admired that the emphasis in selecting optimum blended mix is not only to achieve
higher resistance towards chloride penetration, higher resistance towards sulphate attack but also
efficient utilization of these the industrial waste by-products more effectively.
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