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ABSTRACT

This experimental research investigates the influence of geopolymerization factors on the
engineering properties of ambiently cured binary blended pelletized aggregates containing
fly ash (FA), bentonite (BT), burnt lime (BL), ground granulated blast furnace slag
(GGBS), iron ore tailings (I0OT) and copper ore tailings (COT). Additionally, this research
also demonstrated the production of multi-blended pelletized aggregates with ultrafine fly
ash addition (UFA) in the optimized proportions of binary blended pelletized aggregates
cured in ambient temperature conditions. In the first phase of this study, governing
parameters of geopolymerization, like the dosage contents of Na>O and water and the ratio
of Si02/NayO, were coupled with the dosage contents of additive admixtures, that is, BT,
BL and GGBS for producing and assessing the properties of binary blended pelletized FA-
BT, FA-BL and FA-GGBS aggregates. Furthermore, in order to further improve the
engineering properties of binary blended pelletized aggregates, the admixing of IOT and
COT was conducted to produce FAIOT and FACOT aggregates. The concept of design of
experiments was used for jointly investigating the influence of governing factors of
geopolymerization and dosage contents of BT, BL, GGBS, IOT and COT. In the second
phase of this study, to produce superior quality multi-blended pelletized aggregates, UFA
was substituted in the optimized mixes identified from the binary blended pelletized
aggregates. The engineering properties of pelletized aggregates, like specific gravity,
aggregate impact value, aggregate crushing value, water absorption and individual crushing
strength, were assessed in compliance with the respective testing standards.
Microstructural, thermal and identification of chemical bonds were carried out through
advanced characterization techniques such as scanning electron microscopy coupled with
energy dispersive X-ray spectroscopy (SEM-EDS), thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR).

The experimental test results revealed that higher dosages of Na>O and mineral admixture
BT, GGBS were to be more influential factors in pelletized FA-BT and FAGGBS
aggregates. However, Na,O and water content were found to be the principal factors in
pelletized FA-BL aggregates. The inclusion of IOT and COT addition has considerably
affected the engineering characteristics of pelletized FAIOT and FACOT aggregates. The
admixing of UFA in the production of multi-blended pelletized aggregates has resulted in
the attainment of superior characteristics. The quantified amount of hydration products in

binary and multi-blended pelletized aggregates that is, N-A-S-H, C-S-H and C-H,



intensified with increasing dosages of Na,O, mineral admixtures IOT and COT. The FTIR
spectrum showed strong and broadened bands of Si-O terminal for all types of blended
aggregates, representing the conversion of unreacted minerals to chains of aluminosilicate

gel (geopolymerized hydration product).
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CHAPTER -1

INTRODUCTION

1.1 GENERAL

Cement production is responsible for 8-9% of all anthropogenic CO; emissions (Brinkman
and Miller 2021). Hence, specific importance is being given to the inclusion of various
industrial by-products and industrial wastes, such as fly ash, GGBS, and silica fume, as a
substitute for cement and concrete production. Utilization of these by-products helps in
reducing the excessive usage of OPC and the rising CO> emissions associated with its
production (Mannan and Neglo 2010). One of the significant ingredients of concrete, i.e.,
aggregates, consists of about 70-80% of the volume of concrete (Oktay et al. 2015). A
recently published report stated that, in 2018, the global market for construction aggregates
was valued at approximately $ 360 billion, which is likely to increase to more than $ 490
billion by 2025, at a multiple-yearly growth rate of 4.6% between 2019 and 2025 (Zion
2019). Consequently, with the increase in urbanization, finding sources for these large
amounts of construction aggregates has led to the exhaustion of natural aggregates.
Nowadays, the fulfilment of primary energy requirements has become more complicated
as a result of industrialization. So, coal-based energy production systems have attracted
significant attention in providing large-scaled energy production facilities. During the
process of energy extraction, power plants utilize pulverized coal as a fuel source, resulting
in the production of fly ash. It is identified as one among the various wastes which causes
an impact on the environment, especially polluting air and water. As per the recent available
reports, the world’s FA market size was valued at USD 12.25 billion in 2021, which is
projected to grow from USD 12.70 billion in 2022 to USD 19.19 billion by 2029, exhibiting
a compound annual growth rate of 6.1 % during the forecasted period (Insights 2021).
Hence, efficient use of fly ash can bring down the coal combustion amounts, which need
to disposed of in landfills; otherwise, it can pose dangerous consequences to the
environment as well as to human health (Sharath et al. 2023a).

In addition, there is a need to use anthropogenic wastes, such as mine wastes (Ahmari and
Zhang 2012). Mining and ore upgradation operations generates enormous quantities of

solid wastes and by-products consisting chiefly of mine waste rocks, tailings, ashes, slags



and sludges (Palmer et al. 2010). Presently, the challenge of sustainable disposal of these
mine tailings and mine waste landfills has become considerably critical (Dong et al. 2019;
Nurcholis et al. 2017; Vickers 2017; Zhou et al. 2020). On one side, the tailings may
comprise little amounts of target material with previously unclaimed elements, which can
be restored back with the adoption of a suitable mining techniques (Kaze et al. 2021; Rico
et al. 2008; Zhang et al. 2021), and on the other side, chemical compositions of mine tailings
formation mostly consists of silica, alumina, and calcium oxide, with a content ranging
from 60-90% (Lazorenko et al. 2021). Because of this reason, these tailing materials are
having a strong potential to be used as an alternative source which can fulfil the wide range
of construction and other industries requirements (Divvala 2021; Dold 2020; Eugénio et al.
2021; Kinnunen et al. 2018; Rico et al. 2008).

Iron ore tailings are solid wastes which are generated after the completion of beneficiation
process of iron ores. Similarly, copper ore tailings are a waste rock that remains after the
accomplishment of ore processing in removing the copper. Due to complexity of ores, the
generation amount of iron ore tailings differs from region by region. In the year 2019, the
worldwide output of iron ore, based on useable ore, reached to around 2.5 billion tons,
containing an estimated 1.5 billion tons of iron. Notably, this upsurge in production was
recorded in the countries like Australia, Brazil, China, and India. Furthermore, as per the
report ‘Monthly Summary on Non-Ferrous Minerals and Metals, April 2022: Govt. of
India’, the global copper mine production from April 2021 — January 2022 was about
17,862 MT, wherein India’s alone share in worldwide production of copper was 21.126
thousand MT during April 2021 — January 2022. Prolonged disposal of mine tailings that
contains radioactive materials such as Pb, Hg, and other mine tailings related toxins in the
open environment builds-up tailings (Li et al. 2019; Salam et al. 2021), pollutes soils, air
(Csavina et al. 2012; Moradi et al. 2021; Zhang et al. 2020) and water (Hageman and Briggs
2000; Nguyen et al. 2022; Zhai et al. 2022). This clearly indicates the need of the hour for
sustainable utilization of these mine tailings i.e., iron ore and copper ore tailings, into
valuable resources like artificially producing coarse aggregates.

Recent years have witnessed a significant development in the area of cementitious
materials, viz. geopolymer, a novel inorganic material all around the globe. These
geopolymer materials was originally introduced by Davidovits in 1970’s in the field of
inorganic cementitious materials (Davidovits 1991). Its synthesis consists of admixing
aluminosilicate-rich materials with a combination of strong alkaline solutions that are cured

under ambient temperature conditions (Sharath et al. 2023a).
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Enough literature is available that states that artificial aggregates were being produced by
adopting a well-known metallurgical process called agglomeration, where finer particles
are converted into fresh agglomerates (often called pellets) of varied shapes and sizes (Nor
et al. 2016). Literature reports that the whole process of pelletization is influenced by
several factors such as (i) fineness of raw materials, (ii) water content, (ii1) type, nature,
and dosage of binding agent, and (iv) duration of pelletization (Gomathi and Sivakumar
2014a; Kockal and Ozturan 2011; Manikandan and Ramamurthy 2007; Priyadharshini et
al. 2011; Ramamurthy and Harikrishnan 2006). It is understood from past literature that
production of aggregates using class-C FA was stronger and more stable as compared to
those produced using class-F fly ash (Bijen 1986a; Manikandan and Ramamurthy 2008).
This could be attributed to the existence of calcium-rich FA interferes with the process of
polymerization, resulting in flash setting and also altering the microstructure (Zhao et al.
2019). However, it is reported that utilisation of low calcium FA (i.e., ASTM class-F fly
ash) is found to be more beneficial compared to that of high calcium FA (i.e., ASTM class-
C fly ash) especially from the shrinkage and durability aspects when incorporated in the
geopolymeric system (Hardjito and Rangan 2005). It is also reported that the existence of
silica and alumina rich precursors such as class-F fly ash undergoes a glass transition phase
leading to the fusion of Si-O-Al chains (aluminosilicate gel), which aids in improving the
hardened properties of aggregates like aggregate impact value, aggregate crushing value,
individual pellet strength, and abrasion of the produced aggregates (Bui et al. 2012a).
Various researchers have stated that regardless of the positive aspects of class-F fly ash in
the process of geopolymerization, fly ash added mixes showed a slow rate of strength gain
(Sumer 2012), delayed setting time (Nath et al. 2015), possessing less specific gravity,
lightweight as per EN 13055-1 (DIN 2015), and with lower individual pellet strength values
(Chi et al. 2003).

It is for these reasons that researchers started adding several additive admixtures such as
GGBS (Bui et al. 2012b), lime (Reddy et al. 2016; Videla and Martinez 2002), clay binders
(Geetha and Ramamurthy 2010a; Ramamurthy and Harikrishnan 2006), bentonite
(Gomathi and Sivakumar 2012; Manikandan and Ramamurthy 2009) alkali activators like
NaOH, KOH etc., (Geetha and Ramamurthy 2013; Shivaprasad and Das 2018; Terzi¢ et al.
2015) in the production of fly ash based pelletized aggregates (especially with class-F fly
ash) for enhancing the engineering properties of the produced aggregates (Wasserman and
Bentur 1997; Yang et al. 2011). Additionally, for producing pelletized aggregates with

superior characteristics like reduced water absorption, specific gravity, density, etc.,
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incorporation of mine tailings is also a viable option since high in specific gravity of mine
tailings (iron and copper ore tailings) would facilitate in achieving characteristics in
comparison to that of natural aggregates (Sharath et al. 2023a).

Nevertheless, utilizing an alkaline solution in conjunction with precursor (fly ash), additive
admixtures, and mine tailings in the production of pelletized aggregates is complicated and
challenging process. In order to combinedly understand the complexity of the relative
influence of geopolymerization factors (mineral as well as chemical) with additive
admixtures and mine tailings on the properties of produced aggregates, the concept of
experimental design plays an important role at this stage (Cavazzuti 2013a; Krishnan and
Purushothaman 2017; Montgomery 2017; Soudki et al. 2001). Various other experimental
designs such as factorial designs (Cavazzuti 2013a; Krishnan and Purushothaman 2017;
Soudki et al. 2001), response surface methodology (Cavazzuti 2013b; Hanrahan and Lu
2006; Vasugi and Ramamurthy 2014) and other methodologies are available for
formulating and optimizing the production process of pelletized aggregates. Among all of
these experimental design methodologies, it is reported that by using Taguchi’s
experimental design methodology, a suitable understanding can be developed between the
evaluated responses and considered governing factors through the response indices concept
(Shivaprasad and Das 2018) with the conduction of a minimum number of experimental
trials. Further, for obtaining a clear understanding of the response indices altogether, the
researchers adopted grey relational analysis as it benefitted by converting a multi-objective
problem into a single objective function (Sahoo et al. 2017; Shivaprasad and Das 2018).
Regardless of the fact that sufficient information is available in the literature, the production
of FA based pelletized aggregates admixed with additive admixtures and mine tailings in
conjuncture with alkaline solution as a binding medium will have the strong potential to
significantly reduce the need for large quantities of aggregate in concrete, thereby

mitigating the dependency on mining operations for aggregate extraction from the quarries.

1.2 NEED OF THE PRESENT RESEARCH WORK

Sustainable usage of industrial by-products in the production of blended cement has
formulated the idea of the sustainable production and development of construction
materials. As per the current scenario, the consumption of artificially recreated materials
using industrial by-products in cement and concrete has drawn considerable attention. The
utilisation of natural aggregates in concrete production is increasing day by day, making it

one of the scarce resources in the near future. Hence, there is a need for alternative building



materials for construction industries which can be a substitution for natural aggregates.
Producing such alternative materials by utilising the maximum number of industrial by-
products such as fly ash with additive admixtures (mineral and chemical) and mine tailings
is the need of the hour that can be achieved through a retrospective approach. Since curing
regime plays a vital role it is also essential to make the production process less energy
intensive and in this scenario production of fly ash pelletized based aggregates through

ambient curing pays a vital contribution.

1.3 THESIS STRUCTURE

The present thesis is structured into six different chapters. The chapter one discusses a
generalized introduction and necessity of the present research work is presented. The
chapter two discusses a complete literature review and a critical review for identification
of research gap/problem. The third chapter consists of all the source materials utilized in
this experimental research, methodology adopted for the production of binary and multi-
blended pelletized aggregates is presented and standard testing methods applicable for
testing of the produced aggregates is presented. The results and discussions on the impact
of governing factors on the production of binary and multi-blended pelletized aggregates
are presented in chapter four. The attained results for multi-blended pelletized aggregates
are presented in chapter five. The concluding remarks as well as major findings of this

experimental research with the scope for further research is presented in chapter six.






CHAPTER -2

LITERATURE REVIEW

2.1 GENERAL

This chapter provides a detailed assessment of relevant literature on the production of
pelletized aggregates using various industrial by-products along with binding agents.
Further, the viability of utilizing geopolymer binder in the manufacturing of pelletized

aggregates is also discussed in this chapter.
2.2 THEORY OF PELLETIZATION

The principle of pelletization was formulated during the 1940’s. The process of
pelletization for fine powders has undergone significant growth in relevance, particularly
within the metallurgical industry (Ramamurthy and Harikrishnan 2006). Although this
method has been widely employed in the manufacturing of pelletized aggregates, it is not
yet widely implemented in the construction industry. The rationale for this was the ample
availability of natural resources and the comparatively high production costs of pelletized

aggregates in contrast to natural aggregates (Baykal and Doven 2000).
2.2.1 Process of pelletization

The pelletization process can be described as the method that produces larger spherical
units by rolling the moistened fine particles in the absence of any external pressures. The
desired particle size distribution of pelletized aggregates can be achieved by two methods:
crushing larger aggregates or by agglomerating the cementitious fines either by themselves
or blending those with any binding agents. The process of pelletization refers to the
aggregation of particles that have been moistened within a revolving drum or disc. The final
output of the pelletization process is commonly known as a "fresh/green pellet." The
crushing strength of the green pellet should be sufficient enough to facilitate their
transportation and storage. Depending on the characteristics of the fines used in the
pelletization process and the intended purpose of usage, the pellets may be sintered for a
predetermined period of time after manufacturing to optimize their engineering

performance (Baykal and Déven 2000).



2.2.2 Sequential steps involved in producing pellets

1. Selecting a precursor for production followed by fixing the appropriate mixing
dosage.

2. Agglomeration of precursors either by agitation or by pressure for the formation of
pellets

3. The fresh agglomerates undergo through the process of hardening wherein these
weak agglomerates get bonded more firmly. The commonly used hardening
techniques are sintering, autoclaving and cold bonding.

4. Finally, these firm, strong, well bonded pellets are sieved in order to classify from
undesirable and undersized pellets.

The sequential steps discussed above are represented below in Figure 2.1.

| Supply Baw Materials

|

| Dtruuu-é

}

| Mixing

| Beacting (optionally)

-E Apalomoration

1
[ |

| Azitation | Prezsure
| I |
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| Hardeuing

- .

| Rintering |Au'ro¢la'r'iug Colid bonding
' 1
| Sievcimg W

| Clagsification

| End Product |

Figure 2.1: Sequential steps involved in producing pellets (Source: Bijen 1986a)
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2.2.3 Green pellet formation mechanism

The production of agglomerates is influenced by two phenomena, with the major one being
dependent upon the specific location and method employed for feeding the
ingredients/precursors and binding agents or binders. One method for the formation of

pellets might be referred to as "rolling of shells" or the "snowball effect" as illustrated in

o 0 © ©

NUCLEUS

Figure 2.2.

Figure 2.2: Influence of ‘snowball’ phenomenon on green pellet formation (Rao

1994)

As previously stated, under the influence of the second phenomenon that is, addition of
a/any binding agent, the pores fill up with water, and the entire system of a pellet behaves
like a capillary tube filled with water, where an attractive force is developed that operates
on the fines and thus holds these moistened particles together in the form of pellets (Rao
1994). In the early phases, the bond between the particles is caused by a water bridge and
will be insufficiently strong (Figure 2.3). As the binder dosage increases, the liquid film
atop the particles begins to combine, and the spaces between the particles fill up with air
(Figure 2.3). Surface forces from the meniscus traveling between individual particles affect
particle coherence (Rao 1994). As more wet particles are coated onto the nucleus, the ball
expands. Mechanical forces produced by bumping balls against each other and against the
walls of the revolving device in which they are enclosed expel the air enveloped in the
balls, resulting in the full capillary stage (Figure 2.3). At this point, the liquid has filled the
open space between the particles, resulting in particle coherence throughout the ball due to

capillary forces (Rao 1994).

Figure 2.3: Mechanism of ball formation (Rao 1994)



Both behaviors exist in the case of larger pellets. Surface tension causes the formation of
the initial nucleus, which develops in size as more succeeding layers are deposited on top

of it. More fines moistening leads to large, uneven balls, as illustrated in Figure 2.4.

Figure 2.4: Formation of irregular shaped balls (Rao 1994)
2.2.4 Parameters governing the process of pelletization

Many researchers indicated that raw materials, moisture content, binder type, dosage, and
pelletization duration are all the parameters that govern the pelletization process in
producing pellets from finer particles (Ramamurthy and Harikrishnan 2006; Tajra et al.
2019), as well as some of the parameters that should be considered for the efficiency of
pellet production i.e., specifically, the type of pelletizer used in the pelletization process.
Furthermore, it is stated that the hardening procedures used to produce pellets are sintering,
conventional water curing, autoclaving, and steam curing (Harikrishnan and Ramamurthy
2006). However, the energy required for the processes used which produce the
agglomerated material (i.e., curing regime and sintering) is significant and the engineering
performance of the resultant pellets is primarily determined by the binder employed in the
process (Baykal and Doven 2000; Harikrishnan and Ramamurthy 2006).

For the production of pellets, various types of pelletizers were employed, including disc or
pan type, drum type, cone type, and mixer type (Sastry et al. 2021; Sivakumar and Gomathi
2012). Among these pelletizers, the disc type pelletizer has a more controllable pellet size
distribution than the drum type pelletizer. In the disc pelletization, the formation of green
pellets takes place in two phases. In the very first phase, the initially formed pellets (termed
as seeds), grow larger in size. Figure 2.5 depicts the growing path of pellets in a disc
pelletizer with an adjustment in its inclination. As mentioned above, the grain size
distribution of pellets can be controlled with ease by using a disc pelletizer rather than using

a drum pelletizer (Bijen 1986b).
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path 1 Fines and seeds
path 2 growing of balls

path 3 finished and nearly
Fimzhad balls

Figure 2.5: Growing paths of green pellets in a disc pelletizer (Source: Bijen 1986b)

23 REVIEW OF RAW MATERIALS, BINDERS, PRODUCTION PROCESS
PARAMETERS, AND CHARACRTERISTICS OF PELLETIZED
AGGREGATES

Table 2.1 displays the variety of raw materials, binders, production process parameters and

characteristics of the pelletized aggregates reported by the researchers.
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Table 2.1: Production process parameters, binders and characteristic properties explored by various researchers for producing

pelletized aggregates

Composition of pelletized

Production process parameters used in disc

Characteristics of pelletized aggregates

aggregates pelletization (Designation by ranking*)
Reference Base 5 | o | .z 3 - | 5_ . Density (g/cc) Crushing strength
materials; Binders % E & E § £ g E”@ 2 g, ‘E E (?1: fne) 227; SSD oD PCS PS BS
~ ~ (=] j:/ ~
supplement 5 = g “=l A ° o™MPa) | (N) | (MPa)
(Tajra et al. FA and i . i i i
2018) perlite OPC 400 100 12 35 | 30 15 2-8 High Less 111
(Giineyisi et 0.25 .
al. 2015) FA and OPC OPC 800 350 - - - 20 to 4 High Less - - - -
(Reddy et OPC and 10 to .
al. 2016) FA lime 550 250 - 55 | 40 - 12.5 Medium - - - - -
(Videla and
Martinez FA P;;i’ lgr)rll)ec 1500 | 250 - - -
2002)
(Geetha and FA and BA; OPC and 14to | 10to .
Ramamurth Na»SO lime - - 31 - - 7 125 High - - - - -
y 2010b) 2o '
(Kockal and beii)(l’:l’it o 4.75
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and glass to 19
2011)
powder
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. €SS
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2012)
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(Manikanda Bentonite
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Ramamurth FA and high i i 3351 55 | sy | 1415 - i i i i i
y 2009) swelling)
(Geetha and Kaolinite,
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Raind FA and ol mas | - 0] s |- i i i i i
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Harikrishna .
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The data shown in the Table 2.1 clearly indicates that fly ash is the predominant material
utilized in the production of pelletized aggregates. The reason for this commonality is the
widespread availability of this type of waste material, as well as the urgent need to recycle
it into a value product (Ahmaruzzaman 2010). In conjunction with fly ash, other indigenous
industrial waste materials were also been utilized in the manufacturing of pelletized
aggregates, as depicted in Table 2.1, that comprise GGBS, rice husk ash, MSWI, and WAS.
The utilization of a binder is a crucial component in the pelletization process, particularly
when dealing with a raw material that possesses limited or negligible cementitious
characteristics. As indicated in Table 2.1, in addition to OPC which has been extensively
employed in the literature, other binders such as bentonite, glass powder, lime, and clay
have been employed. Furthermore, the environmental impact of cement production has
encouraged researchers to use alternate binders. As a result, an alkaline activator composed
of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) has been added into

production of geopolymer based pelletized aggregates.

2.3.1 Characteristics of pelletized aggregates
The physical and mechanical characteristics of pelletized aggregates obtained by various
researchers throughout their experimental investigations are ranked in the Table 2.1. The

range of the obtained values for the characteristic properties based on which the designation

of ranking is Less—0to 2 g/cc
—> Low — 00 9% e s

For WA~ L » Medium — 10 to 20% For Density —

— High — More than 20% —» More — greater than 2 g/cc
— 3 PCS—1:.>10 MPa; II: 5 to 10 MPa; III: <5 MPa

—» PS —1: > 500 N; II: 100 to 500 N; III: <100 N

—» BS —1: > 10 MPa; II:5 to 10 MPa; III: <5 MPa

For crushing strength |

The Table 2.1 illustrates that the particle sizes, particle density, loose bulk density, and
water absorption of pelletized aggregates as reported in the literature (presented in Table
2.1) fall within the ranges of 4 to 20 mm, 0.88 to 21.2 g/cm?, 510 to 1247 kg/m?, and 2.5 to
77%, respectively. The presented data in Table 2.1 clearly indicates that the majority of the
aggregates that has been produced demonstrates an oven dry particle density of less than
2 g/cm?® or a loose bulk density of less < 1200 kg/m?>. As a result, they can be categorized
as lightweight aggregates, as per the guidelines outlined in EN 13055-1 (DIN 2013).
Individual crushing strengths of pelletized aggregates ranged from 30 to 2210 N, and 0.4
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to 22.8 MPa, with bulk crushing strength ranging from 0.2 to 15.7 MPa. The observed
variations in crushing strength of pellets, even within a single research, can be directly

related to the specific characteristics of the raw materials, such as their form, particle size,

and density (Li et al. 2000).
2.3.2 Influence of production process parameters

According to the reported literature presented in Table 2.1, there has been limited study
conducted on the impact of production process parameters on the pelletization efficiency
of the produced pelletized aggregates. According to the findings of Manikandan and
Ramamurthy, the utilization of low angles and speeds in the pelletizer results in a reduction
in particle movement paths and a decrease in particle collisions. Consequently, this leads
to the production of smaller aggregates with inadequate efficiency (Manikandan and
Ramamurthy 2009).

In addition to aggregate size, it has been noted that other properties of pelletized aggregates
are significantly influenced by production process parameters, as illustrated in Table 2.1.
Colangelo and Cioffi produced pelletized aggregates at varied revolution speeds (35, 45,
and 55 rpm) at a constant angle of 50°, revealing that the highest density and strength of
pelletized aggregates are attained at 45 RPM rather than the maximum speed of 55 RPM.
The association between angle and speed contributes considerably to achieving optimal
particle movement and collision, thereby increasing the structure of the aggregate formed
(Colangelo and Cioffi 2013). Tajra et al. investigated three speeds (20, 30, and 40 RPM)
and two angles (35° and 40°). Researchers discovered that as the speed of rotation
increased, the particle density and bulk crushing strength of the aggregates formed
increased at any fixed angle. As a result, they determined that the faster the rotation, the
denser the pelletized aggregate’s structure. It was also established that increasing the angle
speed, and duration of pelletization results in a longer pellet path and hence a rise in
tumbling forces, resulting in the formation of compacted aggregates with reduced water

absorption and higher strengths (Vasugi and Ramamurthy 2014).

2.3.3 Influence of raw materials and binding agents

Table 2.1 presents an assessment of the viability of several by-products as well as various
types of binders, in relation to the manufacturing of pelletized aggregates. The properties
of the raw materials and their compatibility play a crucial role in determining the production
efficiency and properties of the resulting aggregates (Chiou et al. 2006). According to

Gesoglu et al., the fineness of the raw materials has the greatest influence on pelletization
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efficiency. They found that crushed fly ash with a fineness of 570 m?/kg pelletized more
efficiently than fly ash with a specific area of 287 m*/kg (Gesoglu et al. 2012). Geetha and
Ramamurthy investigated the impact of several binders on the productivity of low calcium
bottom ash based aggregate (Geetha and Ramamurthy 2010a), obtaining a pelletization
efficiency of 98% with cement, lime, and high swelling bentonite as binders at a 14%
weight content. The same efficiency was obtained using 25 % medium swelling bentonite
and 30% weight of clay binders like kaolin and metakaolin. Many researchers have been
pushing for the use of additives to improve pelletization efficiency, and it has been
established in the literature that the use of Ca(OH), reduces pelletization time by
accelerating agglomeration, thereby improving productivity of pelletized aggregates
(Geetha and Ramamurthy 2010a; Priyadharshini et al. 2012; Vasugi and Ramamurthy
2014; Vijay 2015).

Multiple studies have been conducted to evaluate the effect of the binder employed on the
qualities of pelletized aggregates, as shown in Table 2.1. Gomathi and Sivakumar compared
the performance of fly ash aggregates produced with OPC and lime. They found that the
oven dry particle density, loose bulk density, and particle crushing strength of OPC
containing aggregates were approximately 34%, 37%, and 50% greater, respectively, than
aggregates generated with lime (Gomathi and Sivakumar 2012). This is due to the creation
of an extra hydration product, which in the case of OPC as a binder occurs from the reaction
between Ca(OH), which is generated during cement hydration, and the pozzolanic
compounds of fly ash (Vasugi and Ramamurthy 2014). Manikandan and Ramamurthy
observed that the effect of bentonite concentration as a binder is related to duration of
pelletization. The authors showed that increasing the bentonite concentration leads in a
significant improvement in formation of aggregate shape (spherical form) during an 8-
minute duration of pelletization. When this period was increased to 16 minutes due to the
expansive nature of bentonite, flaky aggregates with less strength were formed
(Manikandan and Ramamurthy 2009).

The reactivity of raw materials utilized in the production process was also found to have
role in the characteristics of pelletized aggregates. In this field, researchers observed the
qualities of pelletized aggregates manufactured with GGBS, rice husk ash, etc. The
pelletized aggregates produced from GGBS and OPC had higher particle density and
crushing resistance than aggregates made from OPC and fly ash. This tendency is mostly
due to raw material reactivity, as illustrated by the presence of reactive SiO,, which

combines with the Ca(OH), generated during cement hydration to produce additional
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hydration product, resulting in the creation of denser and stronger aggregates (Gesoglu et
al. 2007, 2012).

Overall, the physical and mechanical characteristics of the raw materials and binders used
in production have a significant impact on manufacturing productivity and pelletized

aggregate properties.

2.3.4 Influence of water content

Water content, in addition to production process parameters and raw material
characteristics, is an important aspect in the effective production of pelletized aggregates.
It also has a direct impact on pelletized aggregates productivity and properties. Meanwhile,
the characteristics of the raw materials utilized influence the amount of water required in
production. It is obvious that less amount of water leads to an effective agglomeration,
whereas excessive water results in the formation of irregular balls (Chiou et al. 2006). As
a result, the optimal amount of water has been identified in most of research through many
production trials in order to achieve high pelletization efficiency. According to the findings
of Baykal and Ddoven, it is necessary to utilize an enough amount of water to completely
fill the intergranular spaces within fresh pellets, while ensuring the absence of a water film
on the surface of the pellets. This approach is crucial for attaining size coherence in the
pellets (Baykal and Déven 2000). In contrast, the formation of entrapped air voids occurs
within the newly formed pellets, resulting in a reduction of the overall strength of the
aggregate (Gesoglu et al. 2012). According to the findings of Harikrishnan and
Ramamurthy (Harikrishnan and Ramamurthy 2006), the water content has been identified
as the predominant element influencing the size of the aggregate produced. The
investigation necessitated water contents of 15 and 35% weight in order to generate

pelletized aggregates with a size range of 5 to 8 mm and 10 to 20 mm, respectively.

2.4 EXPERIMENTAL DESIGN METHODOLOGIES

A number of trials are required in an experimental study to identify the effects of various
elements influencing the experiment results. Experimental design techniques are becoming
increasingly significant in research to effectively develop new goods and processes. There
are various experimental design approaches available in the design of experiments,
including full factorial, fractional factorial, Taguchi’s orthogonal arrays, response surface

method, and central composites (Cavazzuti 2013a).
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Harikrishnan and Ramamurthy used statistically designed experiments to study the effect
of the pelletization process on the characteristics of the pelletized aggregates. The research
was carried out utilizing fractional factorial experiments and Taguchi's orthogonal array
approach (Harikrishnan and Ramamurthy 2006). The authors reported that the moisture
content is the most important parameter, followed by the angle, which impacts the size of
the pellets and has the greatest influence on the strength of the pellet. The speed of the
pelletizer, followed by the moisture content, has a major influence on the water absorption
of sintered aggregates. Among the parameter interactions, the angle and moisture content
interaction have a significant influence on the size growth and strength of the pellets.
Manikandan and Ramamurthy evaluated the effect of fly ash fineness for producing
pelletized aggregates (Manikandan and Ramamurthy 2007). The effect of fly ash fineness
was investigated by collecting various samples of fly ash from two thermal power plants.
Using a fractional factorial design, the important influencing parameters in the production
of pelletized aggregates were statistically established. For fly ash with fineness of 414
m?/kg and 257 m?/kg, respectively, a fractional factorial design of 2* and 2° was utilized.
The researchers stated that using clay binders such as bentonite and kaolinite into the
pelletization process improves the pelletization efficiency of coarser fly ash, and that the
amount of binder and moisture content varies depending on the kind of binder utilized.
Only angle and speed have a significant influence on the pelletization of fly ash with a
fineness of 414 m?/kg, according to statistically designed experiments using a fractional
factorial design. All of the parameters, however, had a substantial impact on the
pelletization process for fly ash with a fineness of 257 m?/kg.

Geetha and Ramamurthy used central composite design of response surface methodology
with five parameters at five levels to investigate the properties of sintered low calcium
bottom ash aggregates with clay binders (Geetha and Ramamurthy 2011). Moisture content,
binder, Ca(OH), dosage, sintering temperature, and duration were the parameters
considered in their experimental research. According to the researchers, the engineering
characteristics of the produced aggregates were primarily affected by the sintering
temperature, the binding ability of the binders, and the internal pore structure of the
material. The properties of produced aggregates varied depending on the binder employed,
and it was observed that increasing the binder dose and sintering temperature led in
aggregates with a greater 10% fines value and low water absorption.

Vasugi and Ramamurthy investigated the production and characteristics of pelletized pond

ash aggregates (Vasugi and Ramamurthy 2014). A statistical technique called central
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composite design under response surface methodology was used to design the experimental
runs with different parameters such as moisture content, binder dosage, pelletization and
strength enhancer dosage with a variable range. For the influence of factors, the engineering
characteristics of produced aggregates like bulk density, water absorption, and aggregate
strength have been determined. The dosage of binder, strength, and pelletization enhancing
admixture improved the engineering characteristics of aggregates, as observed by the

researchers.

2.5 THEORY OF GEOPOLYMERIZATION

Glukhovsky first identified alkaline activated aluminosilicates in the 1950s, which makes
them to function as a binding agent comparable to cement-like construction material. The
term "geopolymer" was preferred by the vast majority of researchers to describe all alkaline
activated aluminosilicate binders. According to Davidovits, geopolymers novel type of

binding agents that varies from alkaline activated aluminosilicates.
2.5.1 Process of geopolymerization

The process of geopolymerization, also known as geo-synthesis, hold the involvement of
the occurrence of a quick chemical reaction with the incorporation of minerals. Fly ash,
GGBS, metakaolin, and other aluminosilicate minerals are exposed to high-alkaline
environments, undergoes through geopolymerization process, resulting in the geopolymer
formation. They are inorganic, with Al and Si ions serving as the backbone on which the
chain structures are developed. The resulting geopolymer’s chemical composition is
comparable to that of natural zeolitic materials, but the microstructure is amorphous rather
than crystalline. In the polymerization process, when the materials constituting with Si-Al
minerals are subjected to a strong alkaline environment result in formation of a 3-D chain
ring structured polymer, consisting of Si-O-Al-O bonds, as described are undergoes
through a significantly quick chemical reaction under strong alkaline environment, a 3-D
polymeric chain and ringed structure of Si-O-Al-O linkages results, described below

(Davidovits 1999; Nikoli¢ et al. 2015)
M [-(Si02),-AlO:2]s . wH20 (Eqn. 2.1)

where, M represents alkaline element (K, Na or Ca); z can be 1, 2, or 3; n represents
polycondensation/polymerisation degree. The geopolymer structure is a linear 2-D

network, and its properties rely greatly on value of z (z = 1-15, up to 300). When the value

21



of z is low (z properties and across-linked 3-D network), the geopolymer exhibits adhesive

properties.
Geopolymerisation process can be better understood with the help of diagrammatic

explanation presented in Figure 2.6, proposed by Duxson et al. 2007.
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Figure 2.6: Geopolymerization theoretical model representation (Source: Duxson et

al. 2007)

A geopolymer can take one of the three basic forms as shown in the Figure 2.6, i.e.:

* Poly (sialate), which has [-Si-O-Al-O-] as the recurring unit.

» Poly (sialate - siloxo), which has [ -Si-O-Al-O-Si-O-] as the recurring unit.

» Poly (sialate - di-siloxo), which has [ -Si-O-Al-O-Si-O-Si-O-] as the recurring unit.
The various terminologies used in geopolymerization concept according to Davidovits is
presented in Figure 2.7. Davidovits also suggested various possibilities for geopolymer

materials; Figure 2.8 briefly describes the possible applications of geopolymeric materials.
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Figure 2.7: Terminologies used in geopolymerization concept (Source: Davidovits

1999)
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Figure 2.8: Various applications of geopolymeric materials (Source: Davidovits

1999)
2.5.2 FElements of geopolymer
(a) Aluminosilicate materials

Materials primarily composing of amorphous Si and Al are potential sources for
geopolymers (Shuaibu 2014). In comparison to products derived from non-calcined
materials like kaolin clay, mine tailings, and naturally occurring minerals, demonstrated
that calcined source materials such fly ash, GGBS and calcined kaolin displayed a greater
compressive strength and reduction in reaction time. Metakaolin, ASTM Class F fly ash
natural AI-Si minerals, combination of calcined material and non-calcined materials,
combination of fly ash and metakaolin, and combination GGBS and metakaolin were

investigated as source materials in the past (Fifinatasha et al. 2013). Because of its high
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dissolving rate, ease of control of the Si/Al ratio, and white colour, metakaolin is chosen

by geopolymer product developers.
(b) Alkaline based activators

In the process of geopolymerization, NaOH or KOH and Na;SiO; or K2SiO3 solution are
the most frequently utilised alkaline based activators (Barbosa et al. 2000; Davidovits 1999;
Palomo et al. 1999). Some studies also conducted using single alkaline based activator
(Teixeira-Pinto et al. 2002). Type of activator plays an important role in the polymerization
process. Compared to using solely alkaline hydroxides, reactions happen much more
quickly when the alkaline-based activator also contains soluble silicate (either Na,SiO3 or
K>Si03). The addition of Na;SiOs3 solution to the K»>SiO3 as the alkaline based activator

enhanced the reaction of source material (Palomo et al. 1999).

2.6 PARAMETERS AFFECTING THE PROPERTIES OF FLY ASH BASED
GEOPOLYMERS
Alkaline activator or chemical activator solution plays an essential role in the beginning of
surface hydrolysis of the particles present in aluminosilicate materials as the precursors in
geopolymerization. A high alkaline media is generally required to promote the surface
hydrolysis of fly ash. A variety of parameters influence the geopolymerization’s process
outcome, including the type of alkaline activator used, the concentration of the alkaline
solution, the binder to alkaline ratio, the curing regime, and so on (Rangan et al. 2005;

Ridtirud et al. 2011).

2.6.1 Chemical activator type

Strong alkaline, such as NaOH, Na;SOs, NaxSiO3;, NaxCO3, KoCO3, KOH, K>SO,
Ca(OH)., are required in the geopolymerization mechanism to activate the Si and Al
containing in fly ash. Furthermore, a small amount of cement clinker or an alkaline solution
mixture can also be employed in the geopolymerization process (Khale and Chaudhary
2007; Komljenovic et al. 2010; Leong et al. 2016; de Vargas et al. 2014). The type and
concentration of alkaline activator, according to researchers, is the most critical parameter
in the geopolymerization process.

Phoongernkham et al. used NaOH and Na,SiOs for fly ash based geopolymer and observed
that this combination of solutions results in attaining good mechanical properties due to the
formation of crystalline Ca2SiO4 hydrates that co-existed with amorphous gel (Phoo-

ngernkham et al. 2015). However, Leong et al. explored the combination of alkaline
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hydroxides (i.e. NaOH, KOH, or Ca(OH);) and Na,SiOs. The compressive strength and
workability of Ca(OH)-based geopolymers were found to be the weakest when compared
to NaOH and KOH-based geopolymers (Leong et al. 2016). This was attributed to the
difference in ionic diameter between K and Na that caused KOH to have a lower activation

potential than NaOH.

2.6.2 Alkaline activators concentration

Many researchers demonstrated that the dissolution of Si and Al species during geopolymer
synthesis is strongly dependent on alkaline solution concentration (Khale and Chaudhary
2007; Rattanasak and Chindaprasirt 2009; Singh et al. 2005). Khale and Rubina reported
on the influence of NaOH concentration in geopolymerization mechanism on the release of
silicate and aluminate monomers from aluminosilicate sources and observed that as the
concentration increases, so does the release of silicate and aluminate monomers from those
aluminosilicate sources (Khale and Chaudhary 2007). Rattanasak and Prinya investigated
the leaching of fly ash admixed with NaOH solution (Rattanasak and Chindaprasirt 2009).
The leaching of SiO2 and Al2O3 was studied by mixing fly ash with different concentrations
of NaOH solution for varied time periods and it was found that when fly ash came into
contact with NaOH solution, leaching of Si, Al, and other minor ions began. The optimal
leaching period is determined by the concentration of the NaOH solution. The leaching
time of 5 to 10 minutes is stated to be adequate, as increasing the leaching time to 20 to 30
minutes did not result in an increase in the concentration of Si** and AI** ions.

Al-Bakri et al studied the influence of NaOH concentration on the compressive strength of
a fly ash based geopolymer paste. While fly ash to alkaline activator and Na,SiO3 to NaOH
ratios remained fixed, different concentrations of NaOH were utilized (Mustafa Al Bakri et
al. 2011). Based on the compressive strength (cured at 60°C for 24 hours) and tested for 7
days, the optimum NaOH concentration of 12M contributed a high compressive strength
0f 94.59 MPa. Somna et al, on the other hand, evaluated the effect of NaOH concentration
on the ground fly ash based geopolymers cured at room temperature (Somna et al. 2011).
As an alkaline activator, NaOH concentrations ranging from 4.5 to 16.5 M were utilized. It
was observed that increasing the NaOH concentration from 4.5 to 14.0 M enhanced the
strength of fly ash based geopolymeric pastes. Microstructure investigations revealed that
at higher NaOH concentrations (12.0-14.0 M), new crystalline sodium aluminosilicate
products were formed. The compressive strengths of geopolymeric paste at 28 days were

20.0-23.0 MPa with NaOH concentrations ranging from 9.5-14.0 M. Increasing the NaOH
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concentration above this point, however, resulted in a loss in paste strength due to early
precipitation of aluminosilicate compounds.

Further research into the effect of NaOH content on fly ash based geopolymeric mortar or
concrete was also been conducted (Atis et al. 2015; Gorhan and Kiirklii 2014; Hardjito et
al. 2008; Mishra et al. 2008; Patankar et al. 2014; Ridtirud et al. 2011). The compressive
strength of geopolymer mortar or concrete is dramatically affected by an increase in NaOH

solution concentration from 3M to 16M.
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Figure 2.9: Influence of molarity of alkaline on fly ash based geopolymers
compressive load carrying capacity (compiled results from various researchers)
Figure 2.9 shows that increasing the concentration of alkaline activator increases the
mechanical characteristics of the geopolymers up to a certain point, after which it decreases.
However, the workability of the geopolymers demonstrates that the flow increases with
increasing concentration of NaOH solution and that the density of geopolymers does not

depend on NaOH solution concentration.

2.6.3 Ratio of Na2SiO3/NaOH

It was observed that utilizing either Na>SiO3 or NaOH resulted in decreased aluminosilicate
material activation. As per Phoongernkham et al. the use of both NaOH and Na>SiOs3 in
combination for the production of fly ash based geopolymer resulted in the synthesis of
crystalline structures that co-existed with amorphous gel (Phoo-ngernkham et al. 2015).

However, using only Na;SiO3 solution, on the other hand, resulted in the formation of
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largely amorphous products. NaOH or Na,SiOs solution alone yielded low strengths when
cured at ambient temperature conditions. For best strength development, a combination of
NaOH and NaxSiOs3 solutions is recommended.

Mustafa et al. examined the effects of varying ratios of NaxSiO3 to NaOH on the
compressive strength of fly ash based geopolymeric paste (Al Bakri et al. 2012). The ratios
were kept constant throughout the experimental work at 0.5, 1, 1.5, 2, 2.5, and 3. The
concentration of NaOH was kept at 10 M. According to the compressive strength results,
(cured for 24 hours at 60°C and evaluated for 7 days) a high compressive strength of 57
MPa may be attributed to the ideal ratio of 2.5 for Na>SiO3; to NaOH. Because of the high
concentration of hydroxyl ions in the combination, geopolymeric paste with a Na>SiO3 to
NaOH ratio of 3.0 is said to have low compressive strength results.

Nevertheless, a thorough analysis of the compressive strength of fly ash based geopolymers
with different Na,SiO3 to NaOH ratios by numerous researchers revealed that the ratio
significantly affects fly ash based geopolymers. M" (alkaline ions), which acts as charge-
balancing ions and are crucial to the formation of geopolymers, were found to be present
in higher concentrations in the mixture when the ratio of Na;SiO; to NaOH increased
(Hardjito et al. 2008; Leong et al. 2016; Morsy et al. 2014; Ridtirud et al. 2011; Risdanareni
et al. 2015). Furthermore, compared to other ratios with the Na>SiO3 to NaOH of 0.3 - 1.5,
the researchers reported that fly ash based geopolymer with a high Na>SiO3 to NaOH of 3.0
produces reduced drying shrinkage. This can be ascribed to high silicate content the

reaction or condensation is fairly quick (Ridtirud et al. 2011).
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Figure 2.10: Influence of the ratio of NaOH to Na:SiOs3 on the compressive load
carrying capacity of fly ash based geopolymers (compilation of obtained results from

various researchers)
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Figure 2.10 shows that the ratio of NaxSiO3 to NaOH increases the mechanical
characteristics of the geopolymers up to a certain point, after which it decreases. Leong et
al. investigated the fly ash based geopolymeric mortar and observed that the workability
decreases as the Na;SiO3/NaOH ratio increases, and commercial grade Na>SiO3
significantly increases the workability of fly ash based geopolymers when compared to
industrial grade Na>Si0s3. The compressive strength of geopolymers made with commercial
grade Na;SiO; is much higher than that of geopolymers made with industrial grade

Na»Si03, and it increases as the Na>SiO3/NaOH ratio increases.
2.6.4 NaOH to binder ratio

The fresh mixture characteristics, particularly flowability or workability and setting rate,
are critical for the practical application of cementitious materials. The alkaline activator to
binder ratio is critical for understanding the behaviour of the geopolymerization process,
as well as the fresh and hardened properties of the geopolymers. So, the fresh characteristics
of geopolymer mixes, such as workability and setting, are substantially influenced by the
amount of water added and the alkaline content of the solution. The amount of water used,
or the water to binder ratio, has a considerable impact on the workability of the mixes, their
setting, and the engineering characteristics of the hardened products. The water-to-binder
ratio is critical in geopolymer combinations because it acts as the water-to-cement ratio in
Portland cement mixtures.

The researchers observed that the binder to alkaline activator ratio was the most important
parameter in the development of geopolymers (Kong et al. 2007; Leong et al. 2016;
Patankar et al. 2014). Experimental studies by various researchers have shown that fly ash
based geopolymers with different binder to alkaline activator ratios with other parameters
have constant workability and it increases with increasing alkaline to binder ratio. Leong
et al. evaluated the effect of alkaline activator to fly ash ratio on the workability of
geopolymer mortar by altering the ratio from 0.3 to 0.6 and observed that the workability
of the geopolymer mortar increases as the alkaline activator to fly ash ratio increases (Leong
et al. 2016). It has been reported that at an alkaline activator to binder ratio of 0.3,
workability cannot be measured since the mixture collapses instead of flowing when
exposed to a flow table test. At an alkaline activator to fly ash ratio of 0.6, the maximum
workability (about 250 mm) was observed. The water content in the mix increases as the
alkaline activator to fly ash ratio increases, indicating high workability. However, as the

solution to binder ratio increases, the rate of flow gain becomes less important. The
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spherical morphologies and fineness of the fly ahs particles, which dramatically boosts
workability, resulted in much higher alkaline to binder ratios for the fly ash based
geopolymers. The alkali activator to binder ratio influences numerous essential geopolymer
characteristics. This parameter, however, has a considerable impact on overall strength.
Many researchers investigated the effect of the alkali activator to binder to ratio, which
ranged from 1 to 5, and test results on the compressive load carrying capacity of
geopolymers revealed that an optimum range of 2 to 4 was used in their studies, depending
on the properties of raw materials, chemical composition of alkali activator, and water
content in the alkali activator (Abdul Rahim et al. 2014; Abdullah et al. 2011; Kong et al.
2007). Figure 2.11 depicts the effect of alkaline activator to binder ratio on compressive

strength of geopolymer paste.
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Figure 2.11: Influence of the ratio of NaOH to binder on the compressive load
carrying capacity of geopolymers (compilation of obtained results from various

researchers)

2.7REVIEW OF PELLETIZED AGGREGATES PRODUCTION USING
ALKALINE ACTIVATION

The following table (Table 2.2) summarizes the production of pelletized aggregates using

a combination of alkaline activators using various precursors such as fly ash, bottom ash,

GGBS, bentonite, pond ash, and rice husk ash etc.

29



Table 2.2: Production of pelletized aggregates using alkaline activation

Composition of Production process parameters used . .
pelletized aggregates in disc pelletization Characteristics of pelletized aggregates
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The aforementioned raw materials discussed in Section 2.3 have been utilized collectively
in combination with OPC as a binding agent. In recent years, there has been a significant
study focus on the utilization of alkaline activators as a binder in the production of alkaline
activated pelletized aggregates (Geetha and Ramamurthy 2013; Gomathi and Sivakumar
2015b; Shivaprasad and Das 2018). This is primarily attributed to the remarkable
performance exhibited by cement-free matrices generated through alkaline activation.
Geopolymer aggregates were produced by activating low-calcium bottom ash with a
mixture of NaxSi03; and NaOH at a molarity of 8-12 mol/l (Geetha and Ramamurthy 2013).
The bulk density and ten percent fines value of the aggregates were found to be 7 to 20%
and 12 to 93% greater, respectively, than that of cement-activated aggregates, according to
their research findings. A similar solution was also employed as an alkaline activator to
activate fly ash, GGBS, and rice husk ash. Gomathi and Sivakumar conducted a research
to assess the efficacy of NaOH with a molarity of 10 mol/l in stimulating the activation of
fly ash and bentonite (Gomathi and Sivakumar 2015b). The researchers came to the
conclusion that the utilization of an alkaline activator significantly enhances the mechanical

and microstructural characteristics of the produced pelletized aggregates.

2.8 REVIEW OF USAGE OF MINE TAILINGS FOR PRODUCING VALUED
ADDED PRODUCTS

2.8.1 General

Mine tailings refer to the residual materials that remain subsequently after the extraction of
precious minerals from the non-valuable portion of an ore. The quantity of tailings
produced can vary significantly, with certain copper ores yielding between 90% and 98%,
while other mineral deposits may generate between 20% and 50% of tailings (Nagaraj
2000). Waste generated during the extraction and processing of mineral resources is one of
the main waste streams that has yet to be accounted for. Topsoil, overburden, waste rock,
and tailings are typical materials that must be removed in order to obtain access to mineral
deposits. The massive amounts of mine tailings produced by mining operations have raised
concern about the ecological and environmental consequences, such as the encroachment
of enormous areas of land, the formation of windblown dust, and the poisoning of surface
and subsurface water. Iron ores frequently contain so few metals that about 32% of the ore
mined ends up as tailings. (Sunil et al. 2015). In terms of chemical composition, these mine
tailings is mostly composed of Si, Al, and CaO, with a percentage ranging from 60% to

90% (Lazorenko et al. 2021). Consequently, tailings possess the potential to serve as an
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alternate resource for fulfilling various construction and industrial needs (Divvala 2021;
Dold 2020; Eugénio et al. 2021; Kinnunen et al. 2018; Rico et al. 2008). As discussed
previously, the geopolymer network consists of tetrahedra comprised of AlO4 and SiOs,
which are interconnected by oxygen atoms (Provis and Van Deventer 2009). The negative
charge inside the network is counterbalanced by the presence of positively charged ions
(such as Ca*"Na®, K, and Li") within the framework's cavities. The utilization of mine
tailings as a general practice approach may have the potential to mitigate the accumulation
of these tailings and reduce ecological contamination. Additionally, this approach can offer
the combined benefits of geopolymer technology, including a decrease in CO» emissions,
the utilization of other techniques for alumino-silicate waste, and the versatile
characteristics of geopolymers as a construction adhesive (Chau-Khun et al. 2018;

Lazorenko et al. 2020b; a).

2.8.2 Review of techniques available for disposal of mine tailings

Disposal of MT is a major contributor to environmental degradation in the mining industry.
Such a result is highly anticipated, considering that the quantity of mine tailings that require
storage frequently exceeds the capacity of on-site ore extraction. In the last century, there
has been a significant increase in the quantity of mine tailings due to the rising need for
metals and minerals, as well as the implementation of improved mining and processing

techniques to effectively employ low-grade minerals and enhance their value extraction.
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Figure 2.12: Available techniques for converting mine tailings into value added

products (Source: Qaidi et al. 2022)
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Figure 2.12 illustrates the various techniques available/explored by researchers for
disposing mine tailings in a sustainable manner. A major portion of prior research has
focused on the utilization of mine tailings for the purpose of backfilling cement paste (Zhao
etal. 2021). The surface based mine tailings are frequently blended with a binder in a small
backfill plant before pumping to subterranean slopes through gravity (Qi and Fourie 2019).
This method reduces the amount of mine tailings that must be stored in tailings ponds
(Lottermoser 2011). It is feasible to mitigate the problems associated with mine tailings,
such as dust production, landslides, surface water contamination, and acquisition
agricultural land by these tailings. Furthermore, essential elements can be recovered from
previously deposited mine tailings like Ag and Li containing minerals can be recovered
from Au and micaceous tailings, respectively (Qaidi et al. 2022). Many types of mine
tailings can be recycled and used again like Mn rich tailings can be used to make building
materials, ceramics, glass, and coatings; clay-rich tailings can be used to make bricks,
sanitary wares, porcelain, and cements; iron ore tailings admixed with other materials like
FA and sewage; and Al203.2H>0 containing tailings can be used as aluminium resources
(Qaidi et al. 2022). These disposal techniques help mining industries to clean up the
accumulated mine tailings and convert it into something valuable to the construction

industry.

2.8.3 Review of usage of mine tailings in conjunction with geopolymers

As previously stated in the Section 2.8.1, the process of geopolymerization or alkali-
activation of mine tailings is a viable option for the sustainable management of these mining
wastes. This strategy holds significant potential for utilizing large quantities of hazardous
mining wastes to produce value-added products while simultaneously mitigating
environmental consequences. A review of the past research pertaining to the utilization of
mine tailings in the synthesis of geopolymers/alkali activated materials is discussed in the

subsequent sections.

2.8.3.1 Copper ore tailings and gold ore tailings

Using an alkaline solution of NaOH and aqueous Na;SiO3, Ahmari et al. produced
geopolymer materials from copper ore tailings (Ahmari et al. 2012). The results stated that
the addition of Na,SiO; increases compressive strength while maintaining the Si02/Na,O
ratio between 1 and 1.26. In a similar way, it has been observed that the NaOH

concentration of 15 M significantly enhances the compressive strength of the material. This
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enhancement is most pronounced when the curing temperature is elevated to 90 °C,

resulting in a denser microstructure.

In a study conducted by Zhang et al., it was observed that the incorporation of fly ash into
mine tailings resulted in enhanced mechanical characteristics and the development of a
denser structure (Zhang et al. 2011), wherein the percentage of fly ash added ranged from
0% to 75%. This favourable effect was primarily due to a drop in the Si/Al ratio.
Furthermore, an increase of NaOH concentration had a significant role in facilitating the
rapid dissolving of Si and Al particles. Consequently, this led to the subsequent formation
of geopolymeric gels exhibiting enhanced compressive strength in the resultant
geopolymers derived from copper ore tailings. Copper ore tailings were also utilized to
make geopolymer bricks (Ahmari and Zhang 2012). The geopolymeric bricks achieved
higher unconfined compressive strength with 15 M NaOH, slightly higher curing
temperature, and higher forming pressure, resulting in a compact microstructure.

The study conducted by Caballero et al. examined the utilization of gold ore tailings waste
as a precursor for geopolymeric sources in the production of alkaline activated binders
(Caballero et al. 2014). The compressive load carrying capacity values of the alkaline
activated geopolymers, which were subjected to a curing temperature of 70 °C for a
duration of 12 hours, exhibited greater values compared to those of commercial OPC. The
combination of NaOH with a concentration of 15 M with sulphidic mine tailings and GGBS
resulted in the solidification of materials exhibiting compressive load carrying capacity
value of up to 3.5 MPa. The incorporation of 5% of GGBS activated by a 5SM NaOH
solution results in a notable enhancement of the unconfined compressive strength, with a
maximum value of 4.4 MPa. According to Kiventerd et al., the compressive load carrying
capacity values reached 20 MPa as the GGBS content increased and was activated by SM
NaOH (Kiventerd et al. 2016).

It was observed that the utilization of gold ore tailings as a precursor for geopolymers
resulted in the development of materials with a compressive load carrying capacity value
of around 5.48 MPa. This was achieved by employing lime sludge in combination with
NaOH 5 M as the activators, as reported by Aseniero et al. 2019. The unconfined
compressive strength of the resultant geopolymers were determined to be 18.10 MPa after
a curing period of 5 days at a temperature of 100 °C. This result was achieved through the
activation process using KOH and K[AI(OH)4]. The activator ratio employed was around

2.8, resulting in a Si/Al ratio of 1.02. Another study conducted by Huang et al. shown that
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the compressive load carrying capacity values of compressed geopolymers, initially at 10
MPa, significantly increased to 40 MPa through the activation of mine tailings with NaOH
at a temperature of 170 °C for a duration of 1 hour (Huang et al. 2020).

2.8.3.2 Iron ore tailings and tungsten ore tailings

In a study, Niu et al. employed Na>SiO3 and NaOH to activate iron ore tailings admixed
with GGBS (Niu et al. 2011). The researches explored the effects of varied synthesis
parameters on the activation process. The study demonstrated that the addition of 80%
GGBS resulted in an increase in compressive strength carrying capacity values, reaching
45.10 MPa. Furthermore, when a Na;SiO3 to NaOH ratio of 0.5 was employed, the
compressive strength carrying capacity values further improved to 63.79 MPa after 7 days
of curing. Subsequently, after 14 days, the unconfined compressive strength was around
71.25 MPa. The tailings were utilized in the production of geopolymer bricks. The key
factors for achieving favourable mechanical characteristics were determined to be a
NaySiO3 content of 31%, an initial setting time of 15 minutes, and a curing temperature of
80°C. By adhering to these parameters, a compressive strength carrying capacity values of
50.35 MPa was attained after 7 days of curing. Furthermore, the researchers of this study
noted that these bricks offer certain advantages over commercial alternatives in relation to
energy usage, achieved by the utilization of low temperature oven drying (Kuranchie et al.
2016).

Furthermore, the utilization of iron ore tailings was employed as a substitute for quartz
aggregates in the development of metakaolin-based geopolymeric mortar, in conjunction
with NaOH and NaxSiOs. The prepared samples exhibited a higher density and a more
compact structure in comparison to those containing quartz aggregates. The water
absorption and porosity exhibited greater values in comparison to the quartz formulation
containing quartz aggregate, as reported by Borges et al. 2019. The aforementioned
findings were validated in the context of geopolymers utilizing a combination of class-C
fly ash and 20% iron ore tailings. Analysis of SEM images revealed a decrease in apparent
porosity and microcracking, accompanied by a notable high compressive strength carrying
capacity values of approximately 50 MPa (Duan et al. 2016b).

Another study by Sharath et al. stated that the utilization of iron ore tailings as fine
aggregates in the production of class-F fly ash geopolymer mortars, activated with NaOH

and Na>Si0s; solution, resulted in a compressive strength carrying capacity values of 8.27
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MPa. This value was found to be greater than that of mortars containing natural sand
(Sharath et al. 2018).

Adding red clay brick wastes to tungsten ore tailings cured at 60°C for 24 hours enhanced
compressive strength carrying capacity values up to 59 MP after 28 days, forming three
gels (N-A-S-H, C-A-S-H, and K-A-S-H)(Sedira et al. 2018). Using GGBS at various
percentages with tungsten ore tailings resulted in alkali-activated materials with a
compressive strength carrying capacity values of 23.5 MPa after 28 days of curing. The
reduction of porosity and average pore diameter caused by CaO hydration led to the
formation of C-A-S-H gel (Sedira and Castro-Gomes 2019). Tungsten ore tailings with
40% waste glass activated by NaOH and Na;S103 solution increased amorphous phase by
21%. Samples cured at 20°C achieved compressive strength capacity values only up to 2.6

MPa after 28 days. After 28 days at 80°C, it reached up to 22 MPa (Kastiukas et al. 2016).

2.8.3.3 Vanadium ore tailings and bauxite ore tailings

Jiao et al. employed vanadium ore tailings admixed with metakaolin as a source of Al in
geopolymer synthesis utilizing NaOH. The addition of appropriate metakaolin dosages
enhanced compressive strength carrying capacity values due to the formation of additional
gel phases, according to the obtained results (Jiao et al. 2011). The release of alumina and
condensation was increased by the elevated temperature. At 60 °C and 30% metakaolin
content, the maximum compressive strength carrying capacity values was around 55.7
MPa.

In another study, the mechanical activation of vanadium ore tailings with a planetary mill
decreased particle size while increasing specific surface area. This resulted in a rapid setting
time and a high compressive strength carrying capacity value of around 25 MPa (Wei et al.
2017). The compressive strength carrying capacity values of molybdenum ore tailings
based geopolymers was 15 MPa, which was much higher than that of vanadium ore tailings
and fly ash based geopolymers. In 3 days of curing at room temperature, the addition of
20% metakaolin and 35% Na>SiOs3 resulted in a maximum compressive strength carrying
capacity value of 46 MPa (Wang et al. 2019).

Ye et al. investigated a 6-year-old geopolymer made from calcined bauxite ore tailings and
NaxSi0O; activated GGBS. In this study, compressive strength carrying capacity values
increased from 50.0 MPa at 28 days to 75.0 MPa at 6 years. Progressive geopolymerization
made the microstructure more compact and less porous, allowing C—A—S—H and N-A—S—

H gels to coexist (Ye et al. 2017). Alkali-activating bauxite ore tailings at 1100°C with
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K>Si03 and curing at 60°C for 72 hours resulted in a thick structure with a compressive

strength carrying capacity value of 40 MPa (Hertel et al. 2016).

2.9 CRITICAL REVIEW

The efficient usage of fly ash as well as wastes generated from mining and ore upgradation
operations is very much critical in mitigating the various environmental issues. Upon
conducting an extensive review of the relevant literature, it has been determined that the
construction industry has the capacity to accommodate these enormous quantities of wastes
if it is planned meticulously. Additionally, one of the greatest challenges for concrete and
cement technologists is the development of methods to reduce the carbon footprints. This
objective can solely be accomplished through the geopolymerization process. The literature
suggests that geopolymerization has the greatest potential to entirely eliminate the need for
cement in concrete.

Moreover, in light of the demands of the concrete manufacturing sector, it is evident that
the extraction of aggregate, a critical component comprising approximately 70% of its
volume, presents a significant challenge to the conservation of natural resources (Tajra et
al. 2019). The mining of aggregates has been subjected to additional taxes imposed by the
majority of regulatory authorities, and in certain areas, it is completely prohibited
(Kiventerd et al. 2020; Qaidi et al. 2022). It was observed from the extensive literature that
aggregates produced either by fly ash, bottom ash, rice husk ash etc. were mostly classified
as lightweight aggregates as per EN 13055-1 based upon the obtained characteristics of
these produced aggregates (Tajra et al. 2019). Some recent literature on the production of
fly ash and slag-based aggregates with the inclusion of mine tailings discusses the
characteristics of produced aggregates wherein it is stated that most of aggregates found to
be satisfying the minimum gradation requirements, achieved the requisite strength
characteristics, but were found to be still lightweight, highly water absorbent and porous
(Asadizadeh et al. 2023a; b, 2024). As understood from the available literature, mine
tailings are predominantly rich in alumina and silica and requires an efficient interaction
with alkalis as well as other aluminosilicate materials (Kiventerd et al. 2016) which will
impact the characteristics of final deliverables, that is pelletized aggregates. This
incorporation of alkaline materials in conjunction with aluminosilicate rich binders helps
in altering the physical and mechanical characteristics of mine tailings, facilitates the rise
in concentration of aluminosilicates in the presence of alkaline activators resulting into an

efficient occurrence of geopolymerization reaction (Kiventerd et al. 2016). Furthermore,
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most of the mine tailings possess a higher specific gravity which can serve as an additional
beneficial factor in the production of pelletized aggregates, thereby complying them to
adhere BIS requirements.

The goal of this research work is to produce pelletized aggregates with the utilization of fly
ash admixed with additive admixtures and mine tailings in conjunction with alkaline
activators, cured under ambient temperature conditions, a well-designed experimental
approach is crucial. This design of experiments methodology provides a structured and
efficient way to study the effects of multiple factors (that is key factors of
geopolymerization, additive admixtures and mine tailings) and their interactions that
influences the characteristics of pelletized aggregates. This approach will bring more
robustness in the production methodology of pelletized aggregates. Moreover, this
experimental research also aims in solving the disposal problems of growing industrial
byproducts as well as the environmental hazards in a more sustainable and cost-effective

manner, so as to stick to the idea of sustainability which is the need of the hour.

2.10 OBJECTIVES OF THIS EXPERIMENTAL RESEARCH WORK
The objectives of this experimental research are

e To study, investigate and optimize the appropriate dosage levels of alkaline solutions
with additive admixtures (bentonite, burnt lime and GGBS) on the production and
engineering properties of pelletized aggregates.

e To identify the influence of optimized replacement level of the chief precursor (FA)
with two types of mine tailings (iron ore and copper ore tailings) on the production of
pelletized aggregates.

e To study and understand the influence of addition of ultrafine FA on the production
and engineering properties of pelletized aggregates constituted with optimized dosage
levels of partially replaced mine tailings and binding agents.

e To carry out advanced characterization studies such as SEM, TGA and FTIR analysis
on all the different types of produced pelletized aggregates.
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CHAPTER -3

EXPERIMENTAL METHODOLOGY

3.1 GENERAL

This section discusses the numerous materials that were used and the tests conducted on
those materials, and the corresponding results are shown. Additionally, the experimental
mix design and methodology adopted in the production and testing of the engineering and
microstructural properties of fly ash based pelletized aggregates are presented in this

section.

3.2 SOURCE MATERIALS AND THEIR CORRESPONDING PROPERTIES
3.2.1 Flyash

The fly ash (FA) utilized in the study was acquired from Udupi Power Corporation Limited,
Udupi District, Karnataka. The physical characteristics and chemical composition of FA
were determined, and the results are tabulated in Table 3.1. Based on the obtained chemical
composition, it is classified as class F type according to IS 3812 (part-1) —2013. The grain

size distribution of FA utilized in this study is represented in Figure 3.1.
3.2.2 Bentonite

The bentonite (BT) utilized in the study was acquired from KIOCL Ltd., Mangalore,
Dakshina Kannada District, Karnataka. The physical characteristics and chemical
composition of BT were determined, and the results are tabulated in Table 3.1. The grain

size distribution of BT is represented in Figure 3.1.
3.2.3 Burnt Lime

The burnt lime (BL) utilized in the study was acquired from KIOCL Ltd., Mangalore,
Dakshina Kannada District, Karnataka. The physical characteristics and chemical
composition of BL were determined, and the results are tabulated in Table 3.1. The grain

size distribution of BL is represented in Figure 3.1.
3.2.4 Ground granulated blast furnace slag

The ground granulated blast furnace slag (GGBS) was acquired from Jindal Steels,

Toranagallu, Bellary District, Karnataka. The physical characteristics and chemical
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composition of GGBS were determined, and the results are tabulated in Table 3.1. The

grain size distribution of GGBS is represented in Figure 3.1.
3.2.5 Iron ore tailings

The iron ore tailings (IOT) were acquired from a tailing dam located at Kudremukha,
Chikmagalur District, Karnataka. The physical characteristics and chemical composition
of IOT were determined, and the results are tabulated in Table 3.1. The grain size

distribution of IOT is represented in Figure 3.1.
3.2.6 Copper ore tailings

The copper ore tailings (COT) were acquired from the Malanjkhand Copper Project,
Hindustan Copper Ltd., Malanjkhand, Balaghat district, Madhya Pradesh. The physical
characteristics and chemical composition of COT were determined, and the results are

tabulated in Table 3.1. The grain size distribution of COT is represented in Figure 3.1.
3.2.7 Ultrafine fly ash

The ultrafine fly ash (UFA) was acquired from a local vendor in Nashik District,
Mabharashtra, India. The physical characteristics and chemical composition of UFA were
determined, and the results are tabulated in Table 3.1. The grain size distribution of UFA

is represented in Figure 3.1.

Table 3.1: Physical characteristics and chemical compositions of FA, BT, BL, GGBS,

I0T, COT and UFA
Physical characteristics
Property FA | BT | BL | GGBS |IOT | COT | UFA
Blaine fineness (m?/kg) 260 - - 350 - - 670
Specific gravity 2.2 2.3 2.3 2.8 33 | 24 2.2
Chemical compositions (%)
Oxide FA | BT | BL | GGBS | 10T | COT | UFA
Silicon dioxide + Aluminium oxide + Ferric oxide | 84.2 | 81.2 | 9.3 46.0 | 973 | 834 | 954
Calcium oxide 6.3 1.8 | 75.8 | 448 | 0.6 | 3.6 1.3
Magnesium oxide 1.2 2.9 4.4 4.4 1.1 | 2.0 1.4
Sulfur trioxide 0.57 - - 226 | 0.1 | 43 1.0
Loss on ignition 1.7 8.1 2.0 1.3

40




—a— FA—%— BT—&— BL—v— GGBS—%— [OT—4+— COT—— LUFA

100

Percenatge Finer

0.01 0.1 1 10 100

1000 10000

Particle Size {pm)

Figure 3.1: Grain size distribution of the materials utilized in this experimental

research

3.2.8 Alkaline solution

The alkaline solution was prepared using laboratory-grade NaOH pellets and Na>SiO3 (7.5
to 8.5% Nax0; 25-28% Si02; 65.5% H20 by mass). To prepare a NaOH solution, NaOH
pellets were dissolved in distilled water. Subsequently, the NaOH solution that had been
prepared was combined with Na,SiO3 in order to obtain the alkaline solution. This alkaline
solution is left to cool at room temperature for 24 hours before being used in the production

of fly ash based pelletized aggregates.

3.3 SEQUENTIAL STEPS FOLLOWED IN THE PRODUCTION OF BINARY AND
MULTI-BLENDED PELLETIZED AGGREGATES

This experimental research focuses on the production of binary blended pelletized
aggregates like FA-BT, FA-BL, FA-GGBS, FA-IOT, FA-COT, and multi-blended blended
pelletized aggregates like FA-UFA-BL-IOT/COT and FA-UFA-GGBS-IOT/COT, which

involves pelletization of FA and UFA with aforementioned additive admixtures such as
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BT, BL, and GGBS and mine tailings like IOT and COT by means of a laboratory-typed

disc pelletizer having a disc diameter of 500 mm and a depth of 125 mm, as shown in Figure

3.2

Disc Angle Adjustor

Blades ’

Speed Controller

Pelletizer Frame

Figure 3.2: Laboratory-scale disc pelletizer with components (Sharath et al. 2023a)

The sequential steps followed in the pelletization process consists of (Sharath and Das

2021):

1.

Thorough mixing of lump free materials is carried out which needs to be pelletized i.e.,
FA, BT, BL, GGBS, 10T, COT (pulverized) and UFA for producing FA-BT, FA-BL,
FA-GGBS, FA-IOT, FA-COT, FA-UFA-BL-IOT/COT and FA-UFA-GGBS-IOT/COT
aggregates, respectively.

The different types of mixtures are fed into the disc pelletizer by presetting the required
adjustments in it like maintaining a constant degree of inclination as 45°, constant
duration of pelletization as 15 min and a constant revolutionary speed of 45 RPM
during the dure course of production of pelletized aggregates.

Spraying of the prepared alkali solution over the different types of mixtures within 3
min of the pelletization process. The produced FA-BT, FA-BL, FA-GGBS, FA-IOT,
FA-COT, FA-UFA-BL-IOT/COT and FA-UFA-GGBS-IOT/COT were cured at
ambient temperature conditions (28°C + 2°C) for a curing period of 14, 28 and 100
days.
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3.4 FACTORS OF GOVERNANCE IN THE PRODUCTION OF BINARY
BLENEDED PELLETIZED AGGREGATES

3.4.1 Governing factors in the production of pelletized aggregates with admixture
additions (BT, BL and GGBS)

As understood from the available literature, two factors that are connected to the strength
and efficiency of geopolymerization are Na2O and water content (Harikrishnan and
Ramamurthy 2006; Ramamurthy and Harikrishnan 2006; Shivaprasad and Das 2018).
Along with these two factors, an additional factor was the addition of varied dosages of
admixtures, i.e., BT, BL, and GGBS (Sharath et al. 2023b). Hence, dosages of Na,O, water,
and mineral admixtures collectively serve as governing factors as well as experimental
parameters for designing the production methodology for producing pelletized aggregates
such as FA-BT, FA-BL, and FA-GGBS aggregates (Sharath et al. 2023b).

Preliminary trial studies were carried out to determine the combination of suitable ranges
for Na>O dosage (3%, 4%, 5%, and 6%), water content dosage (19%, 20%, 21%, and 22%),
and additive admixtures (5%, 10%, 15%, and 20% by weight of fly ash) for producing
pelletized FA-BT, FA-BL, and FA-GGBS aggregates (Sharath et al. 2023b). A solution
with high NaxO content was found to have a high strength in the resulting geopolymers
(Fernandez-Jiménez and Palomo 2005). Moreover, as the concentration of NayO in the
alkaline solution increased, it became too cohesive and difficult for its use in the production
of pelletized FA-BT, FA-BL, and FA-GGBS aggregates. Also, a high dosage of water and
additive admixtures resulted in the formation of large, unevenly shaped
agglomerates (Sharath et al. 2023b). Hence, the dosage of Na>O content in the production
of FA-BT and FA-GGBS aggregates was within the range of 3-5% of the combined mass
of the precursor material and 4-6% of the combined mass of the precursor material for
producing FA-BL aggregates (Sharath et al. 2023b). The water content was varied in the
range of 19-21%, and the same was maintained for the production of pelletized FA-BT,
FA-BL, and FA-GGBS aggregates (Sharath et al. 2023b). The ratio of SiO2/Na;O was
maintained constant thought-out the production process of pelletized FA-BT, FA-BL and
FA-GGBS aggregates.

3.4.2 Governing factors in the production of pelletized aggregates with mine tailings

addition (IOT and COT)

As discussed in Section 3.4.1, apart from the dosage contents of Na;O and water, the ratio

of Si02/NaxO was also found to be equally influential for imparting strength and efficiency
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to the resultant geopolymers (Shivaprasad and Das 2018). In addition, the incorporation of
various types of mine tailings was found to be influential for producing sustainable value-
added products (here fly ash based pelletized aggregates) has attracted attention in recent
times by various researchers (Kuranchie et al. 2016; Sharath et al. 2023a; Sharath and Das
2021; Thejas and Hossiney 2022; Zhang et al. 2013).

Preliminary trial studies stated that dosage levels and fineness of IOT and COT were found
to alter the dosage contents of NaxO and water in the production of binary blended
pelletized FA-IOT and FA-COT aggregates as mine tailings are coarser in nature (Sharath
and Das 2021). With the obtained observations, the dosage levels of Na,O and water
contents varied by 3—-6% and 13%—15%, respectively, in the production of pelletized FA-
IOT and FA-COT aggregates.

By analyzing the available literature focused on the physical and mechanical properties of
the produced aggregates, such as particle size, particle density, and water absorption, it is
evident that these properties varied in ranges of 4-20 mm, 0.88-2.12 g/cm?, and 2.5-77%
(Gesoglu et al. 2012; Gomathi and Sivakumar 2014a; Kockal and Ozturan 2011; Tajra et
al. 2018; Thomas and Harilal 2015). However, most of the produced aggregates possessed
lesser particle density, thereby classifying them as lightweight aggregates (Sharath et al.
2023a). The high specific gravity of mine tailings (IOT and COT) would help in producing
artificial coarse aggregates of equivalent or similar density to that of natural aggregates
(Sharath et al. 2023a). Hence, the dosage levels of IOT and COT were selected as 50-90%
(as areplacement for FA) in the production of pelletized FA-IOT and FA-COT aggregates.
The variation ranges in the Si02/Na,O ratio were fixed at 0.23—0.3 based on the preliminary

trial investigations, as discussed above.

3.5 EXPERIENTAL DESIGN FOR THE PRODUCTION OF BINARY AND
MULTI-BLENDED PELLETIZED AGGREGATES

In order to evaluate the interaction among the governing factors of geopolymerization and
integration of additive admixtures as well as mine tailings (as discussed in Sections 3.4.1
and 3.4.2), the concept of the design of experiments was used. Among the various available
experimental design methodologies, Taguchi’s orthogonal arrays facilitates this assessment
of various governing factors involved in the production of pelletized aggregates. By using
Taguchi’s experimental design methodology, numerous factors in a particular experiment

can be studied by performing a minimum number of experiments by means of orthogonal
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arrays (Sharath et al. 2023a). The sequential steps involved in Taguchi’s experimental

design method are listed as follows:

a)
b)

d)

Selection of governing factors along with their corresponding levels.

Suitable orthogonal array selection by means of Taguchi experimental design followed
by appropriate arrangement of factors of governance along with their corresponding
levels.

Performing the production of binary blended pelletized aggregates which were FA-BT,
FA-BL, FA-GGBS, FA IOT and FA-COT as per the mixes designed using Taguchi’s
experimental design methodology.

Evaluating the engineering properties of the produced aggregates (presented in
subsequent sections) by carrying out a series of tests on the produced aggregates (FA-
BT, FA-BL, FA-GGBS, FA-IOT and FA-COT).

Calculation of response indices for the obtained results of the produced aggregates
(FA-BT, FA-BL, FA-GGBS, FA-IOT and FA-COT) with the help of statistical
software that is MINITAB software version 20.2.

Adopting grey relational analysis method for analyzing the obtained results together

and identifying the most influential experimental parameter among the selected ones.

3.5.1 Mix proportioning design for producing binary blended pelletized aggregates

In the production of binary blended pelletized aggregates, that is, FA-BT, FA-BL, FA-

GGBS, FA-IOT, and FA-COT aggregates, the varying levels of geopolymerization factors
(Na2O and water content, ratio of Si02/Na>O) and dosage levels of BT, BL, GGBS, 10T,

and COT are depicted in Tables 3.2 and 3.3, respectively.

Table 3.2: Levels of governing factors in the production of pelletized FA-BT, FA-BL
and FA-GGBS aggregates

Level 1 Level 2 Level 3
Governing Factors | FA- | FA- | FA- FA- | FA- FA- | FA- | FA- | FA-
BT | BL | GGBS| BT | BL | GGBS | BT | BL | GGBS
I: Na2O content (%) 3 4 3 4 5 4 5 6 5
II: Water content (%) | 19 19 19 20 20 20 21 | 21 21
III: Admixture
5 5 5 10 10 10 15 15 15
content (%)
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Table 3.3: Levels of governing factors in the production of pelletized FA-IOT and
FA-COT aggregates

Variation levels
Governing Factors
Level 1 Level 2 Level 3 Level 4
I: NaxO dosage (%) 3 4 5 6
I1: Water dosage (%) 13.5 14 14.5 15
III: FA: IOT and COT ratio 50:50 60:40 70:30 80:20
IV: Si02/NayO ratio 0.23 0.25 0.27 0.3

In the production of pelletized FA-BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT
aggregates, three and four levels of variation were considered, respectively (as shown in
Tables 3.2 and 3.3, respectively). According to the full factorial design methodology, a total
of 27 (that is, 3%) experimental combinations are needed for evaluating the influence of
every governing factor considered for producing pelletized FA-BT, FA-BL, and FA-GGBS
(Sharath et al. 2023b). However, for producing pelletized FA-IOT and FA-COT aggregates,
a total of 256 (that is, 4*) experimental combinations need to be evaluated for understanding
those governing factors considered in their production (Sharath et al. 2023a). In both
scenarios, the whole production methodology could potentially become tedious and
uneconomical. For this reason, Taguchi’s experimental design methodology was adopted
for evaluating the influence of different levels of governing factors on the properties of the
produced binary blended pelletized aggregates with the help of a smaller number of
experiments (Sharath et al. 2023b). Orthogonal arrays Lo (3*) (in pelletized FA-BT, FA-
BL, and FA-GGBS aggregate scenarios) and Lis (4*) (in pelletized FA-IOT and FA-COT
aggregate scenarios) developed by Taguchi (Montgomery 2017) are presented in Tables
3.4 and 3.5 respectively was used in order to represent a full factorial experiment. The
component variables in set of mixes for producing binary blended pelletized aggregates is

listed in Tables 3.6 and 3.7.
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Table 3.4: General Taguchi’s Lo (3%) orthogonal array for producing pelletized FA-
BT, FA-BL and FA-GGBS aggregates

Trial Run No. | Factor A | Factor B | Factor C
TRN 1 1 1 1
TRN 2 1 2 2
TRN 3 1 3 3
TRN 4 2 1 2
TRN 5 2 2 3
TRN 6 2 3 1
TRN 7 3 1 3
TRN 8 3 2 1
TRN 9 3 3 2

Table 3.5: General Taguchi’s Lis (4*) orthogonal array for producing pelletized FA-
IOT and FA-COT aggregates

Trial Run Number (TRN) | Factor A | Factor B | Factor C | Factor D
TRN 1 1 1 1 1
TRN 2 1 2 2 2
TRN 3 1 3 3 3
TRN 4 1 4 4 4
TRN 5 2 1 2 3
TRN 6 2 2 1 4
TRN 7 2 3 4 1
TRN 8 2 4 3 2
TRN 9 3 1 3 4

TRN 10 3 2 4 3
TRN 11 3 3 1 2
TRN 12 3 4 2 1
TRN 13 4 1 4 2
TRN 14 4 2 3 1
TRN 15 4 3 2 4
TRN 16 4 4 1 3
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Table 3.6: Experimental set of trial mixes as per Lo orthogonal array for producing
pelletized FA-BT, FA-BL and FA-GGBS aggregates

Na20 content (%) Water content (%) Admixture content (%)
FA- FA- FA- FA- FA- FA- FA- FA- FA-
BT BL GGBS BT BL GGBS BT BL GGBS
3.0 4.0 3.0 19.0 19.0 19.0 5.0 5.0 5.0
3.0 4.0 3.0 20.0 20.0 20.0 10.0 10.0 10.0
3.0 4.0 3.0 21.0 21.0 21.0 15.0 15.0 15.0
4.0 5.0 4.0 19.0 19.0 19.0 10.0 10.0 10.0
4.0 5.0 4.0 20.0 20.0 20.0 15.0 15.0 15.0
4.0 5.0 4.0 21.0 21.0 21.0 5.0 5.0 5.0
5.0 6.0 5.0 19.0 19.0 19.0 15.0 15.0 15.0
5.0 6.0 5.0 20.0 20.0 20.0 5.0 5.0 5.0
5.0 6.0 5.0 21.0 21.0 21.0 10.0 10.0 10.0

Table 3.7: Experimental set of trial mixes as per Lie orthogonal array for producing

pelletized FA-IOT and FA-COT aggregates

Experimental Na20 dosage Water dosage FA: 1I0T/COT Si02/Na20
run No. (%) (%) ratio ratio
FAIOT/COT 1 3 13.5 50:50 0.23
FAIOT/COT 2 3 14 40:60 0.25
FAIOT/COT 3 3 14.5 30:70 0.27
FAIOT/COT 4 3 15 20:80 0.3
FAIOT/COT 5 4 13.5 40:60 0.27
FAIOT/COT 6 4 14 50:50 0.3
FAIOT/COT 7 4 14.5 20:80 0.23
FAIOT/COT 8 4 15 30:70 0.25
FAIOT/COT 9 5 13.5 30:70 0.3
FAIOT/COT 10 5 14 20:80 0.27
FAIOT/COT 11 5 14.5 50:50 0.25
FAIOT/COT 12 5 15 60:40 0.23
FAIOT/COT 13 6 13.5 80:20 0.25
FAIOT/COT 14 6 14 70:30 0.23
FAIOT/COT 15 6 14.5 60:40 0.3
FAIOT/COT 16 6 15 50:50 0.27
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All the produced binary blended pelletized aggregates, as presented in Tables 3.6 and 3.7,
were produced and evaluated for their engineering properties, such as specific gravity,
particle size distribution, aggregate impact value (AIV), aggregate crushing value (ACV),
water absorption (WA), and individual crushing strength of the pellets and aggregates
(IPS), for a curing period of 14, 28, and 100 days. The response index for each factor
considered in the production of binary blended pelletized aggregates was assessed with the
help of statistical software.
Subsequently, Grey relational analysis was carried out to analyze the obtained results for
the engineering properties of binary blended pelletized aggregates. This method will help
in obtaining an unbiased analysis for determining the order of influence of the selected
governing factors in the produced binary blended pelletized aggregates (Sahoo et al. 2017).
Firstly, the results of various tests as mentioned previously for binary blended pelletized
aggregates were are transformed into a normalised value using the following equations
(Sharath et al. 2022).
For smaller-is-better, the formula to transform x; (j) to xi" (j) is,
x; ()

m]ax x; () — x:(j)

= m]ax )= mjin 0 (Eqn. 3.1)

For larger-is-better transformation, xi (j) can be transformed to xi" (j), the formula is,
x; ()
x(j) — m]_in xi ()

~ max x,(j) — min x,(j)
] ]

(Eqn. 3.2)

It is to be noted that properties like AIV, ACV and WA are principally, the lower the
obtained value is, the better as per IS 2386 (part 4)-1963 (Bureau of Indian Standards (BIS)
1963). However, for individual crushing strength of pellets, the higher is the better.
Second, the grey relational coefficient, & (k) from the normalised values is calculated by
using the following formula (Sharath et al. 2022).

Si(k)

_ Amint $Amax

Aoi (k) + §Amax

where, 4; is the is the deviation sequence of the reference sequence and the comparability

(Eqn. 3.3)

sequence and Aoi = ||x0 (k) — xi (k) ||
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where, where Xo (k) implies the reference sequence and xi (k) termed as comparability
sequence. 4,,;, and A4,,,, are the minimum and maximum values of the absolute
differences (4,;) of all comparing sequences. ¢ is a distinguishing coefficient (0 < ¢ < 1)
and in the present study, £ = 0.5 is taken (Sahoo et al. 2017).

Finally, the grey relational grade (GRG) is calculated by summing up the weighted grey

relational coefficients corresponding to the responses.

Vi
_ %kz 0 (Eqn. 3.4)

where, n = number of process responses considered in this study.

It is to be noted that a higher grey relational grade indicates a stronger relational degree
between the ideal sequence and the given sequence (Sahoo et al. 2017). The sequential
steps followed in Taguchi’s experimental design methodology and grey relational analysis

are represented in the form of the flowchart depicted in Figure 3.3.

Selection of expergnental parameters and respective
varistion fevels m the prodischon af iy ash based agmegates

1

Selaction of sustable orthoponal array accarding to Tagechi's
expermental design methodedogy

Taguchi's experimental design | l-

methdology Appropriate fammg the ands of selecled expermme=tal

L arnlers sl vematon levels

i

Calculating the response mdices for every charactberistic
properiy of prm‘lucl-cl Apgragates

Normakrmg the obtamed sesults and generatng the grey
relaticnal penerations

1 5

Calcudating grey relational co=fhicients of obtamed resuls

Crrev relational l

analysis Calculatmg grey relatonal grade

1

ldemification of order of mifluence of expernmesntal

pemammeters

Figure 3.3: Flowchart representing the steps in Taguchi’s experimental design

methodology and Grey relational analysis

50



3.5.2 Mix proportioning design for producing multi-blended pelletized aggregates

The optimized binary blended pelletized aggregate mixes based upon their obtained

engineering properties were used for producing aggregates with still more superior

characteristics. These multi-blended composites involve the addition of UFA with FA, BL

and IOT and COT. The aggregate mixes for producing multi-blended pelletized aggregates

are presented in Table 3.8.

Table 3.8: Aggregate mixes for producing multi-blended pelletized aggregates

Mixes with UFA

Mixes with UFA

Trial No. *Opgrlljized addition Trial No. *O(;;t(i;rll;iszed addition
(FA:UFA:1IOT/COT) (FA:UFA:1IOT/COT)
MMIOT/COTGGBS
MMIOT/COTBL** 50:5:45 50:5:45
1 1
MMIOT/COTGGBS
MMIOT/COTBL 40:5:55 40:5:55
2 2
15% 15%
MMIOT/COTBL ’ 30:5:65 MMIOT/COTGGRS ’ 30:5:65
3 BL - 3 GGBS T
MMIOT/COTBL 20:5:75 MMIOT/COTGGBS 20:5:75
4 4
MMIOT/COTGGBS
MMIOT/COTBL 5 10:5:85 s 10:5:85

* The BL and GGBS dosage here is considered based upon the optimizational study carried
out on FA-BL and FA-GGBS aggregates
¥ “MMIOT/MMCOT”: Nomenclature used for representing multi-blended pelletized
aggregates admixed with IOT and COT; BL and GGBS

All the ambiently cured multi-blended pelletized aggregates were tested for their

engineering properties for a curing period of 14, 28 and 100 days.

3.6 TESTS ON BINARY AND MULTI-BLENDED PELLETIZED AGGREGATES

Table 3.9 describes the testing methods adopted for binary and multi-blended pelletized

aggregates.
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Table 3.9: Testing methods applicable for all the produced binary and multi-

blended pelletized aggregates

Tests

In accordance
with/ Formula

Remarks

Aggregate impact value
(ALV)

Aggregate crushing value
(ACYV)

IS 2386:1963
(Part 4)

e Using AIV setup
e Measured at 14, 28 and 100 for binary and
multi-blended pelletized aggregates

e Using compression testing machine
e Measured at 14, 28 and 100 days for binary
and multi-blended pelletized aggregates

Water absorption

IS 2386:1963

Measured at 14, 28 and 100 days for binary and

(WA) (Part 3) multi-blended pelletized aggregates
Specific gravity 15 %ngt ;)9 63 -
2.8xP
o=
T X X2

Individual crushing
strength of pellets
IPS) (o)

P - fracture load
x - size of the
aggregate samples

e Using California bearing ratio setup
e Measured at 14, 28 and 100 days for binary
and multi-blended pelletized aggregates

Scanning electron
microscopy-Energy
dispersive spectroscopy

e Using scanning electron microscope from JEOL
(JSM-6380LA) associated by an EDS analyzer

(SEM-EDS)
Thermogravimetric e Using TG/DTA analyzer from Rigaku TG-DTA
analysis (TGA) 8122

Fourier transform
infrared spectroscopy
(FTIR)

e Using Bruker (Alpha II) instrument

3.6.1 Evaluation of grain size distribution

The particle size distribution of produced aggregates was determined by employing a

standardized set of sieves in line with the Bureau of Indian Standards - IS 383: 2016.

3.6.2 Aggregate impact value, aggregate crushing value, water absorption and

specific gravity

Aggregate impact value, aggregate crushing value, water absorption and specific gravity of

produced aggregates were determined following the guidelines set by the Bureau of Indian

Standards - IS 2386:1963 part and IS 2386:1963 part 3 respectively.

52




3.6.3 Individual crushing strength of pellets/aggregates

The individual crushing strength of produced pellets/aggregates were determined by
evaluating the crushing load of every single aggregate by placing them diametrically. Every
single aggregate was loaded between two parallel plates under a diametrically applied load

as per Figure 3.4.

Figure 3.4: IPS test arrangement

The individual pellet strength (o) was calculated when a spherical-shaped particle
undergoes compression between two diametrically opposed plates or points, using the

following equation (Sivakumar and Gomathi 2012)

2.8xP
o =

p—— (Eqn.5)

Where, x is the distance between the two loading points or the size of the aggregate samples

selected for the test, and P is fracture load for the sample.
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3.6.4 Scanning electron microscopy coupled with energy dispersive spectroscopy

(SEM-EDS)

The spherical-shaped pellets of produced aggregates that got broken into two halves
obtained from the individual pellet strength test were gold sputtered for morphological
characterization with the help of a scanning electron microscope. Morphological images
were taken through a scanning electron microscope (JEOL, JSM-6380LA, Peabody,
Massachusetts) in secondary electron mode. Additionally, elemental analysis was
performed using an EDS analyzer (only for multi-blended pelletized aggregates) to

determine the variations in the chemical composition inside the image boundary.
3.6.5 Thermogravimetric analysis (TGA)

TGA was performed by using a TG/DTA analyzer from Rigaku TG-DTA 8122. Produced
aggregate samples were crushed, followed by sieving the crushed samples through 75-um
IS sieve and heating within the temperature boundaries of 25°C—850°C, at a heating rate of

10°C/min in nitrogen purge environment (purge rate 20 mL/min).
3.6.6 Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis was performed on the produced aggregates using Bruker (Alpha II)
instrument at wavenumber range of 4,000 to 500 cm ™! with of resolution of 2 cm™!. The test

samples from the produced aggregates were crushed and sieved through a 75-um IS sieve

for obtaining a very fine type sample for minimizing the scattering in the FTIR instrument.
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CHAPTER -4

RESULTS AND DISCUSSION ON BINARY BLENDED
PELLETIZED AGGREGATES

4.1 GENERAL

The section discusses the results obtained from the various tests performed on binary
blended pelletized aggregates cured at room temperature. Additionally, the influence of the
governing factors on the engineering properties of binary blended pelletized aggregates is
also discussed in this section. Important observations obtained from advanced
characterization techniques like SEM, TGA, and FTIR are presented in this section. Grey
relational analysis on the binary blended pelletized aggregate is also presented in this

section.

4.2 ENGINEERING PROPERTIES OF BINARY BLENDED PELLETIZED
AGGREGATES

4.2.1 Grain size distribution

The grain size distribution results obtained for binary blended pelletized aggregates (FA-
BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT) as per the trial mixes specified in Tables
3.6 and 3.7 are presented in Figures 4.1 (a-c), 4.2 (a-d), and 4.3 (a-d), respectively. In order
to check the suitability of the produced aggregates, the lower and higher limits for coarse

aggregates as stated in the IS 383-2016 specification are plotted in all these figures.
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Figure 4.1: Grain size distribution of pelletized (a) FA-BT (b) FA-BL and (¢) FA-
GGBS aggregates

From Figure 4.1, it can be understood that apart from the mixes FABT 9, FABL 5, and
FAGGBS 7, the other mixes in the FA-BT, FA-BL, and FA-GGBS groups were not fully
satisfying the required limits specified by IS 383-2016. This can be attributed to the
inadequate dosage levels of Na,O, water, and mineral admixtures in their production.
Hence, it can be understood that selected governing factors in the production of pelletized
FA-BT, FA-BL, and FA-GGBS aggregates have influenced the gradation of aggregates
produced (Sharath et al. 2022).
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Figure 4.2: Grain size distribution for pelletized (a) FAIOT 1-FAIOT 4 (b) FAIOT
5-FAIOT 8 (¢) FAIOT 9-FAIOT 12 (d) FAIOT 13-FAIOT 16 aggregates

It can be concluded from the test results shown in Figure 4.2 that the size of the pelletized
FA-IOT aggregates that were produced increased depending upon the amount of Na2O, and
water content, the amount of FA:IOT used and the Si02/Na,O ratio. Figure 4.2a shows that
when different amounts of water and FA:IOT were used (from FAIOT 1 to FAIOT 4), a
constant 3% Na,O dosage was insufficient for the production of pelletized FA-IOT
aggregates. This is also clear from the gradation curves of the four mixes that were shown.
All four curves are falling outside of IS 383’s higher and upper limits. Whereas, from
Figure 4.2b, it can be noticed that with a constant 4% Na,O content and varying dosages of
water and FA:IOT (FAIOT 5-FAIOT 8), a slight variation in the four gradation curves can
be witnessed. This can be attributed to Na;O dosage content that has influenced slightly the
gradation curves, and only FAIOT 8 is falling between IS 383’s lower and higher limits
(Sharath et al. 2023a).

However, in the case of Figure 4.2¢, a constant Na>O dosage of 5% was found to be suitable

for producing aggregates for varied dosages of water and FA:IOT (FAIOT 9-FAIOT 12).
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Aggregates produced under mix FAIOT 9 fell exactly between IS 383’s lower and higher
limits, which could be attributed to optimum dosages of Na,O, water, and FA:IOT (Sharath
et al. 2023a).

But 5% dosage of NaxO content was also found to be fulfilling in the production of
aggregates under aggregate production mixes FAIOT 10-FAIOT 12, as their respective
gradation curves have moved upwards from IS 383’s lower limits, whereas 6% Na>O
dosage significantly influenced the production of aggregates under mixes FAIOT 13—
FAIOT 16. From Figure 4.2d, it can be understood that even though all the produced
aggregates are of an appropriate size between 10 and 4.75 mm, they do not fall within the
grading limits. By summing up the obtained results, it can be generalized that the gradation
of the aggregates was susceptible to the dosages of Na>O, water, and FA:IOT (Sharath et
al. 2023a).
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Figure 4.3: Grain size distribution for pelletized (a) FACOT 1-FACOT 4 (b)
FACOT 5-FACOT 8 (¢) FACOT 9-FACOT 12 (d) FACOT 13-FACOT 16

aggregates

From Figure 4.3a, it can be noticed that the varying FA:COT dosages (FACOT 1-FACOT

4), water content, and a fixed 3% Na;O dosage were found to be inadequate in the
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production of aggregates. The gradation curves of the aggregates produced under FACOT
1-FACOT 4 were found to in adherent to IS 383 upper and lower limits. Whereas in the
case of Figure 4.3b, a fixed dosage of 4% was found to be adequate for producing
aggregates with varied dosages of water and FA:COT (under FACOT 5-FACOT 8§
aggregate mixes). The aggregates produced under the FACOT 5 mix only are perfectly
adhering to the IS 383 standard upper and lower limits, which could be attributed towards
to optimum dosages of NaO, water, and FA:COT. However, from Figure 4.3b, it can also
be understood that 4% Na>O dosage was also found to be influential in the production of
aggregates under FACOT 6-FACOT 8 aggregate mixes, as their respective gradation
curves are slightly adhering to the IS 383 upper and lower limits.

From Figures 4.3c and 4.3d, it can be stated that 5 and 6% Na>O dosages have remarkably
influenced the production of aggregates under mixes FACOT 9-FACOT 12 (5% NaxO
group) and FACOT 13-FACOT 16 (6% NaO group). Upon observing the gradation curves
of FACOT 9-FACOT 12 and FACOT 13-FACOT 16 aggregate mixes, it can be deduced
that they are falling out of IS 383’s upper and higher limits. However, the produced
aggregates were sized between 10 and 4.75 mm, which makes them in adherent to IS 383

gradation limits.

4.2.2 Influence of governing factors on aggregate impact value and aggregate
crushing value of binary blended pelletized aggregates

4.2.2.1 Pelletized FA-BT, FA-BL and FA-GGBS aggregates

Figures 4.4(a-c) and 4.5(a-c) show the test results for the aggregate impact value and
aggregate crushing value of pelletized FA-BT, FA-BL, and FA-GGBS aggregates,

respectively.
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Figures 4.4(a) and 4.5(a) show that mix FABT 9 (shown in red) had the best aggregate
impact value and aggregate crushing value out of all the FA-BT aggregates tested. This can
be attributed to the highest dosage of Na2O content, i.e., 5% present in the mix proportion
and BT content of 10% (Sharath et al. 2022). However, FABT 3 (marked in blue) fared the
poorest of all. It is important to note that FABT 3 consists of the lowest dosage of Na,O
content, i.e., 3%, and the highest dosage of BT content, i.e., 15% (Sharath et al. 2022).
Figures 4.4(b) and 4.5(b) show that mix FABL 5 (marked in red) has the best aggregate
impact value and aggregate crushing value out of all the FA-BL aggregates tested. This can
be associated to highest dosage of Na>O content, i.e., 5% present in the mix proportion and
water content of 20%. However, FABL 1 (marked in blue) performed poorest among all,
which consists of the lowest dosages of NaO and water content, i.e., 4% and 19%,
respectively (Sharath et al. 2022).

By observing the presented Figures 4.4(c) and 4.5(c) for the aggregate impact value and
aggregate crushing value of FA-GGBS aggregates, the mix FAGGBS 5 (marked in red) has
performed best in comparison with all other FAGGBS aggregates, which is attributed to
the highest dosages of NaxO and GGBS content, i.e., 5% and 15%, respectively. The mix
FAGGBS 1 (marked in blue) has performed the lowest of all. This mix is associated with
the lowest dosages of Na;O and GGBS content, i.e., 3% and 5%, respectively.

For aggregate impact value and aggregate crushing value the response indices of all
governing factors associated with pelletized FA-BT, FA-BL, and FA-GGBS aggregates
were determined and plotted in Figures 4.6(a-b), 4.7(a-b) and 4.8(a-c), respectively.
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aggregate impact value and (b) aggregate crushing value for FA-BT aggregates
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aggregate impact value and (b) aggregate crushing value for FA-BL aggregates
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Figure 4.8: Relationship between response indices of governing factors and (a)

aggregate impact value and (b) aggregate crushing value for FA-GGBS aggregates

It can be noticed from the figures that, among the three governing factors, water content
dosage was found to have the least effect on aggregate impact and crushing value of FA-
BT and FA-GGBS aggregates. However, for FA-BL aggregates, it was found that the
dosage of BL has the least effect on aggregate impact value and aggregate crushing value

among the three governing factors for FA-BL aggregates. From the figures, it can be
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understood that the dosage of Na,O was found to be directly proportional to the aggregate
impact and crushing value of FA-BT, FA-BL, and FA-GGBS aggregates (Sharath et al.
2022). It can also be observed that 10% of BT and 15% of GGBS were found to be optimal
for both aggregate impact value and aggregate crushing value of FA-BT and FA-GGBS
aggregates, whereas, 20% of water content was found to be optimal for FA-BL aggregates
(Sharath et al. 2022).

As per the prescribed limits specified by Indian standards IS 383-2016 (IS:383-2016) and
2386:1963-part 4 (IS 2386:1963-part 4), the aggregate impact value and aggregate crushing
values for produced aggregates should not exceed 45 and 30%, respectively, provided they
are used for concreting purposes. The aggregate impact and crushing values obtained for
the produced FA-BT (FABT 9: 5% NaO content; 21% water content; 10% BT content),
FA-BL (FABL 5: 5% NayO content: 20% water content; 15% BL content) and FA-GGBS
(FAGGBS 7: 5% Na;O content; 19% water content; 15% GGBS content) aggregates were
hence found to be adhering to the prescribed limits as per Indian standards (Sharath et al.

2022).

4.2.2.2 Pelletized FA-IOT and FA-COT aggregates

Figures 4.9 (a-b) and 4.10 (a—b) show the test results for the aggregate impact value and
the aggregate crushing value of pelletized FA-IOT and FA-COT aggregates, respectively.
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Figure 4.9: Obtained experimental results for (a) aggregate impact value and (b)

aggregate crushing value of pelletized FA-IOT aggregates
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Figure 4.10: Obtained experimental results for (a) aggregate impact value and (b)

aggregate crushing value of pelletized FA-COT aggregates

According to the obtained results for aggregate impact value and aggregate crushing value
of pelletized FA-IOT aggregates presented in Figure 4.9(a-b), the lowest aggregate impact
value and aggregate crushing value for curing ages of 14, 28, and, 100 days were, 25.1%,
23% and 21.2%; 24.4%, 22.3%, and 20.3%, respectively for trial mix FAIOT 9. However,
the trial mix FAIOT 1 (marked in blue) showed the highest aggregate impact value as
40.2%, 39.3% and 37.2%; 39.4%, 38.1% and 36.1% for curing ages of 14, 28, and 100
days, respectively (Sharath et al. 2023a) (Note: for aggregate impact and crushing values,
as per IS 2386:1963, part-IV, the obtained value should be less than 30% for aggregates
that are going to be embedded in concrete).

From Figure 4.10(a-b), among all the pelletized FA-COT aggregate mixes, the mix FACOT
5 (marked in red) showed the lowest values for aggregate impact value at 14, 28, and 100
days, which were 29.1, 28.1, and 25.6% respectively. Similarly, for aggregate crushing
value, the values obtained were 28.9, 27.3, and 24.1% for 14, 28, and 100 days,
respectively. Whereas, the aggregate mix FACOT 13 (marked in blue) exhibited the highest
values for aggregate impact value (54.9, 53.3, and 51.4% at all three curing ages,
respectively). Similarly, the highest values for aggregate crushing value were also obtained,
which were 54.8, 53, and 51.1% for 14, 28, and 100 days, respectively. (Note: for aggregate
impact value and aggregate crushing value, as per IS 2386:1963, part-IV, the values should
be less than 30% for aggregates that are going to be embedded in concrete.)

For aggregate impact value and aggregate crushing value, the response indices of all

governing factors associated with pelletized FA-IOT were determined and plotted in
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Figures 4.11(a-d) and 4.12(a-d), respectively. Similarly, for aggregate impact value and
aggregate crushing value of FA-COT aggregates, they were represented in Figures 4.13(a-
d) and 4.14(a-d) respectively.
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Four different dosage contents of Na>xO were used in the production of pelletized FA-IOT
aggregates: 3, 4, 5, and 6%, out of which the lowest aggregate impact value and aggregate
crushing value from governing factor 1 (dosage of Na,O), were exhibited by 5% of NaxO,
as observed from Figures 4.11a and 4.12a, respectively, for all the three curing ages.
However, a decreasing trend for aggregate impact value and aggregate crushing value was
observed with increasing dosages of Na;O% from 3 to 5% gradually from 14 to 28 days
(Sharath et al. 2023a). But this trend escalated with a dosage of NaO as 6 %. This implies
that, in this case of aggregate impact value and aggregate crushing value, higher dosages
of NaxO can be related to achieving lower aggregate impact value and aggregate crushing
value. However, when the dosage of Na;O was increased of 6%, slightly higher values were
obtained for aggregate impact and crushing property (Sharath et al. 2023a). This could be
attributed to the high concentration of NaOH in the solution, which resulted in the quick
and early precipitation of aluminosilicate gel along with quick hardening, which in turn
suppressed the formation of other geopolymer- based precursors in the solution (Obenaus-
Emler et al. 2020).

The influence of the water content dosages on the aggregate impact and aggregate crushing
value of the produced FA-IOT aggregates can be noticed in Figures 4.11b and 4.12b,
respectively. For this experimental parameter, the lowest aggregate impact value and
aggregate crushing value were exhibited by 13.5% dosage of water content for curing ages
of 14, 28, and 100 days. The influence of 13.5 to 14% dosage of water content showed an
increasing trend for both properties, which decremented further with an increase in the
dosage of water content. However, a 14% dosage of water content exhibited the highest
value for aggregate impact value and aggregate crushing value (Sharath et al. 2023a).
Figures 4.11¢c and 4.12c explain the influence of the dosage of FA:IOT on the aggregate
impact and crushing value of the produced FA-IOT aggregates. It can be observed from
Figures 4.11c and 4.12c¢ that the lowest aggregate impact value and aggregate crushing
value were exhibited with a FA:IOT ratio of 30:70 at all three curing ages. The values for
both properties were higher with FA:IOT ratios of 50:50, 40:60 and 20:80 (Sharath et al.
2023a). This could possibly be attributed to ground IOT (in this experimental study, the
IOT was pulverized for better binding), which exhibits adhesive gelling properties in the
alkaline environment created (Yao et al. 2020).

Figures 4.11d and 4.12d exhibit the influence of the SiO»/NayO ratio on the aggregate
impact value and aggregate crushing value of the produced FA-IOT aggregates. It can be

observed from both figures that the lowest values for aggregate impact value and aggregate
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crushing value were obtained with a SiO>/NayO ratio of 0.3 for curing ages of 14, 28, and
100 days. There is a slight variation in the properties of the produced FA-IOT aggregates
when the ratio of Si02/NaxO is increased from 0.23 to 0.3 (Sharath et al. 2023a). An earlier
study reported that a suitable range of Si02/Na;O should be selected in the production of
aggregates as it is an influential factor in strength gain, but only up to some extent
(Shivaprasad and Das 2017). In general, a rise in the ratio of Si02/NayO results in an
increase in the amount of sodium in the mixture, which is essential for the formation of

polymers, but only up to some extent (Yao et al. 2020).
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By considering the varying dosage contents of Na>O selected in the production of pelletized
FA-COT aggregates (3, 4, 5, and 6%), the lowest aggregate impact value and aggregate
crushing value obtained were for 4% NayO content, as noticed from Figures 4.13a and
4.14a, respectively, for all three curing ages. From the figures, it can be noticed that the
trend for both the properties of the produced FA-COT aggregates decreased initially from
3 to 4% NayO content dosage, which was found to increase thereafter with the increasing
NayO dosages (5 and 6%). This kind of behaviour can be related to the influence of Na,O
content on the dissolution of silica and alumina entities and the polycondensation process,
as stated by various researchers (Khale and Chaudhary 2007; Panagiotopoulou et al. 2007;
Rattanasak et al. 2011). For instance, Panagiotopoulou et al. (Panagiotopoulou et al. 2007)
investigated the dissolution of silica and alumina from different industrial minerals as well
as by products using varying Na>O concentrations, and it was observed that the amount of
silica in dissolved form increases with respect to the alkalinity of the solution, but only up
to certain level and decreases there afterwards.

By taking into account the different dosage contents of water and blending ratios of FA
with COT (FA:COT) in the production of pelletized FA:COT aggregates (13.5, 14, 14.5,
and 15%) and (50:50, 40:60, 30:70, and 20:80), respectively, the lowest values for
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aggregate impact value and aggregate crushing value were obtained for 13.5% water
content and 40:60 as FA:COT ratio, as observed from Figures 4.13c and 4.14c,
respectively, for 14, 28, and 100 days curing of produced FA-COT aggregates. From the
exhibited figures, it can be observed that the trend for aggregate impact value and aggregate
crushing value started increasing gradually with an increase in water content dosages (14-
15%), whereas, in the case of the FA:COT ratio, it was found to be completely opposite.
The aggregate impact value and aggregate crushing value decreased initially with the
increasing FA:COT ratio (from 50:50 to 40:60), but were found to be increase gradually
with increasing blending ratios of FA with COT (30:70 to 20:80). The behaviour of water
content as well as the blending ratio of FA with COT can be combinedly related to the
observations obtained during the production stage of aggregates, where it was noticed that
an increment in both the experimental parameters (water content dosage and FA:COT
ratio’s) resulted in the formation of uneven and bigger-sized agglomerates, hence higher
values for aggregate impact value and aggregate crushing value of produced FA-COT
aggregates. A water content of 13.5% for a 40:60 blend ratio indicates an appropriate
combination for producing pelletized FA-COT aggregates, wherein an increase in either
water content or blend ratio affects the aggregate impact value and aggregate crushing
value. Moreover, it can also be attributed to the gradation characteristics of COT, which is
a coarser fraction compared to FA, for which an appropriate dosage of water content is
necessary in order to obtain right-sized aggregates that can attain permissible values for
aggregate impact value and aggregate crushing value.

From the Si0,/NayO ratios selected for producing pelletized FA-COT aggregates (0.23,
0.25, 0.27, and 0.3), the lowest aggregate impact value and aggregate crushing value were
obtained for 0.27, as represented in Figures 4.13d and 4.14d, respectively, for all three
curing ages. The behaviour of aggregate impact value and aggregate crushing value with
respect to the addition of Si02/Na,O can be observed in the exhibited figures. The attained
values of AIV and ACV were decreased gradually with increasing ratios and were found
to be marginally increased with a 0.3 SiO2/NaxO ratio. This kind of observation can be due
to the fact that the addition of Na>Si03 to NaOH tends to improve the strength of the binder
since it provides additional silica (Ahmari et al. 2012). However, this improvement is
limited only up to certain level that tends to increase afterwards, as too much addition of
silicate suppresses the evaporation of water, making the produced aggregates remain in a
moist state themselves, hence attaining higher values for both aggregate impact value and

aggregate crushing value even after 100 days.
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By overlooking the behaviour of the four governing factors which are dosages of Na,O,
followed by water, FA:COT proportion and SiO»/Na>O ratio from the exhibited figure (Fig.
4.14), it can be deduced that the among all these governing factors, the dosages of Na,O as
well as FA:COT proportion majorly influenced the aggregate impact value and aggregate
crushing value of the produced FA-COT aggregates. However, it can also be stated that 4%
of Na,O was found to be adequate to dissolve 60% of COT combined with 40% of FA, of
course combined with lesser impactful factors was found to impart the requisite strength,
hence leading to the attainment of lesser values of aggregates impact value and aggregate
crushing value of produced FA-COT aggregates.

By summarizing the influence of governing factors like dosage levels of Na>O, water and
admixture contents (BT, BL and GGBS) on the aggregate impact value and aggregate
crushing value of produced FA-BT, FA-BL and FA-GGBS aggregates, firstly, it can be
stated that in all these three types of aggregates, Na;O dosage of 5% has led in attainment
of good values for aggregate impact value and aggregate crushing value. Secondly, for FA-
BT and FA-BL aggregates, the aggregate impact value and aggregate crushing value is
majorly influenced by 20% dosage of water content whereas it is 19% for FA-GGBS
aggregates. Thirdly, an admixture content of 15% as BL and 15% of GGBS aided in
achieving good values for aggregate impact value and aggregates crushing value for FA-
BL and FA-GGBS aggregates. However, it stood as 5% of BT in FA-BT aggregates.

In light with the four governing factors (dosage levels of Na>O, water, proportion of FA
and IOT/COT (FA:IOT/FA:COT) and Si02/Na;O ratio) on the aggregate impact value and
aggregate crushing value of produced FA-IOT and FA-COT aggregates, firstly, it can be
formulated that Na,O dosage of 5% led in attaining good values for aggregate impact value
and aggregate crushing value for FA-IOT aggregates whereas it is 4% for FA-COT
aggregates. Secondly, a water content dosage of 13.5% majorly influenced the aggregate
impact value and aggregate crushing value of both FA-IOT and FA-COT aggregates.
Thirdly, the proportion of FA:IOT and FA:COT as 30:70 and 40:60, respectively led in
achieving the desired values for aggregate impact value and aggregates crushing value for
these two types of aggregates. Fourthly, an Si0,/Na>O ratio of 0.3 for FA:IOT aggregates
and 0.27 for FA:COT aggregates served in achieving good values for aggregate impact

value and aggregate crushing value.
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4.2.3 Influence of governing factors on water absorption of binary blended

pelletized aggregates
4.2.3.1 Pelletized FA-BT, FA-BL and FA-GGBS aggregates

Figure 4.15(a-c) shows the test results for the water absorption of pelletized FA-BT, FA-
BL and FA-GGBS aggregates, respectively.
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Figure 4.15: Obtained experimental results for water absorption of pelletized (a)
FA-BT (b) FA-BL and (c¢) FA-GGBS aggregates

According to the results obtained on water absorption for produced FA-BT, FA-BL, and
FA-GGBS aggregates [Figure 4.15a-c, respectively], FABT 9, FABL 5, and FAGGBS 7
(marked in red) had the lowest water absorption values, i.e., 15.3%, 14.1%, and 11.3%,
respectively, at the curing age of 100 days (Sharath et al. 2022).

For water absorption, the response indices of all governing factors associated with
pelletized FA-BT, FA-BL, and FA-GGBS aggregates were determined and plotted in
Figure 4.16(a-c), respectively.
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Figure 4.16: Relationship between response indices of governing factors and water

absorption for pelletized (a) FA-BT (b) FA-BL and (¢) FA-GGBS aggregates

According to the plotted relationship between calculated response indices and governing
factors for produced FA-BT, FA-BL, and FA-GGBS aggregates (Figure 4.16(a-c)), the
governing factor Na>O content had the greatest influence on the water absorption of FA-
BT, FA-BL, and FA-GGBS aggregates. It is reported that artificially produced aggregates
of structural grade were found to absorb 5-25% by weight of dry aggregates (Holm and
Ries 20006).

4.2.3.2 Pelletized FA-IOT and FA-COT aggregates

Figure 4.17(a-b) shows the test results for the water absorption of pelletized FA-IOT and
FA-COT aggregates, respectively.
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Figure 4.17: Obtained experimental results for water absorption of pelletized (a)

FA-IOT and (b) FA-COT aggregates

According to the obtained results for water absorption of pelletized FA-IOT aggregates
presented in Figure 4.17a, the lowest water absorption for all three curing periods was 4.4,
3.3, and 2.5%, respectively, which was observed in trial mix FAIOT 9 (marked in red),
whereas FAIOT 1 (marked in blue) showed the highest water absorption of 11.7, 10.6, and
9.6% for curing periods of 14, 28 and 100 days (Sharath et al. 2023a), respectively.

From Figure 4.17b, among all the pelletized FA-COT aggregate mixes, the aggregate mix
FACOT 5 (marked in red) obtained the lowest values for water absorption at 14, 28, and
100 days, which were 7.8%, 7.3%, and 7.2%, respectively. Whereas, the aggregate mix
FACOT 13 (marked in blue) obtained higher values for water absorption (19.4, 18.2, and
16.4%) at all three curing ages, respectively.

For water absorption, the response indices of all governing factors associated with
pelletized FA-IOT and FA-COT aggregates were determined and plotted in Figures 4.18(a-
d) and 4.19 (a-d), respectively.

74



== Dayy <= 21 Qays =120 Oay=

—_ T T T — T T T T
= 5 o -2
o (a) ok (k)
™ L = -
= = ——
T 1 —_——

L 4 S
= ¢ - — 9
| b
= 1F ] = 4= =
ﬁ [ ' = A . L A L

Il [ W 155 [FF] (FL] (LT]
May(F Content % Wader Content %a

- T T T T - T T T T
2o g o -
< fc) i (el)
= =
i 1 ] -] 5 |
[ e B .
— 3 e — [ W—
P[] .|
= T = = =
- i B -
e }
= 4Pk = = i -
- | L 1 I - I L 1 1

TLTIELY PR TTIEY N Bl PRI E ek 0ks [l 3

(FAIOT) S0, MNa, 0

Figure 4.18: Relationship between response indices of governing factors (a) dosage
0ofNa20 (b) dosage of water content (¢) dosage of FA:IOT (d) ratio of SiO2 and Na:0
and water absorption of pelletized FA-IOT aggregates

From Figure 4.18a, it can be understood that a 5% dosage of Na,O presented lower values
in the produced FA-IOT aggregates at curing ages 14, 28, and 100 days. A decreasing trend
for water absorption was noticed with increasing Na>xO dosages from 3 to 5%, which
incremented further when the dosage content reached 6%. By reviewing this behavior, it
can be specified that lower water absorption was associated with higher dosages of Na>O
in the production of pelletized FA-IOT aggregates (Sharath et al. 2023a). However, the
impact of dosages of FA:IOT on the water absorption of the produced FA-IOT aggregates
is represented in Figure 4.18c. The lowest water absorption is depicted by 70% of 10T to
30% FA for all three curing ages. Water absorption of produced FA-IOT aggregates
decreased gradually with the increase in IOT dosage, which increased further (in a few
amounts, viz., 4.9 to 5.4%) for the 20:80 ratio of FA:IOT, at curing ages 14, 28, and 100
days. This could be attributed to the that the finer IOT used in this experimental study
behaves as a microaggregate filling agent, which diffuses in the geopolymer and fills up
the internal space by bridging the gap inside the microstructure of the produced FA-IOT
aggregates (Jang et al. 2014).
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Figure 4.19: Relationship between response indices of governing factors (a) dosage
of Na20 (b) dosage of water content (c) dosage of FA:COT (d) ratio of SiO2 and
Na20 and water absorption of pelletized FA-COT aggregates

As per the obtained response indices for water absorption of the produced FA-COT
aggregates presented in Figure 4.19(a-d), it can be observed that the governing factors, such
as the varying dosage contents of NayO, water, FA:COT, and SiO»/NaO, are having a
significant influence on the water absorption of the produced FA-COT aggregates. By
taking the variation in dosage contents of Na>O into account (3, 4, 5, and 6%), the lowest
water absorption value was obtained for 4% Na>O content, as noticed from Figure 4.19a
for all three curing ages, respectively. From the figure, it can be observed that the values
for water absorption of the produced FA:COT aggregates decreased initially as the Na> O
dosage changed from 3 to 4% and started increasing thereafter with the increasing Na>O
dosages (5 and 6%). This could be related to the filling up of voids by NaOH as well as the
lubrication provided by NaOH, as stated by some researchers (Kang et al. 2015; Osinubi et
al. 2015).

By considering the variation in water content dosages (13.5, 14, 14.5, and 15%), the lowest
water absorption value of produced FA-COT aggregates was obtained for 13.5% water
content, as observed from Figure 4.19b, for 14, 28, and 100 days of curing of the produced
FA-COT aggregates. From the figure, it can be noticed that the water absorption values for

the produced FA-COT aggregates kept on increasing with the increase in the water content
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dosages for the production of pelletized FA-COT aggregates, which aims to prove the
general fact that water content dosages act like a medium for the geopolymeric reaction. It
is very much necessary that sufficient amount of water be available for the geopolymeric
binder formation that links the unreacted and partially reacted particles (Ahmari et al.
2012). The presence of excess water leads to the formation of large pores, weakens the
produced aggregate samples, and hence attains greater values of water absorption for the
produced FA-COT aggregates.

By considering the variation in blend ratio of FA and COT (FA:COT - 50:50, 40:60, 30:70,
and 20:80), the lowest value for water absorption of the produced FA-COT aggregates was
attained for 60:40, as observed from Figure 4.19d, for all three curing ages. From the figure,
it can be observed that water absorption values for the produced FA-COT aggregates
decreased as the FA:COT ratio changed from 50:50 to 40:60 and increased marginally
thereafter as the ratio changed from 30:70 to 20:80. This behaviour can be related to the
general fact that an increase in the content of COT from 50 to 60% has led to the formation
of right-sized and compact agglomerates by the complete consumption of the fed materials
in the pelleting disc during the production of the aggregates. A further increase in the
proportion of copper had led to weak and uneven-shaped agglomerates, which explains the
attainment of higher values for water absorption. Hence, it can be stated in a generalized
manner that an appropriate blend ratio of FA with COT is necessary, as it aids in filling up
the pores and voids in the produced FA-COT aggregates.

Summarizing the influence of governing factors like Na,O dosage, water, and admixture
contents (BT, BL, and GGBS) on the water absorption of FA-BT, FA-BL, and FA-GGBS
aggregates, firstly, 5% Na;O dosage has aided in achieving lesser values of water
absorption for all the three types of aggregates. Secondly, a dosage of 20% as water content
helped in attaining lesser values of water absorption for FA-BT and FA-BL aggregates,
whereas it stood at 19% for FA-GGBS aggregates. Thirdly, 15% BL and 15% GGBS
admixture dosages aided FA-BL and FA-GGBS aggregates achieve good values for water
absorption. For FA-BT aggregates, it is achieved with 5% dosage of BT.

In light of the four governing factors (dosage levels of Na,O, water, proportion of FA and
IOT/COT (FA:IOT/FA:COT) and Si02/Na;O ratio) on the water absorption of produced
FA-IOT and FA-COT aggregates, a 5% NaO dosage led to attain lesser water absorption
for FA-IOT aggregates and 4% for FA-COT aggregates. Secondly, 13.5% as water content
dosage greatly affected the water absorption of both FA-IOT and FA-COT aggregates.
Thirdly, FA:IOT and FA:COT ratios of 30:70 and 40:60 achieved the necessary water
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absorption values for these two kinds of aggregates. Fourthly, SiO»>/Na>O ratio of 0.3 for
FA:IOT aggregates and 0.27 for FA:COT aggregates improved water absorption values.

4.2.4 Influence of governing factors on individual crushing strength of pellets of
binary blended pelletized aggregates
4.2.4.1 Pelletized FA-BT, FA-BL and FA-GGBS aggregates

Figure 4.20(a-c) shows the test results for the individual crushing strength of pellets of
pelletized FA-BT, FA-BL and FA-GGBS aggregates, respectively.

[ JiaCayd & Duyw 1001 Crrys C i T |28 Broaya ] 1001 By
A
< i}
8 <f ta ol E L e r
-y | s Auf
ﬁﬂ T
- =L —
:E_.-"- | EEFAr
ERAL: - i
ZEaf i
R i=Ar
[ i I |‘| r|:|_ -
3 |'| 1 1 1 ] 'E |'|
L L L T L
R N R
LA L T Wt oRt W
b5 TR
C v [0 2 hirs - EEEER 2440 Lhurss
T gl
5ol ¥
e i n
2L} B TE H
=T MIE:
L 1B A
- = 4 < H ™ x
R B I I ‘
FE | M -BH 1HIH 15
I - : . : ) x
= I II51 III i IRE LK
k. R

P
¥lvre

Figure 4.20: Obtained experimental results for individual crushing strength of

pellets of pelletized (a) FA-BT (b) FA-BL and (c) FA-GGBS aggregates

As per the data presented in Figure 4.20a, the individual crushing strength of pellets
measured for aggregate mix FABT 9 was found to be to 7.2 MPa at 100 days of curing.
This mix consists of the highest dosage contents of Na;O and water, i.e., 5% and 21%,
respectively, with a BT content of 10%. Aggregate mix FABT 1 was found to have the
lowest crushing strength of pellets at 0.9 MPa at the curing age of 100 days (Sharath et al.
2022). This is attributed to the lowest dosage content of Na>O, water, and BT content in the

aggregate mix, i.e., 3%, 19%, and 5%, respectively. Previous research has reported that fly
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ash—based pelletized aggregates produced by admixing clay minerals as an admixture have
an individual crushing strength of 1.0-8.2 MPa (Gomathi and Sivakumar 2014b).

Based on the measured values of the crushing strengths of the FA-BL aggregates (Figure
4.20b), the FABL 5 aggregate mix had the highest crushing strength, at 11.6 MPa after 100
days of curing. Whereas the lowest crushing strength value was obtained for the FABL 1
aggregate mix, i.e., 1.8 MPa at the curing age of 100 days. The variations in the dosage
contents of NaO, water, and BL caused the resulting difference in individual crushing
strength between

these two mixes. Increased crushing strength for aggregate mix FABL 5 corresponds to
dosage contents of Na;O (5%) and water (20%) with the highest BL content (15%). For
FABL 1, the aggregate mix, which possessed lower crushing strength, consisted of a
combination of lower dosage contents of Na20 (4%), water (19%), and BL (5%) (Sharath
et al. 2022). However, it is understood from past research that fly ash—based aggregates
produced using lime as an additive admixture have reported an individual pellet strength of
2.6 MPa (Sivakumar and Gomathi 2012).

According to the results obtained on the individual crushing strength of pellets of FA-
GGBS aggregates [Figure 4.20c], the mix FAGGBS 7 demonstrated the highest individual
crushing strength of 6.2 MPa at 100 days of curing age. This increase in crushing strength
of the aforementioned mix corresponds to the high dosage contents of Na,O (5%), water
(19%), and GGBS (15%) (Sharath et al. 2022). The aggregate mix FAGGBS 1 exhibited
the lowest individual crushing strength of 0.8 MPa at 100 days of curing age, which
corresponds to low-dosage contents of Na>O (3%), water (19%), and GGBS (5%).

For individual crushing strength of pellets, the response indices of all governing factors
associated with pelletized FA-BT, FA-BL, and FA-GGBS aggregates were determined and
plotted in Figure 4.21(a-c), respectively.
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Figure 4.21: Relationship between response indices of governing factors and
individual crushing of pellets for pelletized (a) FA-BT (b) FA-BL and (c) FA-GGBS

aggregates

The plotted relationship between the calculated response indices and governing factors in
pelletized FA-BT aggregates presented in Figure 4.21a suggests that the individual
crushing strength of FA-BT aggregates is directly proportional to Na,O and water content
dosages. In addition to this, dosages of BT content up to a certain percentage (i.e., 10%)
showed an increment in individual crushing strength only. Further, with the increase in
curing age, a relative superiority in crushing strength for FA-BT aggregates can be
witnessed (Sharath et al. 2022).

The plotted relationship between the calculated response indices and governing factors in
pelletized FA-BL aggregates presented in Figure 4.21b suggests the individual crushing
strength values increase up to a certain dosage level of Na;O (5%) and water content (20%),
after which the individual crushing strength decreases. But, in the case of the governing
factor, BL content, an increase in individual crushing strength values was found to be

proportional to BL content (Sharath et al. 2022).
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The relationship between calculated response indices and governing factors in FA-GGBS
aggregates is depicted in Figure 4.21c. From the figure, the following interpretations can
be drawn: (1) with the increase in dosage contents of Na2O, the individual crushing strength
increased; (2) marginal changes in individual crushing strength values were observed for
different dosage contents of water; and (3) as the GGBS dosage content increased (up to
10%), individual crushing strength decreased, which again increased with an increment in

GGBS dosage contents (Sharath et al. 2022).

4.2.4.2 Pelletized FA-IOT and FA-COT aggregates
Figure 4.22(a-b) shows the test results of individual crushing strength of pellets of
pelletized FA-IOT and FA-COT aggregates, respectively.
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Figure 4.22: Obtained experimental results for individual crushing strength of

pellets of pelletized (a) FA-IOT and (b) FA-COT aggregates

Figure 4.22a shows the results for the individual crushing strength of pellets of pelletized
FA-IOT aggregates. For curing periods of 14, 28, and 100 days, the highest individual
crushing strength of pellets was 4.5, 5.7, and 6.4 MPa in trial mix FAIOT 9 (marked in
red), while FAIOT 1 (marked in blue) had the lowest individual crushing strength of pellets
at 0.7, 1.8, and 2.3 MPa for curing periods of 14, 28, and 100 days (Sharath et al. 2023a).

From Figure 4.22b, among all the pelletized FA-COT aggregate mixes, the aggregate mix
FACOT 5 (marked in red) attained the highest values for individual crushing strength of
pellets at 14, 28, and 100 days, which are 4.5, 5.7, and 6.4 MPa, respectively. While the
aggregate mix FACOT 13 attained lower values for individual crushing strength of pellets

(0.08, 0.15, and 0.2 MPa) at all three curing ages.
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For individual crushing strength of pellets, the response indices of all governing factors
associated with pelletized FA-IOT and FA-COT aggregates were determined and plotted
in Figures 4.23(a-d) and 4.24(a-d), respectively.
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Figure 4.23: Relationship between response indices of governing factors (a) dosage
of NazO (b) dosage of water content (c¢) dosage of FA:IOT (d) ratio of SiO2 and Na:0
and individual crushing strength of pellets of pelletized FA-IOT aggregates

The impact of NaxO dosage content on the individual crushing strength of pellets of
produced FA-IOT aggregates is depicted in Figure 4.23a. Four dissimilar dosage contents
of Na,O were considered in this study: 3, 4, 5, and 6%. The 5% dosage of Na,O content
showed the highest individual crushing strength of pellets in the produced FA-IOT
aggregates at all three curing ages. An incrementing trend of individual crushing strength
of pellets was observed with an increase in Na;O dosages from 3 to 5%, which decreased
when it reached to 6%. From this observation, it can be indicated that greater individual
crushing strength of pellet values was related to higher amounts of Na>O in the production
of aggregates (Sharath et al. 2023a). Furthermore, the influence of dosages of FA:IOT can
be combined with the behavior of Na,O amounts in production, represented in Figure 4.23c.
In the case of the dosage of FA:IOT the highest individual crushing strength of pellets was
depicted by 70% of IOT for curing ages of 14, 28, and 100 days. The individual crushing
strength of pellets increased gradually with an increase in FA:IOT, which decremented

further for the 20:80 ratio of FA:IOT at all three curing ages (Sharath et al. 2023a). In the
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production of pelletized FA:IOT aggregates, the procured raw IOT was pulverized to a fine
powder, which has aided in the individual crushing strength of pellet development in the
produced FA-IOT aggregates. It has been reported that a variation in grain size distribution
during the binding phase significantly impacts the strength properties and also enhances
the physical properties (dos Santos et al. 2019). An additional fact (which has been reported
in previous findings) is that usage of IOT as an additive in geopolymers has a strong
relationship between dosage of IOT content and formation of C-S-H, which leads to
improvements in strength properties (Duan et al. 2016b). More amounts of IOT suppress
its reactivity compared with FA, which decelerates the individual crushing strength of the
pellets of the produced FA-IOT aggregates.

Figure 4.23d represents the impact of the SiO2/NaxO ratio on the individual crushing
strength of the produced FA-IOT aggregates. Out of the four governing factors considered,
S10,/NayO ratio seems to be the one with the lowest level of impact on individual crushing
strength. Although this observation is not simple, as there are other variations in
experimental factors apart from SiO»/NaO, the obtained results clearly depict that an
increment in the Si0»/Na;O ratio produces a very gradual increase in the individual

crushing strength of the produced FA-IOT aggregates.
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Figure 4.24: Relationship between response indices of governing factors (a) dosage
of Na20 (b) dosage of water content (c) dosage of FA:COT (d) ratio of SiO2 and
Na:20 and individual crushing strength of pellets of pelletized FA-COT aggregates
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By examining the variability in dosage contents of Na,O (3, 4, 5, and 6%) in the production
of pelletized FA-COT aggregates, the highest individual crushing strength of pellets was
obtained for 4% NayO, as depicted in Figure 4.24a for 14, 28, and 100 days of curing of
produced FA-COT aggregates. From the represented figure, a subsequently increasing
trend in the individual crushing strength of pellets can be observed with respect to Na,O
dosages that is between 3 and 4%, which decreased sharply when the Na>O dosages
changed from 5 to 6% (the lowest values are observed for 6% NaxO). This kind of
behaviour clearly explains the underlying effect of Na,O dosages on the characteristic
property, but only up to some extent. The presence of NaxO dosages or concentration of
NaOH dissolves silica and alumina in the incorporated aluminosilicates during the
production of FA-COT aggregates, which leads to the formation of thicker geopolymeric-
based binder (Ahmari and Zhang 2012). The geopolymer-based binder assists in
developing a link between partially reacted particles and contributes directly to the strength
development of the geopolymer materials. The refinement of alkalinity in the
geopolymerization process is stated by a number of researchers (Khale and Chaudhary
2007; Rattanasak and Chindaprasirt 2009; Somna et al. 2011; Wang et al. 2005).

By evaluating the variability in water content dosages (13.5, 14, 14.5, and 15%), the highest
individual crushing strength of pellets was attained for 13.5% water, as shown in Figure
4.24b, for 14, 28 and 100 days curing of produced FA-COT aggregates. From the figure, a
decrease in the individual crushing strength of pellets can be clearly observed with
increasing water content dosages, where the lowest individual crushing strength of pellets
was obtained for a 15% water content dosage. At higher water content dosages, the existing
sodium cations could get diffused without any contribution in the process of
geopolymerization, which hence affects the strength parameter (individual crushing
strength of pellets) of the produced FA-COT aggregates (Sadat et al. 2016).

By considering the variation in blending ratio of FA:COT (FA:COT - 50:50, 40:60, 30:70,
and 20:80) in the production of pelletized FA-COT aggregates, the highest individual
crushing strength of pellets was obtained for 40:60 FA:COT ratio, as shown in Figure 4.24c,
for all the three curing ages of the produced FA-COT aggregates. The individual crushing
strength of pellets increased with the increasing blend ratio from 50:50 to 40:60, which was
found to be decrease thereafter as the blend ratio increased further (from 30:70 to 20:80).
This can be attributed to the filling up of voids in the produced FA-COT aggregates, which
makes the aggregates partially denser with the addition of COT, as it possesses a higher

specific gravity compared to FA. Moreover, the incorporation of pulverized COT in the
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production of FA-COT aggregates also helps in promoting the alkali-activation process,
and it enhances the strength characteristics of the produced geopolymer-based materials
(Singh and Singh 2019).

From the SiO»/Na,O ratios selected for this experimental investigation (0.23, 0.25, 0.27,
and 0.3), the highest individual crushing strength of pellets was obtained for 0.27, as
depicted in Figure 4.24d, for 14, 28, and 100 days of curing of produced FA-COT
aggregates. The behaviour of individual crushing strength of pellets with respect to the
variation of Si02/Na;O can be observed in the exhibited figure, where the individual
crushing strength of pellets increased gradually with the increasing ratio and were found to
decrease thereafter. This kind of observation can be related to the stated fact that adding
NaySiO3 to NaOH refines the strength characteristics of the binding agent as more silica is
made available in the geopolymer system (Ahmari et al. 2012). It is commonly known that
the alumina component in the aluminosilicate raw material gets dissolved with ease
compared to silica in the early stages. Since in this case, the dissolved alumina content
requires more amounts of silica for the geopolymerization reaction and hence the addition
of NaySiO; fulfils the need of extra silica. But the improvement in the strength
characteristics (in this case, the individual crushing strength of pellets) because of Na>SiO;
addition is limited only up to a certain level (Bernal et al. 2012) (in this case, the 0.27
Si02/Na;O ratio). This could be due to the presence of excess NaxSiO3 that delays water
evaporation by making the produced FA-COT aggregates exist in the moist condition itself,
hence the low individual crushing strength of the pellets of the produced FA-COT
aggregates.

To summarize the effect of governing parameters such as Na>O dose, water, and admixture
contents (BT, BL, and GGBS) on individual crushing strength of FA-BT, FA-BL, and FA-
GGBS aggregates, firstly, a 5% Na2O dosage helped to attain greater values for individual
crushing strength for all three types of aggregates. Secondly, using 20% water content
resulted in achieving good individual crushing strength values for FA-BT and FA-BL
aggregates, whereas it stood at 19% for FA-GGBS aggregates. Thirdly, admixture dosages
of 15% BL and 15% GGBS helped FA-BL and FA-GGBS aggregates reach good individual
crushing strength values, wherein it was possible with a 5% BT dosage for FA-BT
aggregates.

In light of the four governing factors (Na2O, water, FA:IOT/FA:COT, and SiO2/NaxO ratio)
on the individual crushing strength characteristics of produced FA-IOT and FA-COT

aggregates, firstly, a 5% and 4% NaO dosage resulted in greater individual crushing
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strength values for FA-IOT and FA-COT aggregates, respectively. Secondly, 13.5% water
content dose had a significant impact on the individual crushing strength of both FA-IOT
and FA-COT aggregates. Thirdly, FA:IOT and FA:COT ratios of 30:70 and 40:60
respectively helped in attaining good values for individual crushing strength for these two
types of aggregates. Fourthly, a S102/NaO ratio of 0.3 for FA:IOT aggregates and 0.27 for
FA:COT aggregates resulted in higher individual crushing strength values.

4.2.5 Specific gravity

The average specific gravity measured for FA-BT, FA-BL, and FA-GGBS aggregates was
found to be within the range of 2.0-2.2 (Sharath et al. 2022). However, for FA-IOT and
FA-COT aggregates, it was found to be within the range of 2.4-2.6. As IOT and COT were
denser than FA, their dosage influenced the specific gravity of the produced FA-IOT and
FA-COT aggregates (Sharath et al. 2023a). A detailed table showing the obtained values
for the specific gravity of pelletized FA-BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT

aggregates is presented in Figure 4.25.
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Figure 4.25: Specific gravity of pelletized (a) FABT (b) FABL (c) FAGGBS (d)
FAIOT and (d) FACOT aggregates
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4.3 ADVANCED CHARACTERIZATION STUDIES ON BINARY BLENDED
PELLETIZED AGGREGATES

The advanced characterization studies like SEM, TGA and FTIR was performed on the
best-performing binary blended pelletized aggregate mixes (FABT 9, FABL 5, FAGGBS
7, FAIOT 9, and FACOT 5: all the aggregate samples cured at 100 days) which were
identified based on the obtained engineering properties and the relationship between the

governing factors and engineering properties of these binary blended pelletized aggregates.

4.3.1 Morphology of the best performing binary blended pelletized aggregate mixes
(SEM)

The microphotographs of best performing binary blended pelletized aggregates are
presented in Figure 4.26.
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Figure 4.26: Microphotographs of binary blended pelletized aggregates

From Figure 4.26, it can be noticed that FABT 9, FABL 5, and FAGGBS 7 mixes showed
large traces of unreacted spherical fly-ash particles. The FABT 9 mix depicted reduced
traces of spherical and plate-like structures (plate-like structures of BT) which indicates the
involvement of FA and BT particles in the process of polymerization. Further, the image
displays a more compact and denser grey microstructure owing to the larger formation of
hydration products [sodium aluminosilicate gel (N-A-S-H) or calcium-aluminosilicate gel

(C-A-S-H)] (Sharath et al. 2022). From the depicted SEM images of FABL 5 and FAGGBS
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7 mixes, it can be understood that mushy-like particles adhering over the surface of FA (in
FABL 5) and granular particles of GGBS (in FAGGBS 7) were found to be minimized in
the micrograph, which is a representation of improved microstructure with a denser and
more homogeneous matrix of hydration products in these mixes (Sharath et al. 2022).

The SEM microphotograph of the FAIOT 9 mix, presented in Figure 4.26, shows reduced
traces of spherical and trapezoidal-shaped structures (IOT has a trapezoidal shaped
structure), which indicated two facts: one is the involvement of FA and IOT particles in the
whole process of geopolymerization, and the second one is the increased dosage of Na,O
at 5% and FA:IOT at a 30:70 ratio. Additionally, the occurrence of a more compact, dense,
and grayish microstructure is an indication of the attainment of higher values of individual
crushing strength for pellets produced under this mix.

The SEM microphotograph of the FACOT 5 mix presented in Figure 4.26 mainly signifies
the presence of two kinds of material phases, which are (1) unreacted COT (which can
possibly identified by sharp irregular triangle structures) and FA (which can possibly be
identified by round-shaped structures) and (2) geopolymeric binding gel (Manjarrez and
Zhang 2018). Here, the geopolymeric gel serves as a binding agent between the
incorporated materials like FA and COT and hence collectively contributes towards the
strength development and resistance to absorption of water, which is the reason for the
higher individual crushing strength of pellets and lower water absorption values of the
produced FA-COT aggregates. Additionally, adequate Na;O dosages help in the
homogenous dissolution of a large amounts of alumina and silica from the incorporated
aluminosilicate precursors, which serves a major role in the geopolymer gel formation
kinetics (Ferndndez-Jiménez et al. 2006) and in turn necessitates the bond strength between

the particles.

4.3.2 Thermogravimetric analysis (TGA) of best performing binary blended

pelletized aggregate mixes

The TG-DTG plots of best performing binary blended pelletized aggregates (FABT 9,
FABL 5, FAGGBS 7; FA-IOT and FA-COT) are presented in Figures 4.27 and 4.29,
respectively. Commonly, in Figures 4.27 and 4.28, the TG curve represents the occurrence
of thermogravimetric mass loss for binary blended pelletized aggregates during the process
of heating from the temperature range of 25°C—825°C, whereas the DTG curve signifies
the temperature boundaries for the decomposition of specific compounds that are discussed

in the subsequent sections.
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4.3.2.1 Pelletized FA-BT, FA-BL and FA-GGBS aggregates
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Figure 4.27: TG-DTG plot for FABT 9, FABL 5 and FAGGBS 7 aggregate mixes

From Figure 4.27, significant endothermic peaks at 25-120 °C in the pelletized FABT 9,
FABL 5, and FAGGBS 7 aggregate mix indicate the loss of physically absorbed free water
molecules on the pores and surfaces of the samples (Adriano et al. 2013; Longhi et al. 2019;
Wuddivira et al. 2012). The next significant peaks were noticed in the temperature range
of 120-225 °C in the aforementioned mixes and were associated with the thermal
degradation of chemically bound water from sodium aluminosilicate gel (N-A-S-H) or
calcium-aluminosilicate gel (C-A-S-H) (Adesanya et al. 2018; Ismail et al. 2014; Palomo
et al. 2015). The endothermic peaks at the temperature boundaries of 600-700 °C in the
aforementioned mixes indicate the associated decomposition of carbonates (C) (Abdullah
et al. 2018; Cornejo et al. 2018; Everaert et al. 2017).

By adopting the mass loss from the TG-DTG, the following equation at certain boundaries

of temperature is depicted below.
AMN_a-s—H/c—a-s-H Y% = Mjz0oc — Myasec Eqn. 4.1(Sharath et al. 2022)

where, AMy_a_s_n/c—a—s—nu 18 the change in mass loss percentage of N-A-S-H/C-A-S-H

and M50oc, M350 18 the mass loss at the temperatures of 120 and 225 °C.
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The decomposition of N-A-S-H/C-A-S-H for the obtained TG-DTG curves for pelleted
FABT 9, FABL 5, and FAGGBS 7 was quantified following the mathematical equation
depicted above (Eqn. 4.1), and the same is presented in Figure 4.28.
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Figure 4.28: Quantification of N-A-S-H/C-A-S-H in pelletized FABT 9, FABL 5 and
FAGGBS 7 aggregate mixes (Sharath et al. 2022)

It can be observed from Figure 4.28 that the quantified amount of the major reaction
product, which is sodium aluminium silicate hydrate gel (N-A-S-H), is found to be
intensified in proportion to Na,O dosages, irrespective of the best performing mixes (that
is, FABT 9, FABL 5, and FAGGBS 7), discussed here. It is reported that the amount of N-
A-S-H formed in the best-performing aggregate mixes indicates the extent of the
geopolymerization reaction (Garg et al. 2019).

Figure 4.28 (pelletized FABL 5 and FAGGBS 7 aggregate mixes) shows that calcium-rich
mixes have a higher percentage of mass loss at temperature boundaries of 120-225 °C,
indicating the formation of reaction products related to both C-A-S-H and N-A-S-H (Rafeet
et al. 2019). Mass loss associated with C-A-S-H/N-A-S-H was found to be increased with
the increase in BT (15%) and GGBS (15%) content. Additionally, pelletized FABL 5
aggregate mix (5% NayO, 20% water, and 15% burnt lime content) and pelletized FAGGBS
7 aggregate mix (5% NaxO, 19% water, and 15% GGBS content) also represented the
highest amount of hydration products (i.e., C-A-S-H and N-A-S-H) formed in these best
performing aggregate mixes (Sharath et al. 2022).
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4.3.2.2 Pelletized FA-IOT and FA-COT aggregate mixes
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Figure 4.29: TG-DTG plots of pelletized FAIOT 9 and FACOT 5 aggregate mixes

From Figure 4.29, it can be observed that there is an existence of a series of endothermic
peaks between the temperature range of 25 to 825°C. First, the major endothermic peak
between the temperature boundaries 100-300°C in pelletized FAIOT 9 and FACOT 5
aggregate mixes exhibits the loss of physically absorbed free water molecules from the
NazSi0; solution and calcium silicate hydrate, C-S-H (Obenaus-Emler et al. 2020; Sharath
et al. 2023a; Snehal et al. 2022). Second, the next important peak was witnessed between
the temperature boundaries 400-500°C in pelletized FAIOT 9 and FACOT 5 aggregate
mixes, which is linked to the thermal degradation of chemically bound water from Ca(OH),
(CH) (Duan et al. 2016a; b; Sharath et al. 2023a; Singh et al. 2015; Snehal et al. 2022).
Third, endothermic peaks between the temperature boundaries 610°C—825°C in pelletized
FAIOT 9 and FACOT 5 aggregate mixes exhibit the associated decomposition of
carbonates into CaO and CO; (Duan et al. 2016a; Obenaus-Emler et al. 2020).

From the aforementioned literature, it is to be noted that to determine the mass loss from
TG DTG, the following equations at specific temperature boundaries are considered:

In pelletized FAIOT 9 and FACOT 5 aggregate mixes,

AM¢_s_g% = M1p9oc — M3goec Eqn. 4.2 (Sharath et al. 2023a; Singh et al.
2015; Snehal et al. 2020),
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where, AM_s_g 1s change in mass loss percentage of C-S-H and M;ggec , M300°c 1S the
mass loss temperatures of 100 and 300 °C.

In pelletized FAIOT 9 and FACOT 5 aggregate mixes,

AMcy% = Myggec — Msooec Eqn. 4.4 (Sharath et al. 2023a;
Singh et al. 2015; Snehal et al. 2020)

where, AMcy is change in mass loss percentage of Ca (OH)2 and Myggec , M5ggec 1S the mass
loss temperatures of 400 and 500 °C.

The quantified mass loss percentages of C-S-H and CH in pelletized FAIOT 9 and FACOT

5 aggregate mix were calculated and same is presented in Figure 4.30, respectively.
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Figure 4.30: Quantification of C-S-H and C-H in FAIOT 9 and FACOT 5
pelletized aggregate mixes
The amounts of C-S-H and Ca(OH): found in pelletized FAIOT 9 and FACOT 5 aggregate
mixes are shown in Figure 4.30. It can be witnessed from the above figure that the amount
of CH was found to be increased with the increasing percentage of FA:IOT and FA:COT
as well as dosages of Na;O in the pelletized FAIOT 9 and FACOT 5 aggregate mixes
(Sharath et al. 2023a). The incorporation of incrementing dosages of IOT has led to the
formation of calcium silicate hydrate with the simultaneous consumption of calcium
hydroxide (Sharath et al. 2023a). Additionally, the emergence of CH with the simultaneous
consumption of CSH tends to offer a positive effect on the produced FAIOT 9 and FACOT
5 aggregates, as it helps in achieving significant characteristic properties as the hydrated
CH necessitates the formation process of CSH, which accelerates the dissolution of alumina
and silica from the incorporated aluminosilicate precursors in the production process of

aggregates (Zhao et al. 2019).
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4.3.3 FTIR analysis on best performing binary blended pelletized aggregate mixes

FTIR spectra of best performing binary blended pelletized aggregate mixes (FABT 9,
FABL 5, FAGGB 7, FAIOT 9 and FACOT 5) are presented in Figure 4.31, respectively.
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Figure 4.31: FTIR spectra of binary blended pelletized aggregates

From Figure 4.31, it can be observed that in all the FTIR spectra of binary blended
pelletized aggregates, the existence of an O-H bond (marked at ~3300 cm™ and ~1650 cm’
1) is due the presence of residual water present in the binary blended pelletized aggregates
(Sharath et al. 2023 a,b). The existence or formation of carbonates in O-C-O region marked
at (~1493 cm™) could be attributed to the reaction between Na and atmospheric CO2, as
these produced aggregates were cured under ambient temperature conditions. The peaks
marked at ~1073.2, 1067.3, 1083.7, ~992.6, and 1001.2 cm™! indicate the peaks of Si-O-Si
in pelletized FABT 9, FABL 5, FAGGBS 7, FAIOT 9, and FACOT 5 aggregate mixes
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(Ahmari et al. 2012; Azhar et al. 2020; Gao et al. 2015). The formation of Si-O-Si in these
mixes can contribute to the strength achievement of the respective aggregate mixes or
produced aggregates (Davidovits 2008). The emergence of peaks marked at ~888.7 in all
the binary blended pelletized aggregates is an indication of the occurrence of more amounts
of geopolymerization taking place in the due course of the reaction (Manjarrez et al. 2019;
Rosas-Casarez et al. 2014). Furthermore, it is important to note the difference in emergence
of the peaks of FABT 9; FABL 5; FAGGBS 7; FAIOT 9; FACOT 5 which could be an
indicative of the difference in the characteristic properties of aggregates produced under

these mixes.

4.4 GREY RELATIONAL ANALYSIS ON BINARY BLENDED PELLETIZED
AGGREGATES

As explained in the previous sections, the characteristic properties of binary blended
pelletized aggregates, which are FA-BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT, are
aggregate impact value and aggregate crushing value, individual crushing strength of
pellets, and water absorption. In order to employ grey relational analysis for this
experimental study, the responses yielded through the nine trial sets of Taguchi’s Lo
orthogonal array (in pelletized FA-BT, FA-BL and FA-GGBS aggregates) and sixteen trial
sets of Taguchi’s Lis (in pelletized FA-IOT and FA-COT) presented in Tables 3.6 and 3.7,

respectively, were used.
4.4.1 Normalizing the data and generating the grey relational generations

Experimentally obtained responses for Taguchi’s Lo (in pelletized FA-BT, FA-BL and FA-
GGBS aggregates) and Lis (in pelletized FA-IOT, and FA-COT) orthogonal array design
(Tables 3.6 and 3.7, respectively) presented in Figures 4.4(a-c), 4.5(a-c), 4.14(a-c), 4.20(a-
c) [obtained results of pelletized FA-BT, FA-BL, and FA-GGBS aggregates] and Figures
4.9(a-b), 4.10 (a-b), 4.17(a-b), 4.22(a-b) [obtained results of pelletized FA-IOT and FA-
COT aggregates] were used for obtaining an unbiased analysis for determining the order of
influence of governing factors in the produced FA-BT, FA-BL, FA-GGBS, FA-IOT, and
FA-COT aggregates (Sahoo et al. 2017).

Firstly, the obtained results for FA-BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT
aggregates were normalized, and grey relational generations were calculated. For pelletized
FA-BT, FA-BL, FA-GGBS, FA-IOT, and FA-COT aggregates, the grey relational

generations for properties like aggregate impact value, aggregate crushing value, and water
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absorption at all three curings were calculated using Eqn. 3.1, respectively. However, for
the individual pellet strength properties of pelletized FA-BT, FA-BL, FA-GGBS, FA-IOT,
and FA-COT, the gray relational generations at 14, 28, and 100 days were calculated using
Eqn. 3.2, respectively.

The grey relational generations for the obtained characteristic properties of the produced
FA-BT, FA-BL, and FA-GGBS aggregates at 14, 28, and 100 days of curing are presented
in Tables 4.1, 4.2, and 4.3, respectively. Similarly, the grey relational generations for the
obtained characteristic properties of the produced FA-IOT and FA-COT aggregates at 14,
28, and 100 days of curing are presented in Tables 4.4 and 4.5, respectively.
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Table 4.1: Grey relational generations for aggregate impact value (AIV) and aggregate crushing value (ACYV), individual crushing

strength (IPS) and water absorption of FA-BT aggregates for 14, 28 and 100 days of curing

- Grey relational generations Grey relational generations Grey relational generations
frial (14 Days) (28 Days) (100 Days)
No. AIV ACV IPS WA AIV ACV IPS WA AIV ACV 1PS WA
(%) (%) | MPa) | (%) (%) () | (MPa) | (%) (%) (%) (MPa) (%)
FABT 1 | 0.378 | 0.366 | 0.032 | 0.437 | 0.376 | 0.365 | 0.000 | 0.357 | 0.399 0.508 0.000 0.286
FABT 2 | 0.037 | 0.025 | 0.129 | 0.239 | 0.046 | 0.037 | 0.043 | 0.125 | 0.082 0.176 0.032 0.129
FABT 3 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.021 | 0.000 | 0.000 0.000 0.063 0.000
FABT 4 | 0.627 | 0.626 | 0.226 | 0.704 | 0.629 | 0.614 | 0.255 | 0.696 | 0.635 0.619 0.175 0.743
FABT S5 | 0.568 | 0.584 | 0.323 | 0.831 | 0.586 | 0.589 | 0.213 | 0.857 | 0.609 0.566 0.222 0.757
FABT 6 | 0.402 | 0.420 | 0.065 | 0.592 | 0.380 | 0.378 | 0.043 | 0.518 | 0.339 0.340 0.111 0.557
FABT 7 | 0.610 | 0.752 | 0.742 | 0.761 | 0.679 | 0.705 | 0.596 | 0.304 | 0.734 0.721 0.540 0.386
FABT 8 | 0.822 | 0.744 | 0.484 | 0.563 | 0.705 | 0.697 | 0.426 | 0.857 | 0.815 0.775 0.413 0.814
FABTY9 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 1.000 1.000 1.000
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Table 4.2: Grey relational generations for aggregate impact value (AIV) and aggregate crushing value (ACYV), individual crushing

strength (IPS) and water absorption of FA-BL aggregates for 14, 28 and 100 days of curing

- Grey relational generations Grey relational generations Grey relational generations
frial (14 Days) (28 Days) (100 Days)
No. AIV ACV IPS WA AIV ACV IPS WA AIV ACV 1PS WA
(%) (%) | MPa) | (%) (%) () | (MPa) | (%) (%) (%) (MPa) (%)
FABL 1 | 0.000 | 0.000 | 0.000 | 0.370 | 0.000 | 0.000 | 0.000 | 0.307 | 0.000 0.000 0.000 0.291
FABL2 | 0.355 | 0.177 | 0.603 | 0.222 | 0.330 | 0.146 | 0.505 | 0.216 | 0.350 0.390 0.459 0.038
FABL 3 | 0.336 | 0.192 | 0.175 | 0.000 | 0.374 | 0.196 | 0.172 | 0.000 | 0.315 0.341 0.153 0.000
FABL 4 | 0.767 | 0.690 | 0.635 | 0.815 | 0.793 | 0.744 | 0.699 | 0.807 | 0.797 0.756 0.663 0.848
FABLS5 | 1.000 | 0.882 | 0.762 | 1.000 | 1.000 | 0.955 | 1.000 | 0.875 | 0.969 0.961 1.000 1.000
FABL 6 | 0.973 | 1.000 | 1.000 | 0.951 | 0.993 | 1.000 | 0.731 | 1.000 | 1.000 1.000 0.653 0.911
FABL 7 | 0.380 | 0.236 | 0.143 | 0.728 | 0.378 | 0.347 | 0.204 | 0.705 | 0.385 0.439 0.133 0.709
FABL S8 | 0.653 | 0.483 | 0.302 | 0.852 | 0.626 | 0.492 | 0.366 | 0.795 | 0.664 0.488 0.378 0.658
FABL Y9 | 0.496 | 0.330 | 0.317 | 0.877 | 0.522 | 0.352 | 0.409 | 0.830 | 0.524 0.390 0.378 0.696
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Table 4.3: Grey relational generations for aggregate impact value (AIV) and aggregate crushing value (ACYV), individual crushing

strength (IPS) and water absorption of FA-GGBS aggregates for 14, 28 and 100 days of curing

Grey relational generations Grey relational generations Grey relational generations
Trial No. (14 Days) (28 Days) (100 Days)

AlV ACV IPS WA AlV ACV IPS WA AlIV ACV IPS WA

(Y0) (%) | MPa) | (") (Y0) () | MPa) | (%) (%) (%) (MPa) (%)
FAGGBS 1 | 0.000 | 0.000 | 0.000 | 0.284 | 0.000 | 0.000 | 0.025 | 0.261 | 0.000 0.000 0.000 0.188
FAGGBS 2 | 0.301 | 0.237 | 0.030 | 0.162 | 0.252 | 0.219 | 0.075 | 0.159 | 0.265 0.250 0.037 0.116
FAGGBS 3 | 0.213 | 0.128 | 0.000 | 0.000 | 0.165 | 0.143 | 0.000 | 0.000 | 0.139 0.167 0.019 0.000
FAGGBS 4 | 0.728 | 0.699 | 0.152 | 0.432 | 0.704 | 0.683 | 0.200 | 0.391 | 0.700 0.697 0.204 0.420
FAGGBS 5 | 0.682 | 0.689 | 0.182 | 0.297 | 0.696 | 0.665 | 0.250 | 0.319 | 0.704 0.684 0.333 0.275
FAGGBS 6 | 0.812 | 0.836 | 0.273 | 0.554 | 0.857 | 0.853 | 0.400 | 0.551 | 0.839 0.816 0.370 0.449
FAGGBS 7 | 1.000 | 1.000 | 0.909 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 1.000 1.000 1.000
FAGGBS 8 | 0.728 | 0.790 | 1.000 | 0.676 | 0.709 | 0.759 | 0.900 | 0.739 | 0.748 0.741 0.833 0.594
FAGGBS 9 | 0.728 | 0.767 | 0.758 | 0.838 | 0.704 | 0.679 | 0.675 | 0.841 | 0.713 0.697 0.667 0.783
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Table 4.4: Grey relational generations for aggregate impact value (AIV) and aggregate crushing value (ACYV), individual crushing

strength (IPS) and water absorption of FA-IOT aggregates for 14, 28 and 100 days of curing

Grey relational generations Grey relational generations Grey relational generations

Trial No. (14 Days) (28 Days) (100 Days)

AIV ACV IPS WA AV ACV IPS WA AIV ACV IPS WA
(%) | (%) | MPa) | (%) | (%) | (%) | MPa) | (%) | (%) | (%) | MPa) | (%)
FAIOT 1 0.074 | 0.068 | 0.000 | 0.000 | 0.018 | 0.000 | 0.000 | 0.000 | 0.347 | 0.350 | 0.333 | 0.333

FAIOT2 | 0.000 | 0.000 | 0.132 | 0.175 | 0.000 | 0.006 | 0.128 | 0.162 | 0.333 | 0.333 | 0.363 | 0.350
FAIOT 3 | 0.178 | 0.267 | 0.263 | 0.238 | 0.271 | 0.228 | 0.282 | 0.284 | 0.413 | 0.409 | 0.423 | 0.384
FAIOT 4 | 0.252 | 0335 | 0.158 | 0.225 | 0.199 | 0.184 | 0.179 | 0.270 | 0.394 | 0.419 | 0.390 | 0.380
FAIOT 5 | 0.571 | 0.571 | 0.526 | 0.525 | 0.560 | 0.525 | 0.410 | 0.554 | 0.506 | 0.515 | 0.451 | 0.497
FAIOT 6 | 0.503 | 0.503 | 0.395 | 0.438 | 0.518 | 0.487 | 0.308 | 0.446 | 0.483 | 0.491 | 0.406 | 0.464
FAIOT 7 | 0.663 | 0.714 | 0.421 | 0.650 | 0.602 | 0.633 | 0.231 | 0.608 | 0.552 | 0.548 | 0.390 | 0.518
FAIOT 8 | 0.742 | 0.764 | 0.500 | 0.713 | 0.741 | 0.747 | 0.385 | 0.676 | 0.639 | 0.644 | 0.461 | 0.568
FAIOT9 | 1.000 | 1.000 | 1.000 | 0.913 | 1.000 | 1.000 | 1.000 | 0.986 | 1.000 | 1.000 | 1.000 | 1.000
FAIOT 10 | 0.926 | 0.944 | 0.737 | 1.000 | 0.873 | 0.892 | 0.641 | 0.959 | 0.739 | 0.746 | 0.612 | 0.816
FAIOT 11 | 0.865 | 0.894 | 0.605 | 0.875 | 0.807 | 0.823 | 0.564 | 0.824 | 0.675 | 0.691 | 0.482 | 0.689
FAIOT 12 | 0.945 | 0.963 | 0.789 | 0.925 | 0.880 | 0.892 | 0.744 | 1.000 | 0.802 | 0.787 | 0.719 | 0.922
FAIOT 13 | 0.804 | 0.839 | 0.684 | 0.763 | 0.741 | 0.753 | 0.590 | 0.784 | 0.620 | 0.634 | 0.506 | 0.640
FAIOT 14 | 0.853 | 0.839 | 0.632 | 0.800 | 0.783 | 0.804 | 0.564 | 0.770 | 0.664 | 0.697 | 0.532 | 0.703
FAIOT 15 | 0.902 | 0.901 | 0.658 | 0.763 | 0.813 | 0.766 | 0.513 | 0.757 | 0.691 | 0.669 | 0.494 | 0.607
FAIOT 16 | 0.798 | 0.826 | 0.579 | 0.675 | 0.717 | 0.741 | 0385 | 0.595 | 0.634 | 0.590 | 0.441 | 0.518
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Table 4.5: Grey relational generations for aggregate impact value (AIV) and aggregate crushing value (ACYV), individual crushing

strength (IPS) and water absorption of FA-COT aggregates for 14, 28 and 100 days of curing

Grey relational generations Grey relational generations Grey relational generations

Trial No. (14 Days) (28 Days) (100 Days)

AV ACV IPS WA ALV ACV IPS WA ALV | ACVY IPS WA
(%) | (%) | MPa) | (%) | (%) | (%) | (MPa) | (%) | (%) | (%) | (MPa) | (%)
FACOT 1 | 0469 | 0.456 | 0.502 | 0.578 | 0.523 | 0.479 | 0.514 | 0.559 | 0.457 | 0.396 | 0.516 | 0.543

FACOT 2 | 0.516 | 0.475 | 0.570 | 0.621 | 0.550 | 0.560 | 0.586 | 0.631 | 0.539 | 0.552 | 0.645 | 0.652
FACOT3 | 0473 | 0.463 | 0.525 | 0.586 | 0.538 | 0.494 | 0.532 | 0.613 | 0.512 | 0.470 | 0.581 | 0.609
FACOT4 | 0.450 | 0.436 | 0.321 | 0.578 | 0.465 | 0.451 | 0.279 | 0.496 | 0.411 | 0.374 | 0.323 | 0.424
FACOT S5 | 1.000 | 1.000 | 1.000 | 0.966 | 0.969 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 0.971
FACOT 6 | 0.903 | 0.884 | 0.796 | 0.879 | 1.000 | 0.981 | 0.658 | 0.920 | 0.984 | 0.878 | 0.694 | 0.930
FACOT 7 | 0.860 | 0.880 | 0.683 | 0.776 | 0.858 | 0.887 | 0.586 | 0.757 | 0.872 | 0.815 | 0.629 | 0.804
FACOT 8 | 0.961 | 0.981 | 0.932 | 1.000 | 0.992 | 0.953 | 0.910 | 0.938 | 0.957 | 0.959 | 0.887 | 1.000
FACOT9 | 0.601 | 0.575 | 0.593 | 0.716 | 0.558 | 0.545 | 0.495 | 0.667 | 0.562 | 0.515 | 0.516 | 0.674
FACOT 10 | 0.570 | 0.541 | 0.502 | 0.595 | 0.519 | 0.498 | 0.405 | 0.559 | 0.496 | 0.415 | 0.419 | 0.761
FACOT 11 | 0.581 | 0.568 | 0.525 | 0.621 | 0.535 | 0.514 | 0.477 | 0.577 | 0.539 | 0.481 | 0.484 | 0.543
FACOT 12 | 0.713 | 0.656 | 0.638 | 0.690 | 0.650 | 0.599 | 0.550 | 0.703 | 0.674 | 0.596 | 0.565 | 0.717
FACOT 13 | 0.000 | 0.000 | 0.000 | 0.017 | 0.000 | 0.000 | 0.000 | 0.018 | 0.000 | 0.000 | 0.000 | 0.054
FACOT 14 | 0.236 | 0.251 | 0.095 | 0.052 | 0.231 | 0.233 | 0.081 | 0.036 | 0.202 | 0.200 | 0.113 | 0.109
FACOT 15 | 0.337 | 0.398 | 0.163 | 0.293 | 0.385 | 0.397 | 0.243 | 0.216 | 0.333 | 0.337 | 0.242 | 0.196
FAIOT 16 | 0.182 | 0.181 | 0.027 | 0.000 | 0.173 | 0.148 | 0.045 | 0.000 | 0.174 | 0.163 | 0.097 | 0.000
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4.4.2 Assessment of grey relational coefficients

The deviation sequences 4,; and grey relational coefficients & (k) for pelletized FA-BT,
FA-BL, FA-GGBS, FA-IOT and FA-COT aggregates at all the three curing ages were
computed by using Eqn. 3.3. For pelletized FA-BT, FA-BL and FA-GGBS aggregates, the
values for deviation sequence and grey relational coefficients for 14, 28, and 100 days of
curing are presented in Tables 4.6-4.8, 4.9-4.11, and 4.12-4.14, respectively. Similarly, for
pelletized FA-IOT and FA-COT aggregates, values for deviation sequence and grey
relational coefficients for the three curing periods is presented in Tables 4.15-4.17 and 4.18-

4.20, respectively.

Table 4.6: Aj; and grey relation coefficients for 14 days of curing with respect to

governing factors in FA-BT aggregates

. Ay; Grey relational coefficients
Trial

No AIV [ACV | TIPS | WA | AIV | ACV | TIPS | WA
(%) | (%) | MPa) | (0) | (%) | (%) | MPa)| (%)
FABT 1 | 0.622 |0.634 | 0.968 | 0.563 | 0.445| 0.441 | 0.341 | 0.470
FABT2 | 0.963 |0.975| 0.871 [0.761 [0.342 | 0.339 | 0.365 | 0.397
FABT3 | 1.000 | 1.000 | 1.000 | 1.000 [ 0.333 | 0.333 | 0.333 | 0.333
FABT4 | 0373 [ 0374 | 0.774 | 0.296 [ 0.572 | 0.572 | 0.392 | 0.628
FABT S5 | 0432 | 0416 ] 0.677 | 0.169 [ 0.537 | 0.546 | 0.425 | 0.747
FABT 6 | 0.598 |0.580 | 0.935 [ 0.408 [ 0.456 | 0.463 | 0.348 | 0.550
FABT 7 | 0.390 |0.248 | 0.258 | 0.239 | 0.562 | 0.669 | 0.660 | 0.676
FABT 8 | 0.178 |0.256 | 0.516 | 0.437 [ 0.737 | 0.661 | 0.492 | 0.534
FABT9 | 0.000 |0.000 | 0.000 | 0.000 [ 1.000| 1.000 | 1.000 | 1.000

Table 4.7: Ay; and grey relation coefficients for 28 days of curing with respect to

governing factors in FA-BT aggregates

. Ay; Grey relational coefficients
Trial

No AIV |ACV | IPS | WA | ATV | AcV | 1PS | WA
(%) | (%) | MPa) | () | (%) | (%) | MPa)| (%)
FABT 1| 0.624 |0.635| 1.000 | 0.643 [ 0.445 | 0.441 | 0.333 | 0.438
FABT2 | 0.954 |0.963 | 0.957 | 0.875|0.344 | 0342 | 0.343 | 0.364

FABT3 | 1.000 | 1.000 | 0.979 | 1.000 | 0.333 | 0.333 | 0.338 | 0.333
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FABT 4 | 0371 |0386 | 0.745 | 0.304 | 0.574 | 0.564 | 0.402 | 0.622
FABT S5 | 0414 |0.411 | 0.787 | 0.143 | 0.547 | 0.549 | 0.388 | 0.778
FABT 6 | 0.620 |0.622 | 0.957 | 0.482 | 0.446 | 0.445 | 0.343 | 0.509
FABT 7 | 0321 |0.295| 0.404 | 0.696 | 0.609 | 0.629 | 0.553 | 0.418
FABT 8 | 0.295 |0.303 | 0.574 | 0.143 | 0.629 | 0.623 | 0.465 | 0.778
FABT9 | 0.000 |0.000 | 0.000 | 0.000 | 1.000 | 1.000 | 1.000 | 1.000

Table 4.8: Ay; and grey relation coefficients for 100 days of curing with respect to

governing factors in FA-BT aggregates

) Ay; Grey relational coefficients
Trial

No AIV |ACV | IPS | WA [ AIV | ACV | TIPS | WA
(%) | (%) |MPa) | (Y0 | (%) | (%) |MPa)| (%)
FABT 1| 0.601 |0.492 | 1.000 | 0.714 | 0.454 | 0.504 | 0.333 | 0.412
FABT2 | 0918 |0.824 | 0.968 | 0.871 | 0.352| 0.378 | 0.341 | 0.365
FABT 3 | 1.000 |1.000 | 0.937 | 1.000 | 0.333 | 0.333 | 0.348 | 0.333
FABT 4 | 0365 |0.381 | 0.825 |0.257 | 0.578 | 0.567 | 0.377 | 0.660
FABT 5| 0.391 |0.434| 0.778 | 0.243 | 0.561 | 0.535 | 0.391 | 0.673
FABT 6 | 0.661 |0.660 | 0.889 | 0.443 | 0.431 | 0.431 | 0.360 | 0.530
FABT 7 | 0266 |0.279 | 0.460 | 0.614 | 0.653 | 0.642 | 0.521 | 0.449
FABT 8 | 0.185 |0.225| 0.587 |0.186 | 0.730 | 0.689 | 0.460 | 0.729
FABT 9 | 0.000 |0.000 | 0.000 | 0.000 | 1.000 | 1.000 | 1.000 | 1.000

Table 4.9: A ; and grey relation coefficients for 14 days of curing with respect to

governing factors in FA-BL aggregates

. Ay Grey relational coefficients
Trial

No AIV [ACV | 1PS | WA | ATV | ACV | TIPS | WA
(%) (%) | MPa) | () | (%) | (%) | (MPa)| (%)
FABL1 | 1.000 |[1.000| 1.000 |0.630 |0.333 | 0.333 | 0.333 | 0.443
FABL2 | 0.645 [0.823] 0.397 [0.778 | 0.437 | 0.378 | 0.558 | 0.391
FABL3 | 0.664 |0.808 | 0.825 | 1.000 |0.430 | 0.382 | 0.377 | 0.333
FABL4 | 0233 [0310 0.365 [ 0.185|0.682 | 0.617 | 0.578 | 0.730
FABLS5 | 0.000 [0.118 [ 0.238 [0.000 | 1.000 | 0.809 | 0.677 | 1.000

FABL6 | 0.027 |0.000 | 0.000 |0.049 | 0.949 | 1.000 | 1.000 | 0.910
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FABL7 | 0.611 |0.764 | 0.857 |0.272]0.450 | 0.396 | 0.368 | 0.648
FABL & | 0347 |0.517 | 0.698 | 0.148 | 0.590 | 0.492 | 0.417 | 0.771
FABLY9 | 0.504 |0.670 | 0.683 | 0.123 | 0.498 | 0.427 | 0.423 | 0.802

Table 4.10: 4,; and grey relation coefficients for 28 days of curing with respect to

governing factors in FA-BL aggregates

) Ay; Grey relational coefficients
Trial

No AIV |ACV | TIPS | WA [ ATV | ACV | TIPS | WA
(%) (%) | MPa) | (Y0) | (%) | (%) | (MPa)| (%)
FABL 1| 1.000 |1.000| 1.000 |0.693 | 0.333 | 0.333 | 0.333 | 0.419
FABL2 | 0.670 |0.854 | 0.495 | 0.784 | 0.427 | 0.369 | 0.503 | 0.389
FABL3 | 0.626 |0.804 | 0.828 | 1.000 | 0.444 | 0.383 | 0.377 | 0.333
FABL 4 | 0.207 [0.256| 0.301 |0.193 [ 0.707 | 0.661 | 0.624 | 0.721
FABL5 | 0.000 |0.045| 0.000 |0.125 | 1.000 | 0.917 | 1.000 | 0.800
FABL6 | 0.007 |0.000 | 0.269 |0.000 | 0.985 | 1.000 | 0.650 | 1.000
FABL7 | 0.622 |0.653| 0.796 |0.295 | 0.446 | 0.434 | 0.386 | 0.629
FABLS8 | 0.374 |0.508 | 0.634 | 0.205 | 0.572 | 0.496 | 0.441 | 0.710
FABL9 | 0478 |0.648 | 0.591 | 0.170 | 0.511 | 0.435 | 0.458 | 0.746

Table 4.11: Ay; and grey relation coefficients for 100 days of curing with respect to
governing factors in FA-BL aggregates

) A Grey relational coefficients
Trial

No AIV |ACV | 1PS | WA | AIV | ACV | TIPS | WA
(%) (%) | MPa) | (0) | (%) | (%) | (MPa)| (%)
FABL 1| 1.000 |[1.000| 1.000 | 0.709 | 0.333 | 0.333 | 0.333 | 0.414
FABL2 | 0.650 [0.610| 0.541 |[0.962 | 0.435| 0.451 | 0.480 | 0.342
FABL3 | 0.685 [0.659 | 0.847 | 1.000 | 0.422| 0432 | 0.371 | 0.333
FABL4 | 0203 [0.244| 0337 [0.152]0.711] 0.672 | 0.598 | 0.767
FABLS5| 0.031 [0.039| 0.000 | 0.000 | 0.941 | 0.928 | 1.000 | 1.000
FABL 6 | 0.000° |0.000 | 0.347 | 0.089 | 1.000 | 1.000 | 0.590 | 0.849
FABL7 | 0.615 [0.561 | 0.867 [0.291 | 0.448 | 0.471 | 0.366 | 0.632
FABLS8 | 0336 [0.512] 0.622 | 0.342]0.598 | 0.494 | 0.445 | 0.594
FABLY | 0476 |0.610 | 0.622 |0.304 | 0.513 | 0451 | 0.445 | 0.622
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Table 4.12: A,; and grey relation coefficients for 14 days of curing with respect to

governing factors in FA-GGBS aggregates

Aopi Grey relational coefficients

TrialNo 1 arv [acv| s [ WA [ Av | acv | 1ps | WA

(%) | (%) | (MPa) | () | (%) | (%) | MPa)| (%)

FAGGBS 1 1.000 | 1.000 | 1.000 |0.716 | 0.500 | 0.333 | 0.333 | 0.411

FAGGBS 2 | 0.699 |[0.763 | 0.970 | 0.838 | 0.589 | 0.396 | 0.340 | 0.374

FAGGBS3 | 0.787 |0.872| 1.000 | 1.000 | 0.560 | 0.364 | 0.333 | 0.333

FAGGBS 4 | 0.272 |0.301 | 0.848 | 0.568 | 0.786 | 0.624 | 0.371 | 0.468

FAGGBS 5 | 0.318 [0.311 | 0.818 | 0.703 | 0.759 | 0.617 | 0.379 | 0.416

FAGGBS 6 | 0.188 |0.164| 0.727 | 0.446 | 0.842 | 0.753 | 0.407 | 0.529

FAGGBS 7 | 0.000 |0.000| 0.091 |0.000 | 1.000 | 1.000 | 0.846 | 1.000

FAGGBS 8 | 0.272 |0.210 | 0.000 | 0.324 | 0.786 | 0.704 | 1.000 | 0.607

FAGGBS9 | 0.272 ]0.233 | 0.242 | 0.162 | 0.786 | 0.682 | 0.673 | 0.755

Table 4.13: A,; and grey relation coefficients for 28 days of curing with respect to

governing factors in FA-GGBS aggregates

Ap; Grey relational coefficients

TrialNo I A1v [acv] 1ps [ WA [Av [ acv | 1ps | WA

(%) | (%) | MPa) | (%) | (%) | (%) | (MPa)| (%)

FAGGBS 1 1.000 | 1.000 | 0.975 | 0.739 | 0.500 | 0.333 | 0.339 | 0.404

FAGGBS 2 | 0.748 |0.781 | 0.925 | 0.841 | 0.572 | 0.390 | 0.351 | 0.373

FAGGBS 3 | 0.835 |0.857| 1.000 | 1.000 | 0.545 | 0.368 | 0.333 | 0.333

FAGGBS4 | 0.296 |0.317 | 0.800 | 0.609 | 0.772 | 0.612 | 0.385 | 0.451

FAGGBS 5 | 0.304 |0.335| 0.750 | 0.681 | 0.767 | 0.599 | 0.400 | 0.423

FAGGBS 6 | 0.143 | 0.147 | 0.600 | 0.449 | 0.875 | 0.772 | 0.455 | 0.527

FAGGBS 7 | 0.000 | 0.000 | 0.000 |0.000 |1.000 | 1.000 | 1.000 | 1.000

FAGGBS 8 | 0.291 |0.241 | 0.100 | 0.261 | 0.774 | 0.675 | 0.833 | 0.657

FAGGBS 9 | 0.296 |0.321| 0.325 | 0.159 | 0.772 | 0.609 | 0.606 | 0.758
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Table 4.14: A,; and grey relation coefficients for 100 days of curing with respect to
governing factors in FA-GGBS aggregates

Ay Grey relational coefficients

TrialNo 4 1v [acv| ps | WA [ arv [ acv | ps | WA
(%) (%) | MPa) | (P) | (%) | (%) | MPa)| (%)
FAGGBS 1 | 1.000 |1.000| 1.000 | 0.812]0.333 | 0.333 | 0.333 | 0.381
FAGGBS2 | 0.735 |0.750 | 0.963 | 0.884 | 0.405 | 0.400 | 0.342 | 0.361
FAGGBS3 | 0.861 |0.833| 0.981 | 1.000|0.367 | 0.375 | 0.338 | 0.333
FAGGBS4 | 0300 |0.303| 0.796 | 0.580 | 0.625 | 0.623 | 0.386 | 0.463
FAGGBS 5 | 0296 |0.316| 0.667 | 0.725|0.628 | 0.613 | 0.429 | 0.408
FAGGBS 6 | 0.161 |0.184 | 0.630 | 0.551]0.757 | 0.731 | 0.443 | 0.476
FAGGBS 7 | 0.000 |0.000 | 0.000 | 0.000 | 1.000 | 1.000 | 1.000 | 1.000
FAGGBS 8 | 0252 0259 0.167 | 0.406 | 0.665 | 0.659 | 0.750 | 0.552

FAGGBS 9 | 0.287 |0.303 | 0.333 | 0.217 | 0.635 | 0.623 | 0.600 | 0.697

Table 4.15: 4,; and grey relation coefficients for 14 days of curing with respect to

governing factors in FA-IOT aggregates

A Grey relational coefficients

TrialNo T ayv [acv] 1ps [ WA [AIv ] acv | 1ps | WA

(%) (%) | MPa) | (0) | (%) | (%) |MPa)| (%)
FAIOT 1 0.926 |0.932| 1.000 | 1.000 | 0.351 | 0.349 | 0.333 | 0.333
FAIOT 2 1.000 | 1.000 | 0.868 | 0.825|0.333 | 0.333 | 0.365 | 0.377
FAIOT3 | 0822 [0.733] 0.737 | 0.763 | 0.378 | 0.406 | 0.404 | 0.396
FAIOT4 | 0.748 |0.665| 0.842 | 0.775 | 0.400 | 0.429 | 0.373 | 0.392
FAIOT5 | 0429 |0.429 | 0.474 | 0.475 | 0.538 | 0.538 | 0.514 | 0.513
FAIOT 6 | 0497 |0.497 | 0.605 | 0.563 | 0.502 | 0.502 | 0.452 | 0.471
FAIOT7 | 0337 [0.286| 0.579 | 0.350 | 0.597 | 0.636 | 0.463 | 0.588
FAIOT 8 | 0258 |0.236| 0.500 | 0.288 | 0.660 | 0.679 | 0.500 | 0.635
FAIOT9 | 0.000 |0.000| 0.000 | 0.088 | 1.000 | 1.000 | 1.000 | 0.851
FAIOT 10 | 0.074 |0.056 | 0.263 |0.000 | 0.872 | 0.899 | 0.655 | 1.000
FAIOT 11 | 0.135 |0.106 | 0.395 | 0.125 | 0.787 | 0.826 | 0.559 | 0.800
FAIOT 12 | 0.055 |0.037 | 0.211 |0.075{0.901 | 0.931 | 0.704 | 0.870

106



FAIOT 13 0.196 |[0.161 | 0.316 | 0.238 | 0.718 | 0.756 | 0.613 | 0.678

FAIOT 14 0.147 | 0.161 | 0.368 | 0.200 | 0.773 | 0.756 | 0.576 | 0.714

FAIOT 15 0.098 | 0.099 | 0.342 | 0.238 | 0.836 | 0.834 | 0.594 | 0.678

FAIOT 16 0.202 [0.174 | 0421 |0.325|0.712 | 0.742 | 0.543 | 0.606

Table 4.16: A,; and grey relation coefficients for 28 days of curing with respect to

governing factors in FA-IOT aggregates

Ay; Grey relational coefficients

TrialNo I uyv Tacv| ps [ WA [ Aav | acv | 1ps | WA
(%) (%) | MPa) | (%0) | (%) | (%) | (MPa)| (%)
FAIOT 1 | 0982 |1.000| 1.000 | 1.000 | 0.337 | 0.333 | 0.333 | 0.333
FAIOT2 | 1.000 |0.994 | 0.872 |0.838 | 0.333 | 0.335 | 0.364 | 0.374
FAIOT3 | 0.729 |0.772] 0718 |0.716 | 0407 | 0.393 | 0.411 | 0.411
FAIOT4 | 0801 |0.816]| 0.821 |0.730 | 0.384 | 0.380 | 0.379 | 0.407
FAIOTS5 | 0440 |0475| 0.590 |0.446 | 0.532 | 0.513 | 0.459 | 0.529
FAIOT 6 | 0482 |0.513] 0.692 |0.554 | 0.509 | 0.494 | 0.419 | 0.474
FAIOT7 | 0398 |0.367] 0.769 |0.392]0.557 | 0.577 | 0.394 | 0.561
FAIOTS | 0259 |0.253| 0.615 |0.324|0.659 | 0.664 | 0.448 | 0.607
FAIOT9 | 0.000 |0.000| 0.000 |0.014 | 1.000 | 1.000 | 1.000 | 0.974
FAIOT 10 | 0.127 |0.108 | 0.359 |0.041 | 0.798 | 0.823 | 0.582 | 0.925
FAIOT I1 | 0.193 |0.177 | 0436 |0.176 | 0.722 | 0.738 | 0.534 | 0.740
FAIOT 12 | 0.120 |0.108 | 0.256 | 0.000 | 0.806 | 0.823 | 0.661 | 1.000
FAIOT 13 | 0259 |0.247| 0410 |0.216 | 0.659 | 0.669 | 0.549 | 0.698
FAIOT 14 | 0217 |0.196 | 0.436 |0.230 | 0.697 | 0.718 | 0.534 | 0.685
FAIOT 15 | 0.187 |0.234| 0487 |0.243|0.728 | 0.681 | 0.506 | 0.673
FAIOT 16 | 0283 |0.259| 0.615 | 0.405 | 0.638 | 0.658 | 0.448 | 0.552
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Table 4.17: Ay; and grey relation coefficients for 100 days of curing with respect to
governing factors in FA-IOT aggregates

Aopi Grey relational coefficients

TralNo 1oty [acv| 1ps [ WA [av [ acv | s | WA

(%) (%) | MPa) | () | (%) | (%) | MPa)| (%)

FAIOT 1 0.347 |0.350 | 0.333 | 0.333 | 0.347 | 0.350 | 0.333 | 0.333

FAIOT 2 0.333 0.333 | 0.363 | 0.350 | 0.333 | 0.333 | 0.363 | 0.350

FAIOT 3 0.413 | 0.409 | 0.423 | 0.384 | 0.413 | 0.409 | 0423 | 0.384

FAIOT 4 0394 |0.419| 0.390 | 0.380| 0.394 | 0.419 | 0.390 | 0.380

FAIOT 5 0.506 | 0.515| 0.451 |0.497 | 0.506 | 0.515 | 0.451 | 0.497

FAIOT 6 0.483 | 0.491 | 0.406 | 0.464 | 0.483 | 0.491 | 0.406 | 0.464

FAIOT 7 0.552 | 0.548 | 0.390 | 0.518 | 0.552 | 0.548 | 0.390 | 0.518

FAIOT 8 0.639 ]0.644 | 0.461 | 0.568 | 0.639 | 0.644 | 0.461 | 0.568

FAIOT 9 1.000 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000

FAIOT 10 0.739 |0.746 | 0.612 | 0.816 | 0.739 | 0.746 | 0.612 | 0.816

FAIOT 11 0.675 0.691 | 0.482 | 0.689 | 0.675 | 0.691 | 0.482 | 0.689

FAIOT 12 0.802 |0.787 | 0.719 | 0.922 | 0.802 | 0.787 | 0.719 | 0.922

FAIOT 13 0.620 | 0.634 | 0.506 | 0.640 | 0.620 | 0.634 | 0.506 | 0.640

FAIOT 14 0.664 |0.697 | 0.532 |0.703 | 0.664 | 0.697 | 0.532 | 0.703

FAIOT 15 0.691 0.669 | 0.494 | 0.607 | 0.691 | 0.669 | 0.494 | 0.607

FAIOT 16 0.634 | 0.590 | 0.441 | 0.518 | 0.634 | 0.590 | 0.441 | 0.518

Table 4.18: A,; and grey relation coefficients for 14 days of curing with respect to

governing factors in FA-COT aggregates

Ay Grey relational coefficients

TrialNo 1 Arv [acv] s | WA [ Av [ acv | 1ps | WA

(%) | (%) | MPa) | (0) | (%) | (%) | MPa)| (%)

FACOT 1 0.477 |0.521| 0.486 | 0.441 | 0.485 | 0.479 | 0.501 | 0.542

FACOT 2 0.450 |0.440| 0.414 | 0.369 | 0.508 | 0.488 | 0.538 | 0.569

FACOT 3 0.462 | 0.506 | 0.468 | 0.387 | 0.487 | 0.482 | 0.513 | 0.547

FACOT 4 0.535 |0.549| 0.721 | 0.504 | 0.476 | 0.470 | 0.424 | 0.542

FACOT 5 0.031 | 0.000| 0.000 | 0.000 | 1.000 | 1.000 | 1.000 | 0.935

108



FACOT 6 0.000 |0.019 | 0.342 | 0.080 | 0.838 | 0.812 | 0.711 | 0.806

FACOT 7 0.142 | 0.113 | 0.414 | 0.243 | 0.782 | 0.807 | 0.612 | 0.690

FACOT 8 0.008 |0.047 | 0.090 | 0.062 | 0.928 | 0.963 | 0.880 | 1.000

FACOT 9 0.442 | 0.455| 0.505 | 0.333 | 0.556 | 0.541 | 0.551 | 0.637

FACOT 10 | 0.481 |0.502| 0.595 |0.441 | 0.538 | 0.521 | 0.501 | 0.552

FACOT 11 0.465 |0.486 | 0.523 |0.423 | 0.544 | 0.536 | 0.513 | 0.569

FACOT 12 | 0350 |0.401 | 0.450 | 0.297 | 0.635 | 0.593 | 0.580 | 0.617

FACOT 13 1.000 | 1.000 | 1.000 | 0.982 | 0.333 | 0.333 | 0.333 | 0.337

FACOT 14 | 0.769 |0.767 | 0.919 | 0.964 | 0.396 | 0.400 | 0.356 | 0.345

FACOT 15 0.615 |0.603 | 0.757 | 0.784 | 0.430 | 0.454 | 0.374 | 0.414

FACOT 16 | 0.827 |0.852| 0.955 |[1.000|0.379 | 0.379 | 0.339 | 0.333

Table 4.19: Ay; and grey relation coefficients for 28 days of curing with
respect to governing factors in FA-COT aggregates

Ay; Grey relational coefficients

TrialNo 1 Arv [acv| s [ WA [ Arv | acv | 1ps | WA

(%) | (%) |MPa) | (%) | (%) | (%) | MPa)| (%)

FACOT 1 0.477 10.521 | 0.486 | 0.441 | 0.512 | 0.490 | 0.507 | 0.531

FACOT 2 0.450 |0.440 | 0.414 | 0.369 | 0.526 | 0.532 | 0.547 | 0.576

FACOT 3 0.462 | 0.506 | 0.468 | 0.387 | 0.520 | 0.497 | 0.516 | 0.564

FACOT 4 0.535 ]0.549 | 0.721 | 0.504 | 0.483 | 0.477 | 0.410 | 0.498

FACOT 5 0.031 |0.000 | 0.000 |0.000|0.942| 1.000 | 1.000 | 1.000

FACOT 6 0.000 |0.019 | 0.342 | 0.080 | 1.000 | 0.963 | 0.594 | 0.862

FACOT 7 0.142 | 0.113 | 0.414 | 0.243 | 0.778 | 0.816 | 0.547 | 0.673

FACOT 8 0.008 |0.047 | 0.090 |0.062|0.985| 0.915 | 0.847 | 0.889

FACOT 9 0.442 |0.455| 0.505 | 0.333 | 0.531 | 0.523 | 0.498 | 0.600

FACOT 10 | 0481 |[0.502 | 0.595 |0.441|0.510 | 0.499 | 0.457 | 0.531

FACOT 11 0.465 |0.486 | 0.523 | 0.423 | 0.518 | 0.507 | 0.489 | 0.542

FACOT 12 | 0350 |0.401 | 0.450 |0.297 | 0.588 | 0.555 | 0.526 | 0.628

FACOT 13 1.000 | 1.000 | 1.000 | 0.982 | 0.333 | 0.333 | 0.333 | 0.337

FACOT 14 | 0.769 |0.767 | 0.919 | 0.964 | 0.394 | 0.395 | 0.352 | 0.342

FACOT 15 | 0.615 |0.603 | 0.757 | 0.784 | 0.448 | 0.453 | 0.398 | 0.390

FACOT 16 | 0.827 |0.852 | 0.955 | 1.000 | 0.377 | 0.370 | 0.344 | 0.333
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Table 4.20: Ay; and grey relation coefficients for 100 days of curing with respect to
governing factors in FA-COT aggregates

Ay; Grey relational coefficients

TrialNo 1 s1v [acv] 1ps | WA [ av [ acv | ps | WA

(%) (%) | MPa) | (0) | (%) | (%) | MPa) | (%)
FACOT 1 | 0.543 [0.604 | 0.484 | 0.457|0.480 | 0.453 | 0.508 | 0.523
FACOT2 | 0461 |[0.448| 0.355 |0.348|0.520 | 0.527 | 0.585 | 0.590
FACOT3 | 0488 |0.530 | 0.419 | 0.391 | 0.506 | 0.486 | 0.544 | 0.561
FACOT4 | 0.589 [0.626 | 0.677 | 0.576 | 0.459 | 0.444 | 0.425 | 0.465
FACOT 5 | 0.000 [0.000 | 0.000 |0.029 | 1.000 | 1.000 | 1.000 | 0.945
FACOT6 | 0.016 |0.122| 0.306 |0.070 | 0.970 | 0.804 | 0.620 | 0.878
FACOT7 | 0.128 [0.185| 0.371 |0.196 | 0.796 | 0.730 | 0.574 | 0.719
FACOT 8 | 0.043 [0.041 | 0.113 | 0.000 | 0.921 | 0.925 | 0.816 | 1.000
FACOTO9 | 0438 |0.485| 0.484 | 0.326 | 0.533 | 0.508 | 0.508 | 0.605
FACOT 10 | 0.504 [0.585| 0.581 |0.239 [ 0.498 | 0.461 | 0.463 | 0.676
FACOT 11 | 0.461 [0.519] 0.516 |0.457 [ 0.520 | 0.491 | 0.492 | 0.523
FACOT 12 | 0.326 |0.404 | 0.435 | 0.283 [ 0.606 | 0.553 | 0.534 | 0.639
FACOT 13 | 1.000 | 1.000| 1.000 |0.946 | 0.333 | 0.333 | 0.333 | 0.346
FACOT 14 | 0.798 |0.800| 0.887 | 0.891 [ 0.385 | 0.385 | 0.360 | 0.359
FACOT 15 | 0.667 |0.663 | 0.758 |0.804 | 0.429 | 0.430 | 0.397 | 0.383
FACOT 16 | 0.826 |0.837| 0.903 |1.000 [ 0.377 | 0.374 | 0.356 | 0.333

4.4.3 Grey relational grade

The grey relational grade y; for pelletized FA-BT, FA-BL, FA-GGBS, FA-IOT and FA-
COT aggregates at all the three curing ages was computed using Eqn. 3.4. The grey
relational grade at all curing ages for all the respective governing factors in pelletized FA-
BT, FA-BL, and FA-GGBS aggregates is presented in Tables 4.21, 4.22 and 4.23,
respectively. Similarly, the grey relational grade at all curing ages for all the respective
governing factors in pelletized FA-IOT and FA-COT aggregates is presented in Tables 4.24
and 4.25, respectively.

110



Table 4.21: Grey relational grades for three curing ages with respect to governing

factors in FA-BT aggregates

Trial No Grey relational grade
14 Days 28 Days 100 Days

FABT 1 0.424 0.406 0.426
FABT 2 0.361 0.343 0.359
FABT 3 0.333 0.335 0.337
FABT 4 0.541 0.513 0.546
FABT 5 0.564 0.495 0.540
FABT 6 0.454 0.412 0.438
FABT 7 0.642 0.597 0.566
FABT 8 0.606 0.572 0.652
FABT 9 1.000 1.000 1.000

Table 4.22: Grey relational grades for three curing ages with respect to governing

factors in FA-BL aggregates

Trial No Grey relational grade
14 Days 28 Days | 100 Days

FABL 1 0.361 0.355 0.353
FABL 2 0.441 0.422 0.427
FABL 3 0.381 0.384 0.389
FABL 4 0.652 0.678 0.687
FABL 5 0.872 0.929 0.967
FABL 6 0.965 0.909 0.860
FABL 7 0.466 0.473 0.479
FABL 8 0.568 0.555 0.533
FABL 9 0.538 0.538 0.508
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Table 4.23: Grey relational grades for three curing ages with respect to governing

factors in FA-GGBS aggregates

Trial No Grey relational grade
14 Days 28 Days 100 Days
FAGGBS 1 0.394 0.394 0.345
FAGGBS 2 0.425 0.422 0.377
FAGGBS 3 0.398 0.395 0.353
FAGGBS 4 0.562 0.555 0.524
FAGGBS 5 0.543 0.547 0.520
FAGGBS 6 0.633 0.657 0.601
FAGGBS 7 0.962 1.000 1.000
FAGGBS 8 0.774 0.735 0.656
FAGGBS 9 0.724 0.686 0.639

Table 4.24: Grey relational grades for three curing ages with respect to governing

factors in FA-IOT aggregates

Trial No Grey relational grade
14 Days 28 Days | 100 Days

FAIOT 1 0.342 0.334 0.341
FAIOT 2 0.352 0.352 0.345
FAIOT 3 0.396 0.405 0.407
FAIOT 4 0.399 0.387 0.396
FAIOT 5 0.526 0.508 0.492
FAIOT 6 0.482 0.474 0.461
FAIOT 7 0.571 0.522 0.502
FAIOT 8 0.619 0.594 0.578
FAIOT 9 0.963 0.993 1.000
FAIOT 10 0.857 0.782 0.728
FAIOT 11 0.743 0.684 0.634
FAIOT 12 0.851 0.822 0.808
FAIOT 13 0.691 0.644 0.600
FAIOT 14 0.705 0.659 0.649
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FAIOT 15 0.735 0.647 0.615
FAIOT 16 0.651 0.574 0.546

Table 4.25: Grey relational grades for three curing ages with respect to governing

factors in FA-COT aggregates

Trial No Grey relational grade
14 Days 28 Days 100 Days
FACOT 1 0.502 0.510 0.491
FACOT 2 0.525 0.545 0.556
FACOT 3 0.507 0.524 0.524
FACOT 4 0.478 0.467 0.448
FACOT 5 0.984 0.986 0.986
FACOT 6 0.791 0.854 0.818
FACOT 7 0.723 0.704 0.705
FACOT 8 0.943 0.909 0.915
FACOT 9 0.571 0.538 0.539
FACOT 10 0.528 0.499 0.524
FACOT 11 0.540 0.514 0.506
FACOT 12 0.606 0.574 0.583
FACOT 13 0.334 0.334 0.336
FACOT 14 0.374 0.371 0.372
FACOT 15 0.418 0.422 0.410
FACOT 16 0.358 0.356 0.360

Table 4.26: Response table for grey relational grade for three curing ages with

respect to governing factors in FA-BT aggregates

Curing | Mean grey Relational Grade Maxin.lu.m value
Factors — minimum Rank
Ages | Levell | Level2 | Level 3 value

NaO content (%) 0.373 0.520 0.749 0.377 1
Water content (%) | 14 days 0.536 0.510 0.596 0.086 3

BT (%) 0.495 0.634 0.513 0.139 2
NaO content (%) 0.361 0.473 0.723 0.362 1
Water content (%) | 28 days 0.506 0.470 0.582 0.112 3

BT (%) 0.463 0.619 0.476 0.155 2
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NayO content (%) 0.374 0.508 0.739 0.366 1
Water content (%) | 100 days 0.513 0.517 0.592 0.079 3
BT (%) 0.505 0.635 0.481 0.154 2
Table 4.27: Response table for grey relational grade for three curing ages with
respect to governing factors in FA-BL aggregates
Curing | Mean grey Relational Grade Maximum value
Factors — minimum Rank
Ages Level 1 | Level 2 | Level 3 value
NayO content (%) 0.394 0.829 0.524 0.435 1
Water content (%) | 14 days 0.493 0.627 0.628 0.135 2
BL (%) 0.631 0.543 0.573 0.088 3
NayO content (%) 0.387 0.839 0.522 0.452 1
Water content (%) | 28 days 0.502 0.635 0.610 0.133 2
BL (%) 0.606 0.546 0.596 0.060 3
NayO content (%) 0.390 0.838 0.507 0.448 1
Water content (%) | 100 days 0.507 0.642 0.586 0.136 2
BL (%) 0.582 0.541 0.612 0.071 3
Table 4.28: Response table for grey relational grade for three curing ages with
respect to governing factors in FA-GGBS aggregates
Curing | Mean grey Relational Grade Maximum value
Factors — minimum Rank
Ages Level 1 | Level 2 | Level 3 value
NayO content (%) 0.406 0.579 0.820 0414 1
Water content (%) | 14 days 0.639 0.581 0.585 0.059 3
GGBS (%) 0.600 0.570 0.634 0.064 2
NayO content (%) 0.404 0.586 0.807 0.404 1
Water content (%) | 28 days 0.650 0.568 0.579 0.082 3
GGBS (%) 0.595 0.554 0.647 0.093 2
NayO content (%) 0.359 0.548 0.765 0.407 1
Water content (%) | 100 days 0.623 0.518 0.531 0.106 3
GGBS (%) 0.534 0.513 0.624 0.111 2

Tables 4.26, 4.27 and 4.28 represent the average values of the response characteristics,

levels, and the governing factors in pelletized FA-BT, FA-BL, and FA-GGBS aggregates,

respectively. By observing the delta values or ranks obtained for pelletized FA-BT, FA-

BL, and FA-GGBS aggregates, it can be inferred that the factor Na>O content is having a

significant impact among all the other factors considered in the production of FA-BT, FA-

BL and FA-GGBS aggregates. The next most significant ones were found to be BT and

GGBS content, followed by water content in the production of pelletized FA-BT and FA-

GGBS aggregates, respectively. However, for pelletized FA-BL aggregates, water content
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was found to be more significant than BL content. As a result of summarising this analysis,

it is possible to generalise that the production as well as the characteristics of pelletized

FA-BT, FA-BL, and FA-GGBS aggregates are highly susceptible to the factors considered

in their manufacturing process (Sharath et al. 2022).

respect to governing factors in FA-IOT aggregates

Table 4.29: Response table for grey relational grade for three curing ages with

Response Table for Means

Level Na,O Water FA:10T Si02/Na;O
(%) (%) (%)
- 1 0.3722 0.6303 0.5542 0.6172
E 2 0.5493 0.5988 0.6162 0.6013
P 3 0.8534 0.6114 0.6705 0.6072
4 0.6955 0.6297 0.6294 0.6446
Max. value - Min. value| 04812 0.0316 0.1163 0.0433
Rank 1 4 2 3
Response Table for Means
Level Na,O Water FA:10T Si02/NaO
(%) (%) (%)
1 0.3697 0.6199 0.5166 0.5844
>3 2 0.5247 0.5666 0.5823 0.5684
g 3 0.8204 0.5645 0.663 0.5675
‘ 4 0.631 0.5946 0.5838 0.6255
Max. value - Min. value| 0.4507 0.0554 0.1464 0.058
Rank 1 4 2 3
Response Table for Means
Level Na,O Water FA:10T
(0/20 ) %) %) Si02/Na;O
§ 1 0.372 0.6083 0.4955 0.5749
E 2 0.5083 0.5458 0.5649 0.5393
S 3 0.7925 0.5397 0.6585 0.5433
4 0.6026 0.5818 0.5566 0.618
Max. value - Min. value 0.4205 0.0686 0.1629 0.0787
Rank 1 4 2 3
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Table 4.30: Response table for grey relational grade for three curing ages with

respect to governing factors in FA-COT aggregates

Response Table for Means

Level l\if,‘/i? V(V;S"r FA(’;?T $i02/Na;0
1 0.5031 0.5978 0.5479 0.5513
e 2 0.8602 0.5548 0.6334 0.5858
E 3 0.5615 0.5471 0.5989 0.5943
P 4 0.3711 0.5663 0.5158 0.5847
Max. value - Min. | 409 0.0507 0.1176 0.043
value
Rank 1 3 2 4
Response Table for Means
Level N0 [ Water [ EACOT [0, nuu0
1 0.512 0.592 0.559 0.540
& 2 0.863 0.567 0.632 0.576
g 3 0.531 0.541 0.586 0.591
’ 4 0.371 0.577 0.501 0.570
Max. value - Min. value, 0.492 0.051 0.131 0.052
Rank 1 4 2 3
Response Table for Means
Level l\if/i ? Vz’;:;er FA((;; ;)T Si02/NaO
_ 1 0.505 0.588 0.544 0.538
S 2 0.856 0.568 0.634 0.579
,? 3 0.538 0.536 0.588 0.599
E 4 0.370 0.577 0.503 0.554
Max. value - Min. value, 0.486 0.052 0.130 0.061
Rank 1 4 2 3

It is evident from the data presented in Table 4.29 that the grey relational grade is highest
at Level 1 for water content%, Level 2 for ratio of FA:IOT mixture, Level 3 for NaxO%
and Level 4 for SiO2/NaO at curing periods of 14 and 100 days. Thus, it can be inferred
that simultaneous optimization in characteristics like AIV, ACV, IPS and WA can be
carried out in aggregates made using lower water content%, lower FA:IOT ratio, high Na,O
% and high Si02/Na,O ratio at varied curing periods. The higher the difference between
maximum and minimum values of grey relational grade is an indication of high-level

significance of thar particular factor. It is ranked according to the difference in the values
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of grey relational grade which is presented above in Table 4.29. It can be observed that at
14, 28 and 100 days of curing the pelletized aggregates are influenced in order, first by
Nay0%, then FA:IOT ratio, Si02/NayO ratio and finally by water content %.

Table 4.30 represents the average of each response characteristic (here response means the
tested engineering property of produced FA-COT aggregates) for each level of governing
factor considered for producing pelletized FA-COT. The difference between maximum and
minimum values of grey relational grade or the obtained ranks demonstrates that order of
influence of the experimental parameters taken into consideration for producing pelletized
FACOT aggregates, from which it can be clearly understood that dosage contents of Na,O
had the most significant influence among the other parameters followed by the blending
ratio FA:COT, ratio of Si02/Na;O, and water content dosages at all the three curing ages,
represented as Na;O % > FA:COT > SiO2/NaxO > water %. However, this order changed
for 28 and 100 days curing periods that is Na;O % > FA:COT > Water % > Si102/Na;O,
which signifies that the ratio of S10,/NaO became less significant over the period of time

for the produced FA:COT aggregates.
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CHAPTER -5

RESULTS AND DISCUSSION ON MULTI-BLENDED PELLETIZED
AGGREGATES

4.1 GENERAL

The section discusses the results obtained from the various tests performed on multi-
blended pelletized aggregates cured at room temperature. Important observations obtained
from advanced characterization techniques like SEM, TGA, and FTIR are also presented

in this section.

5.2 ENGINEERING PROPERTIES OF MULTI-BLENDED PELLETIZED
AGGREGATES

5.2.1 Aggregate impact value and aggregate crushing value

Figures 5.1(a-d) and 5.2(a-d) show the test results for the aggregate impact value and the
aggregate crushing value of pelletized MMIOTBL, MMIOTGGBS, MMCOTBL, and
MMCOTGGBS aggregates, respectively.
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Figure 5.1: Obtained experimental results for aggregate impact value of pelletized

(a) MMIOTBL; MMIOTGGBS and (b) MMCOTBL; MMCOTGGBS aggregates
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Figure 5.2: Obtained experimental results for aggregate crushing value of pelletized
(a) MMIOTBL; MMIOTGGRBS and (b) MMCOTBL; MMCOTGGBS aggregates
Figures 5.1(a), 5.2(a), 5.1(b) and 5.2(b) show that mix MMIOTBL 3 and MMIOTGGBS 3
(shown in red) had the best aggregate impact value and aggregate crushing value out of all
MMIOTBL and MMIOTGGBS aggregates tested. MMIOTBL 3 can be attributed to the
highest dosage of Na,O content, i.e., 5% present in the mix proportion, followed by 30%
of FA, 5% of UFA, 65% of 10T, and 15% of BL; MMIOTGGBS 3 can be attributed to
highest dosage of Na;O content, i.e., 5% present in the mix proportion, followed by 30%

of FA, 5% of UFA, 65% of IOT, and 15% of GGBS.

5.2.2 Water absorption

Figure 5.3(a-d) shows the test results for the water absorption of pelletized MMIOTBL,
MMIOTGGBS, MMCOTBL and MMCOTGGBS aggregates, respectively.
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Figure 5.3: Obtained experimental results for water absorption of pelletized (a)
MMIOTBL; MMIOTGGBS and (b)) MMCOTBL; MMCOTGGBS aggregates
According to the results obtained on water absorption for produced MMIOTBL
MMIOTGGBS and MMCOTBL, MMCOTGGBS aggregates [Figure 5.3(a-d),
respectively], MMIOTBL 3 MMIOTGGBS 3, MMCOTBL 4, and MMCOTGGBS 2
(marked in red) had the lowest water absorption values, i.e., 3.1%, 2.1%, 3.1% and 2.8%,

respectively.
5.2.3 Individual crushing strength of pellets

Figure 5.4(a-d) shows the test results for the water absorption of pelletized MMIOTBL,
MMIOTGGBS, MMCOTBL and MMCOTGGBS aggregates, respectively.
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Figure 5.4: Obtained experimental results for individual crushing strength of pellets
of pelletized (a) MMIOTBL; MMIOTGGBS and (b)) MMCOTBL; MMCOTGGBS

aggregates

As per the data presented in Figure 5.4a, the individual crushing strength of pellets
measured for aggregate mix MMIOTBL 3 was found to be to 13.6 MPa at 100 days of
curing. This mix consists of the highest dosage contents of Na>O content, i.e., 5% present
in the mix proportion, followed by 30% of FA, 5% of UFA, 65% of IOT, and 15% of BL.
Based on the measured values of the crushing strengths of MMIOTGGBS (Figure 5.4b)
aggregate mix had the highest crushing strength, at 12.3 MPa 6 MPa after 100 days of
curing which is associated with to dosage contents of Na,O (5%), followed by 30% of FA,
5% of UFA, 65% of IOT, and 15% of GGBS.

According to the results obtained on the individual crushing strength of pellets of pelletized
MMCOTBL and MMCOTGGBS aggregate mixes, the highest crushing strength of pellets
was attained by MMCOTBL 4 and MMCOTGGBS 2 aggregate mixes, which are
associated with highest dosages of Na,O (5%), followed by 20% of FA, 5% of UFA, 75%
of COT, and 15% of BL; 5% of NaxO, followed by 40% of FA, 5% of UFA, 55% of COT,
and 15% of GGBS.
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5.2.4 Specific gravity

The average specific gravity measured for multi-blended pelletized aggregates was found
to be within the range of 2.4-2.6. As IOT and COT were denser than FA and UFA, their
dosage influenced the specific gravity of the produced multi-blended pelletized aggregates.
A detailed table showing the obtained values for the specific gravity of pelletized
MMIOTBL, MMIOTGGBS, MMCOTBL and MMCOTGGBS aggregates is presented in
Figure 5.5.
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Figure 5.5: Specific gravity of pelletized (a) MMIOTBL (b) MMIOTGGBS (c¢)
MMCOTBL and (d) MMCOTGGBS aggregates
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5.3 ADVANCED CHARACTERIZATION STUDIES ON MULTI-BLENDED
PELLETIZED AGGREGATES

The advanced characterization studies like SEM, TGA and FTIR was performed on the
best-performing multi-blended pelletized aggregates (MMIOTBL 3, MMIOTGGBS 3,
MMCOTBL 4, and MMCOTGGBS 2) which were identified based on the obtained

engineering properties of multi-blended pelletized aggregates.
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5.3.1 Morphology of the best performing multi-blended pelletized aggregates (SEM)

The microphotographs of best performing binary blended pelletized aggregates are

presented in Figure 5.6.

Scsla 1108 oty Comor D00

(i)
Figure 5.6: SEM micrographs of multi-blended pelletized (i) MMIOTBL 3,

MMIOTGGBS 3, MMCOTBL 4 and MMCOTGGBS 2 and (ii) typical EDS graph
of MMIOTBL 3
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Table 5.1: Details of EDS analysis on pelletized MMIOTBL 3, MMIOTGGBS 3,
MMCOTBL 4 and MMCOTGGBS 2 aggregate mixes

Elemental Composition (% wt.)
Mix Designation Ca/Si | Al/Si
(0] Al Si Ca Na
MMIOTBL 3 17.09 1.52 3.49 3.50 2.02 1.00 0.43
MMIOTGGBS 3 | 17.87 1.47 2.48 2.74 1.97 0.90 0.59
MMCOTBL 4 13.94 1.92 3.45 2.98 2.76 0.86 0.55

MMCOTGGBS 2 | 14.00 1.98 4.61 5.28 2.55 0.87 0.43

From Figure 5.6, it can be understood that the microstructure of the multi-blended
pelletized aggregate mixes of MMIOTBL 3, MMIOTGGBS 3, MMCOTBL 4 and
MMCOTGGBS 2 depicted more compact and denser probably because of the increased
amounts of N-A-S-H and C-A-S-H gel due to the involvement of UFA, IOT and COT
wherein FA as the key precursor. From Table 5.1, EDS analysis on the said aggregate
samples revealed that the reaction product comprised N-A-S-H/C-A-S-H gel as determined
from major elements. This dissolution of ions resulted in an enhanced alkali activation with
the inclusion of extra binding phases (C—S—H and N-A—-S-H/C-A-S—H) which are
responsible for increased strengths results, as observed from attained results presented in

Table 5.1.

5.3.2 Thermogravimetric analysis (TGA) of best performing multi-blended
pelletized aggregates

The TG-DTG plot of best performing binary blended pelletized aggregates (MMIOTBL 3,
MMIOTGGBS 3, MMCOTBL 4, and MMCOTGGBS 2) is presented in Figure 5.7.
Commonly, in this figure, the TG curve represents the occurrence of thermogravimetric
mass loss for binary blended pelletized aggregates during the process of heating from the
temperature range of 25°C—-825°C, whereas the DTG curve signifies the temperature
boundaries for the decomposition of specific compounds that are discussed in the

subsequent sections.
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Figure 5.7: TG/DTG curves of multi-blended pelletized aggregates

From TGA results and Figure 5.7, it can be observed that significant weight losses took
place in pelletized MMIOTBL 3, MMIOTGGBS 3, MMCOTBL 4 and MMCOTGGBS 2
aggregate mixes between various temperature ranges of (i) 25-120°C: signifies the loss of
physically absorbed free water molecules on the pores and surfaces of the samples (Adriano
et al. 2013; Longhi et al. 2019; Wuddivira et al. 2012), (i1) 120-225°C: signifies with the
thermal degradation of chemically bound water from N-A-S-H/C-A-S-H (Adesanya et al.
2018; Ismail et al. 2014; Palomo et al. 2015), (iii) 600-700°C: signifies decomposition of
carbonates (Abdullah et al. 2018; Cornejo et al. 2018; Everaert et al. 2017). The
quantification of the amounts of N-A-S-H/C-A-S-H in these multi-blended pelletized
aggregate mixes was conducted using a proposed equation (equation 5.1) and the same is
presented in Figure 5.8.
AMN-A-s-H/c-A-s-H %0
= Mjz0oc — Myasec Eqn.5.1

where, AMy_a_s_n/c-a-s—u 1s change in mass loss percentage of N-A-S-H/C-A-S-H and

Mi,00c, M3asec is the mass loss at the temperatures of 120 and 225 °C.
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Figure 5.8: Quantification of N-A-S-H/C-A-S-H in multi-blended pelletized

aggregates

From Figure 5.8, it can be witnessed that in the produced multi-blended pelletized
aggregate mixes, the major reaction product that is N-A-S-H found to incremented in

proportion to Na>O and IOT/COT dosages in these aggregate mixes.

5.3.3 Fourier Transform Infrared Spectroscopy (FTIR) analysis of best performing
multi-blended pelletized aggregates

FTIR spectra of best performing multi-blended pelletized aggregate mixes (MMIOTBL 3,
MMIOTGGBS 3, MMCOTBL 4 and MMCOTGGBS 2) are presented In Figure 5.9,

respectively.
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Figure 5.8: FTIR spectra of multi-blended pelletized aggregates

In the Figure 5.9, the existence of O-H bond (marked at ~3300 cm™ and ~1650 cm™) is due
the presence of residual water present in the multi-blended pelletized aggregates. The
existence/formation of carbonates (O-C-O) region marked at (~1363 cm™) could be
attributed due to the reaction between Na and atmospheric CO», as these produced
aggregates were cured under ambient temperature conditions. The peaks marked at ~889.2,
890.1, 938.1 and 952.4 cm indicate the peaks of Si-O-Si in pelletized MMIOTBL 3,
MMIOTGGBS 3, MMCOTBL 4 and MMCOTGGBS 2 aggregate mixes, respectively. The
formation of Si-O-Si in these mixes can contribute to towards the strength achievement in
the respective aggregate mixes/produced aggregates. Moreover, it is one the primary
indicators of geopolymerization (Davidovits 2008). The existence of the region of Si-O-T
(marked at ~747 cm™) can be attributed due to the presence of quartz in the substituted
materials, might have contributed to the formation of tetrahedron SiO4 (Krivoshein et al.

2020). However, the peaks of Si-O-Si (marked at ~671.6 cm™) indicates the presence of
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products formed during the polycondensation phase of geopolymerization reaction, before
the initiation of geopolymer matrix formation (Davidovits 2008; Krivoshein et al. 2020).
Furthermore, it is important to note the peaks of MMIOTBL 3, MMIOTGGBS 3,
MMCOTBL 4 and MMCOTGGBS 2 slightly shifted to lower frequencies is in indicative

of the difference in the strength attained in the produced aggregates under these mixes.
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CHAPTER -6

CONCLUSIONS AND SCOPE FOR FURTHER STUDIES

6.1 GENERAL

In this chapter, the major findings and conclusions of FA based pelletized aggregates cured
in ambient temperature conditions are presented. Further scope for further studies is also

included in this chapter.
6.2 CONCLUSIONS

The underlying conclusions are made based on the experimental investigations on the
influence of incorporated raw materials like FA, IOT, COT, UFA and binding agents like
bentonite, burnt lime, and GGBS in conjunction with alkaline activators for producing
ambiently cured pelletized aggregates, hence making it as a sustainable and cost-reductive
option. The subsequent sections present the conclusions from individual phases of this

experimental research work.
Production of binary blended pelletized aggregates and its engineering properties

e The fly ash based pelletized aggregates can be effectively produced with a joint
conjuncture of materials like bentonite, burnt lime, ground granulated blast furnace
slag, iron ore tailings and copper ore tailings with the alkaline solutions.

e Among the governing factors taken into consideration for producing pelletized FA-BT
and FA-GGBS aggregates, all the characteristics of FA-BT and FA-GGBS aggregates
like AIV, ACV, WA and IPS were majorly influenced by dosage contents of Na,O
followed by doses of BT and GGBS, respectively. The dosage contents of water were
found to be less significant in the production of FA-BT and FA-GGBS aggregates.
However, for FA-BL aggregates, the characteristics were greatly influenced by doses
of Na;O and water wherein the BL dose was found to be less influential in the
production of FA-BL aggregates.

e Among the nine FA-BT aggregate mixes, the mix FABT 9 (consisting of 5% NaxO,
21% water and 10% BT) obtained of aggregate impact value, aggregate crushing value,
water absorption and individual crushing strength at 100 days as 25%, 23%, 15.3% and
7.2 MPa, respectively. Among the FA-BT aggregates mixes, the mix FABL 5
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(consisting of 5% Nay0, 20% water and 15% BL) obtained the characteristics at 100
days as 17.4%, 15.5%, 14.1% and 11.6 MPa, respectively. In FA-GGBS aggregate
mixes, the mix FAGGBS 7 (consisting of 5% NaO, 19% water and 15% GGBS)
obtained the aggregate impact value, aggregate crushing value, water absorption and
individual crushing strength at 100 days as 23.5%, 22.3%, 11.3% and 6.2 MPa,
respectively.

From these observations, it can be concluded that FABT 9, FABL 5, FAGGBS 7 were
found to be to the best performing mixes among all.

The average specific gravity of FA-BT, FA-BL and FA-GGBS aggregates was found
to be in the range of 2.0-2.2.

From the production of FA-BT, FA-BL and FA-GGBS aggregates, it can be concluded
that a dose of 5% as Na;O serves to be first optimized value among the key parameters
of geopolymerization involved in the production methodology of pelletized
aggregates. Second, the optimized doses of water are 21% for FA-BT, 20% for FA-BL
and 19% for FA-GGBS aggregates. Third, the optimized doses of additive admixtures
stood as 10% for FA-BT, 15% for both FA-BL and FA-GGBS aggregates.

Among the governing factors taken into consideration for producing pelletized FA-
IOT and FA-COT aggregates, the obtained characteristics of FA-IOT and FA-COT
aggregates were majorly influenced by the dosage contents of Na,O followed by
blending proportion of FA with IOT (FA:IOT) and FA with COT (FA:COT). However,
the doses of water and ratio of SiO2/Na;O had a relatively lesser impact on
characteristics of FA-IOT and FA-COT aggregates.

Among the sixteen FA-IOT aggregate mixes, the mix FAIOT 9 (consisting of 5%
Nay0, 13.5% water, 30:70 FA:IOT proportion and 0.3 SiO2/Na;O ratio) obtained
aggregate impact value, aggregate crushing value, water absorption and individual
crushing strength at 100 days as 21.2%, 20.3%, 2.5% and 10.5 MPa, respectively. In
FA-COT aggregate mixes, the mix FACOT 5 (consisting of 4% NaxO, 13.5% water,
40:60 FA:COT proportion and 0.27 Si02/NayO ratio) achieved 25.6%, 24.1%, 5.2%
and 8.9 MPa, respectively.

From these observations, it can be concluded that FAIOT 9 and FACOT 5 were found
to be to the best performing mixes among all.

The produced fly ash based pelletized aggregates admixed with IOT and COT were

found to have a specific gravity value ranging from 2.4 to 2.6 indicates the
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advantageous incorporation of IOT/COT in production of pelletized FA-IOT and FA-
COT aggregates.

From the production of FA-IOT aggregates, it can be concluded that a dose of 5% as
Na,O serves to be first optimized value among the key parameters of
geopolymerization involved in the production methodology of pelletized aggregates.
Second, the optimized dose of water stands as 13.5%, Third, the optimized dose of
FA:IOT proportion is 30:70. Fourth, the optimized ratio of Si02/Na,O comes out as
0.3. For FA-COT aggregates, it can be stated that the optimized doses of governing
factors are 4% NaxO, 13.5% water, 40:60 FA:COT and 0.27 as SiO2/Na;O ratio,
respectively.

The morphological studies conducted on binary blended pelletized aggregates revealed
that aggregates produced with higher dosages of Na>O followed by incorporation of
BT, BL, GGBS, IOT, and COT possess a more homogenous and denser microstructure.
From TGA analysis performed on pelletized FA-BT, FA-BL and FA-GGBS
aggregates, it can be revealed that the quantified amount of geopolymerization
products (N-A-S-H/C-A-S-H) was found to be the maximum for aggregates produced
with 5% NaxO content and 15% BL content. However, mass loss associated with N-
A-S-H/C-A-S-H was found to be intensified for aggregates admixed with calcium-rich
minerals, i.e., BT and GGBS. Furthermore, mass loss studies performed on FA-IOT
and FA-COT aggregates showed that the quantified C-S-H and Ca(OH); contents are
susceptible to dosages of Na,O and blending ratios of FA with IOT; COT.

FTIR analysis on binary blended pelletized aggregates concluded that there exists an
occurrence of shifting of major bands of Si—O-T and Si—O-Si happens towards lower

wavenumbers with the progression in time.

Production of multi-blended pelletized aggregates and its engineering properties

Production of multi-blended pelletized aggregates with the incorporation of ultrafine
fly ash with fly ash, bentonite, burnt lime, GGBS, iron ore and copper ore tailings were
found to have pronounced effect on the engineering properties like aggregate impact
value, aggregate crushing value, water absorption and individual crushing strength of
pellets of produced MMIOTBL, MMIOTGGBS, MMCOTBL and MMCOTGGBS
aggregates.

Among the five MMIOTBL, MMIOTGGBS, MMCOTBL and MMCOTGGBS
aggregate mixes, the mix MMIOTBL 3 (consisting of 5% NaO, 30:5:65 as
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FA:UFA:IOT proportion, 20% water and 15% BL) achieved the aggregate impact
value, aggregate crushing value, water absorption and individual crushing strength at
100 days as 16.5%, 17.7%, 2.1% and 13.6 MPa, respectively. In MMIOTGGS
aggregate mixes, the mix MMIOTGGBS 3 (consisting of 5% Na2O, 30:5:65 as
FA:UFA:IOT proportion, 20% water and 15% GGBS) achieved the characteristics at
100 days as 17.7%, 16.3%, 3.1% and 12.3 MPa, respectively.

From these observations, it can be concluded that MMIOTBL 3 and MMIOTGGBS 3
were found to be to the best performing mixes among all.

Among the five MMCOTBL aggregate mixes, the MMCOTBL 4 mix (consisting of
consisting of 5% Nay0, 20:5:75 as FA:UFA:COT proportion, 20% water, 15% BL)
obtained the aggregate impact value, aggregate crushing value, water absorption and
individual crushing strength at 100 days as 22.4%, 21.5%, 3.1% and 11.5 MPa,
respectively. In MMCOTGGBS aggregate mixes, the MMCOTGGBS 2 aggregate mix
(consisting of 5% NayO, 40:5:65 as FA:UFA:COT proportion, 20% water, 15%
GGBS) obtained the characteristics at 100 days as 19.8%, 20.3%, 2.8% and 10.3 MPa,
respectively.

The produced fly ash based multi-blended pelletized aggregates were found to have a
specific gravity value ranging from 2.4 to 2.6

Morphological and EDS analysis performed on multi-blended pelletized aggregates
have revealed that the produced aggregates possess a more homogenous and denser
microstructure, wherein the reactions products were found to be N-A-S-H/C-A-S-H.
TGA analysis performed on multi-blended pelletized aggregates concluded the major
reaction product that is N-A-S-H/C-A-S-H is dependent on the combinations of Na,O
and UFA, BL, GGBS, 10T and COT dosages.

FTIR studies concluded there exists a slight occurrence of shifting of major bands of
Si— O-T and Si—O-Si towards lower wavenumbers in the pelletized MMIOTBL 3,
MMIOTGGBS 3, MMCOTBL 4 and MMCOTGGBS 2, indicating the attainment of
superior engineering properties in the produced aggregates.

From the production multi-blended pelletized aggregates, it can be concluded that the
incorporation of optimized doses of Na,O, water, bentonite, GGBS with ultrafine fly
ash and other two mine tailings had significantly influenced all the characteristics of

the multi-blended pelletized aggregates.
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Comparative remarks from binary blended and multi-blended pelletized aggregates

While comparing the binary blended pelletized aggregates with multi-blended
pelletized aggregates, it can be concluded that the multi-blended pelletized aggregates
were found to be superior in light with the various engineering characteristics such as
aggregate impact value, aggregate crushing value, water absorption, specific gravity
and individual crushing strength.

It can be concluded that the inclusion of ultrafine fly ash with iron and copper ore
tailings, burnt lime and GGBS greatly influenced some specific characteristics of fly
ash based pelletized aggregates like specific gravity, water absorption and individual

crushing strength.

6.3 SCOPE FOR FURTHER RESEARCH

Mass-scale production of FA based pelletized aggregates with the incorporation of
additional supplementary cementitious materials can be explored for increasing the
interaction with the mine tailings-based geopolymer system in order to efficiently tune
and improve the characteristics of the produced aggregates.

The properties of fly ash based pelletized aggregates still be can be improved either by
treating their surface by adopting encapsulation methodology etc., or by incorporating
suitable additives in conjunction with other types of alkaline activators into the
production process.

A huge scope is available to find out the possible utilization of pelletized fly ash-based
aggregates in concrete production with partial or full replacement with the natural
aggregates.

Additional studies can be taken up further for understanding the behaviour of structural
members under various stress that are made up of concrete with pelletized fly ash-
based aggregates.

Various types of pre-treatment techniques for mine tailings are needed for boosting

their interaction with other precursors for producing pelletized aggregates.
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