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An optimization study was carried out for the sustainable production of coarse aggregates from fly ash and alkaline solution,
considering the combined effect of alkaline solution and production process. The trial mixes during the process of producing the
artificial aggregates were designed through Taguchi’s experimental design method. The combined effect of alkaline solution
(geopolymerisation) and production process (pelletization factors) along with engineering properties of the produced coarse
aggregates was evaluated using response indices at different curing ages. Furthermore, the influence of each individual factor of
geopolymerisation and pelletization on the engineering properties was determined through grey relational analysis to identify the
most influencing factors in the production of coarse aggregates. The results obtained from grey relational analysis indicate that the
properties of produced aggregates are governed mostly by geopolymerisation. It is also observed that water content of 20% by mass
of fly ash is found to be essential for the suitable production of coarse aggregates and factors such as Na,O content and curing

regime improved the engineering properties.

1. Introduction

The statistic depicts global concrete production is approx-
imately 5.3 billion cubic meters per year [1]. Typically, or-
dinary concrete contains about 70-80% aggregate, 12%
cement, and 8% mixing water by mass [2]. On the other
hand, the use of aggregates in the construction of aggregates
is enormous. In the year 2019, global demand for con-
struction aggregates was more than 51.7 billion tonnes,
which is estimated to grow 5.2% annually. In India alone, it is
predicted that consumption of aggregates is more than 5
billion metric tonnes in the year 2020 [3]. At present, the
consumption rate of natural aggregates in global level has
reached an alarming level. Hence, there is a necessity of
producing an alternative and sustainable material which
could replace the natural aggregates in concrete.

Many researchers have reported on the aggregates
production using fly ash with suitable binding materials
through artificial process [4]. In the production process, it is

noted that different techniques are available such as ag-
glomeration, expansion (bloating), pressing and crushing,
etc., [4-6]. However, it is observed that the pelletization
process is well developed agglomeration technique for
producing artificial aggregates [4, 7-9]. However, the
adoption of pelletization process in producing the artificial
aggregates is still not being adopted widely by the con-
struction industry and hence the production cost of artificial
aggregates is found to be high as compared to the cost of
natural aggregates.

For artificial fly ash aggregates it has been reported that
production and properties of the aggregates mainly depend
on the raw materials, size of the particles in the raw ma-
terials, type of binder, specific surface area, the wettability of
particles, and production process involved [4, 9-14].
However, researchers reported that the engineering prop-
erties of produced fly ash aggregates are mainly influenced
by the type and composition of binder used in the pro-
duction process along with the dosage of the binder [12-14].
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From the literature it is to be noted that the production
process can be controlled in a better way with a disc type
pelletizer as compared to other types of pelletizers such as
drum or cone pelletizers [4, 11]. Furthermore, it is reported
by the researchers that, in the pelletization process, different
factors such as water content during pelletization, the angle
of pelletizing disc, speed of pelletizing disc, and duration of
the pelletization are the most influencing factors that affect
the production process of aggregates [4, 11, 12]. The pro-
duced aggregates are subjected to different hardening
methods such as sintering, normal water curing, cold
bonding, steam curing, and autoclaving [4, 8, 10, 12-14].

The alkali activator solution, which acts as an activator in
the geopolymerisation process, plays an important role in
the surface hydrolysis of the raw material particles [15]. The
alkaline solution with different types [15-19], concentrations
[16-24], raw material to solution ratio [17, 25-27], and
curing regime [15, 23, 24, 27, 28] has a significant influence
in the geopolymerisation process. However, there are a
limited number of studies reported in the literature on the
utilization of alkaline solutions for the production of arti-
ficial fly ash aggregates, whereas the factors responsible for
fly ash aggregates production through pelletization process,
combined with the factors of geopolymerisation, are very
much essential to understand the efficient and effective
production.

To investigate the combined effect of geopolymerisation
and pelletization factors on the properties of artificial fly ash
aggregates, an experimental study is very much essential
which could be carried out with the help of design of ex-
periments. Various optimization techniques are available
such as factorial designs [11, 29-33], central composites
[34-36], response surface methodology [11, 35, 36], and
Taguchi method [11, 37, 38]. Taguchi’s experimental design
method is one of the best optimization methods defined by
Genichi Taguchi which allows experimental trial runs to a
small number and also to identify the influence of factors
selected [11, 29]. Considering all the factors mentioned
above, this experimental investigation was carried out to
determine the combined effect of geopolymerisation and
pelletization factors in the sustainable production of artificial
aggregates using Taguchi’s experimental design method
followed by grey relational analysis.

1.1. Significance of the Study. The natural aggregates con-
sumption is increasing rapidly because of the faster rate of
infrastructure development worldwide. However, the mining
of natural aggregates is creating a serious environmental
imbalance. In the present situation, the challenge before the
world is to have innovative and less carbon footprint materials
for the construction industry. Hence, there is a need for an
alternate material that can substitute the natural aggregate.
Using artificial methods to produce substitute materials from
industrial waste or byproducts will solve the disposal problem
and at the same time, it is going to save natural resources. The
use of artificially produced fly ash aggregate will gain sig-
nificant importance for infrastructure development which can
replace the naturally available materials.
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The production of the artificial aggregates is having
different methods as per requirements or the end use in the
products, whereas many researchers reported on the process
with different raw materials as well as the different binders
for the production of artificial aggregates. The present study
is concentrated on the production process by pelletization
technique and alkaline solution content and on character-
istics of produced coarse aggregate simultaneously.

2. Materials and Methodology

2.1. Materials. Locally available fly ash was used in the
production of artificial fly ash aggregate. The fly ash had a
specific gravity of 2.20 and a specific surface area of
260.30 m°/kg. The chemical compositions are presented in
Table 1 and the particle size distribution of fly ash analysed in
the laboratory is presented in Figure 1. As per IS 3812 (Part
1) 2013 classification [39], fly ash has been classified as class F
type. The laboratory grade sodium silicate solution
(Na,SiO3) with alkali ratio (SiO,/Na,O) of 3.3 (8.0% Na,O,
26.5% SiO,, 65.5% H,O by mass) and sodium hydroxide
(NaOH) flakes of 98% purity were used to prepare the al-
kaline solution.

2.2. Experimental Programme. The production of artificial
aggregates is significantly affected by several factors such as
type of alkali content and its dosage, raw material and its
composition, and also the process of pelletization. In the
present investigation, the raw material is fly ash and alkaline
solution. To study the relative influence of several factors in
the production process and aggregates properties, the fol-
lowing experimental programme was carried out.

The most influencing factors related to alkali content in
geopolymerisation process and the factors related to geo-
polymerisation were identified as Na,O content, SiO,/Na,O
ratio, water content, and curing methods [22-24, 26]. An
increase of Na,O content and SiO,/Na,O ratio in alkaline
solution will lead to higher level of binding property in the
geopolymer [22-26]. The initial trial mixes were carried out
with different composition of Na,O content from 3% to 7%
(percentage of the mass of fly ash), water content from 18%
to 22% (percentage of the mass of fly ash), and SiO,/Na,O
ratio from 0.3 to 0.5. This alkaline solution was then sprayed
to the pelletization disc. It was observed that, with increase in
Na,O content (from 3 to 7%) and SiO,/Na,O ratio (from 0.3
to 0.5) with constant water content (21%), the alkaline so-
lution was found to be highly viscous. This can be attributed
to high content of solids in the solution [19, 40]. Hence, in
the present study alkaline solution composition is restricted
to 4 to 6% of Na,O content along with the varying SiO,/
Na,O ratio from 0.3 to 0.5 and water content from 19% to
21%.

Furthermore, factors related to pelletization process such
as the angle of pelletizing disc, speed of pelletizing disc, water
content, and duration of the pelletization were identified
[4,7, 11]. The angle and speed of pelletizing disc were varied
from 35° to 55° with every 10° interval and 30 to 50 RPM with
every 10 RPM interval, respectively. It is also observed from
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TaBLE 1: Chemical compositions of fly ash.

Chemical constituents (%)
SiO, 60.65
ALO; 28.62
Fe,0; 3.95
MgO 1.84
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FiGURe 1: Particle size distribution of fly ash.

the literature, for the formation of pellets, a minimum of 10
to 15 minutes is needed [7] and 12 to 18 minutes were
selected with an interval variation of 3 minutes in the present
study.

Although water content is a factor where both geo-
polymerisation and pelletization are getting affected, in the
present study it was restricted; 19 to 21% of water content (%
is with respect to mass of fly ash) was selected based on the
previous study [41]. The water added in the preparation of
sodium hydroxide solution and water present in the sodium
silicate solution together reference as the water content in
the alkaline solution.

After the production of aggregates, it is subjected to
different curing conditions as follows: (i) curing at ambient
temperature (28 +2°C), (ii) heat curing at 80°C for 24 hours
[15, 23, 24, 27, 42], and (iii) solution curing for 30 minutes
[10] which will improve the properties of aggregates.

The objective of the present study is concerned with
the investigation on the effect of geopolymerisation
factors and pelletization factors as a combined factor in
the aggregates production using fly ash as a raw material
with alkali solution. To optimize the mixtures of fly ash
and alkali solution in the production of artificial aggre-
gates and to evaluate the interaction with the study pa-
rameters in the production and engineering properties of
produced aggregates, the following design of experiments
was used.

2.3. Design of Experiments with Taguchi’s Orthogonal Array.
Experimental design was carried out using Taguchi’s or-
thogonal array. This orthogonal array was identified based
on the factors and the levels which influence the most as
described in the previous section and the same is presented
in Table 2. In this phase the pelletization factors are allied
with geopolymerisation factors and were investigated as the
combined effect. The same was carried out with L27 (3”)
Taguchi orthogonal array to study the engineering prop-
erties of the artificial aggregates. The essential variables for
each experimental trial run are labelled from TMC 1 to TMC
27 and they are presented in Table 3.

In the second phase, the response index for individual
factor was analysed with the help of Minitab software to
evaluate the response indices for all the selected factors from
the experimental test results. Further, grey relational analysis
of a statistical approach was analysed to understand the
effect of combined factors from their responses all together
in the production of sustainable aggregates.

2.4. Alkaline Solution Preparation. The required quantity of
sodium hydroxide (NaOH) flakes was dissolved in normal
tap water to prepare NaOH solution. The alkaline solution
was prepared by mixing both NaOH solution and Na,SiO;
solution such that required proportions of Na,O content
(%), water content (%), and SiO,/Na,O ratio are maintained
as per each trial mix provided in Table 3. With required
proportion as specified in Table 3, alkaline solution is
prepared and preserved in a closed container and allowed to
cool, before using it in the production process.

2.5. Sustainable Aggregates Production. A laboratory scale
disc pelletizer was used in this study [41, 42]. Pelletization
was carried out in the following steps:

(i) The required proportion of alkaline solution was
prepared

(ii) The necessary adjustment was made to the pelletizer

(iii) Weighed fly ash was transferred to the pelletizing
disc

(iv) Required alkali solution was sprayed to the disc
pelletizer directly within first three minutes during
the pelletization process

2.6. Curing of Aggregates. In the present investigation arti-
ficially produced fly ash (APFA) aggregates were subjected to
different curing conditions as per experimental programme
and the details of each curing condition are as follows:

Ambient curing (A): the APFA aggregates through the
pelletization process are kept at a temperature of
28+2°C and relative humidity of 80% and were
characterised at 14, 28, and 56 days.

Heat curing (H): the APFA aggregates through the
pelletization process are allowed to set for 24 hours in
ambient temperature conditions. After that, fly ash
aggregates are subjected to a temperature of 80°C for 24
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TasLE 2: Different individual factors and their values considered in the study.
Factors L1 L2 L3
Na,O content (%) 4 5 6
Si0,/Na,O ratio 0.3 0.4 0.5
Water content (%) 19 20 21
Speed of pelletizing disc (RPM) 30 40 50
Angle of pelletizing disc (°) 35 45 55
Duration of pelletization (minutes) 12 15 18
Curing regime A H S

L: level; A: ambient temperature; H: heat cured; S: solution cured.

TaBLE 3: Combined factors and values used in the production trial runs.

Factors
;Izijsl Na,O §i0,/Na,O Water Speed of pelletizing ~ Angle of pelletizing Duration of Curing
content ratio content disc disc pelletization regime
T™MC 1 4 0.3 19 30 35 12 A
T™MC 2 4 0.3 19 30 45 15 H
T™MC 3 4 0.3 19 30 55 18 S
TMC 4 4 0.4 20 40 35 12 A
T™MC 5 4 0.4 20 40 45 15 H
T™C 6 4 0.4 20 40 55 18 S
T™C 7 4 0.5 21 50 35 12 A
T™C 8 4 0.5 21 50 45 15 H
T™C 9 4 0.5 21 50 55 18 S
T™MC 10 5 0.3 20 50 35 15 S
T™C 11 5 0.3 20 50 45 18 A
T™C 12 5 0.3 20 50 55 12 H
T™C 13 5 0.4 21 30 35 15 S
T™™C 14 5 0.4 21 30 45 18 A
T™MC 15 5 0.4 21 30 55 12 H
T™MC 16 5 0.5 19 40 35 15 S
T™C 17 5 0.5 19 40 45 18 A
T™C 18 5 0.5 19 40 55 12 H
T™MC 19 6 0.3 21 40 35 18 H
TMC 20 6 0.3 21 40 45 12 S
TMC 21 6 0.3 21 40 55 15 A
TMC 22 6 0.4 19 50 35 18 H
TMC 23 6 0.4 19 50 45 12 S
TMC 24 6 0.4 19 50 55 15 A
T™MC 25 6 0.5 20 30 35 18 H
TMC 26 6 0.5 20 30 45 12 S
T™C 27 6 0.5 20 30 55 15 A

hours. Further, these aggregates are kept in ambient
temperature conditions and were characterised at 14,
28, and 56 days.

Solution curing (S): the APFA aggregates through the
pelletization process are first allowed to set for 24 hours
in ambient temperature conditions. After that, fly ash
aggregates are dipped in sodium silicate solution for 30
minutes. Further, these fly ash aggregates are kept in

weight retained on the IS sieve no. 480

ambient temperature conditions and were charac-
terised at 14, 28, and 56 days.

2.7. Testing on Aggregates. The pelletization efficiency in the
aggregate production is calculated using equation (1). The
particle size distribution in the production was determined
using standard set of sieves (IS 383-2016) [43]:

efficiency of pelletization =

total weight of materials used

* 100. (1)
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The APFA aggregates were assessed for basic engineering
properties such as water absorption, aggregate impact value,
and aggregate crushing value as per IS 2386 [44, 45].
Crushing strength of individual pellet was estimated using a
compression testing machine (ring type unconfined com-
pression test apparatus) and crushing strength (o) of fly ash
aggregate was calculated from the following equation [7]:

o= 2.8 123) )
T % X
where P represents the failure load on the pellet and x is the
size of pellets.

3. Experimental Results

Sustainable aggregates are artificially produced as explained
in aggregate production section with trial runs as described
in experimental program and they were evaluated for their
production efliciency, particle size distribution, and engi-
neering properties.

The experimental results were obtained at end of 14, 28,
and 56 days; however, for the sake of brevity only 56 days’
results are discussed in the subsequent sections.

3.1. Efficiency and the Particle Size Distribution of the
Aggregate. The pelletization efficiency of the produced ag-
gregates with respect to water content was estimated using
equation (1) and it is presented in Figure 2. It can be ob-
served from Figure 2 that the efficiency is increased from
77.96% to 96.41% as water content increased from 19 to 21%.

The distribution of aggregates size in the production of
fly ash aggregates with respect to different water content
used is compared with nominal size of 20 mm graded ag-
gregates as per IS 383-2016 [43] and presented in Figure 3.
From Figure 3, it is observed that production of aggregates
has a significant influence on the particle size distribution in
production process. However, the APFA aggregates particle
size distribution is within the limits of IS 383-2016 standards
[43].

3.2. Specific Gravity and Bulk Density. The APFA aggregates
which are subjected to different curing conditions were
assessed for specific gravity, bulk density, and percentage of
voids. The average value of apparent specific gravity, satu-
rated surface dry specific gravity, loose and compacted bulk
density of aggregates, and percentage of voids for different
fly ash aggregates subjected to curing conditions are pre-
sented in Table 4.

3.3. Aggregates Impact Value. The response indices are de-
termined from the experimental test results and the response
index relationship for aggregate impact value with combined
factors is presented in Figure 4. From Figure 4, it can be
observed that, with increase in Na,O content from 4% to 6%,
aggregate impact value is improved from 27.88% to 22.78%
at 56 days. Similarly increase in SiO,/Na,O ratio from 0.3 to
0.4 has improved the aggregate impact value from 26.71% to

25.47%, further increase of SiO,/Na,O ratio from 0.4 to 0.5
has marginal effect, and heat curing of artificially produced
aggregates has significantly improved the aggregate impact
value 23.69% when compared to aggregate impact values of
28.74% and 25.58% for ambient cured and solution cured
aggregates at 56 days. The aggregate impact value gets
marginally improved from 25.83% to 24.98% at 56 days with
an increase in water content from 19% to 20%; further
increase in the water content from 20% to 21% was found to
have an adversarial effect on the aggregates impact value that
decreased from 24.98% to 27.21% at 56 days. It is also noted
from Figure 4 that the aggregates impact value has mar-
ginally improved from 25.93% to 25.59% due to the increase
in the speed of pelletizing disc from 30 RPM to 50 RPM.
Further increase in the angle of pelletizing disc from 35° to
55° and duration of pelletization of 12 to 18 minutes has
shown the negligible improve on the aggregate impact values
from 26.04% to 25.96% and 26.08% to 26.25% at 56 days,
respectively.

3.4. Aggregate Crushing Value. The experimental test results
are used to determine the response indices and the response
index relationship for aggregate crushing value with com-
bined factors is presented in Figure 5. From Figure 5, it can
be observed that, with the geopolymerisation factors such as
Na,O content increase from 4% to 6%, aggregate crushing
value is improved from 27.21% to 23.92% at 56 days.
Similarly, increase in SiO,/Na,O ratio from 0.3 to 0.5 has
marginally improved the aggregate crushing value from
26.72% to 25.33% at 56 days. It is also observed that heat
curing and solution curing of aggregates have significantly
improved the aggregate crushing value of 23.37% and
25.34%, respectively, at 56 days when compared to the
aggregates crushing value 28.72% at 56 days of ambient
cured fly ash aggregates. Aggregates crushing value has
declined from 25.13% to 26.35% at 56 days due to increase in
the water content in the trial mixes. However, from Figure 5,
response indices of pelletization factors indicate that the
duration of pelletization of 12 to 18 minutes has improved
the aggregates crushing value from 26.62% to 24.17% at 56
days. Further, increase in speed of pelletizing disc from 30
RPM to 50 RPM and angle of pelletizing disc from 35° to 55°
has negligible improvement on the aggregate crushing value
from 26.01% to 25.93% and 25.93% to 25.98%, respectively,
at 56 days.

3.5. Crushing Strength of Individual Pellets. The response
indices are calculated from the experimental test results and
the response index relationship for the crushing strength of
individual pellets with combined factors is presented in
Figure 6. From Figure 6, it can be observed that, with the
geopolymerisation factors such as the Na,O content increase
from 4% to 6%, crushing strength of individual pellets is
improved from 3.04 MPa to 3.79 MPa at 56 days. Similarly,
increase of Si0,/Na,O ratio from 0.3 to 0.5 has improved the
crushing strength of individual pellets from 3.24 MPa to
3.57 MPa at 56 days and heat curing has significantly im-
proved the pellets crushing strength value to 3.81 MPa when
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TaBLE 4: Average specific gravity and bulk density of artificial fly
ash aggregates subjected to different curing conditions.

Specific gravity Bulk density (kg/m?)

Curing

. Saturated
regime
g Apparent surface dry Loose Compacted
Ambient 1.95 1.65 1100 1210
Heat 1.97 1.62 1050 1170
Solution 1.97 1.71 1110 1220

compared to crushing strength of individual pellets values
3.08 MPa and 3.28 MPa of ambient cured and solution cured
aggregates at 56 days. Aggregate crushing strength of in-
dividual pellets has declined from 3.50 MPa to 3.21 MPa at
56 days with increase in the water content from 19% to 21%.
It can be also understood from Figure 6 that pelletization
factors response indices indicate a trivial improvement in
pellets crushing strength from 3.36 MPa to 3.49 MPa due to
the increase in the duration of pelletization from 12 to 18
minutes. However, increase in the angle of pelletizing disc
from 35° to 55 and speed of pelletizing disc from 30 RPM to
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50 RPM has shown the negligible improvement on the
pellets crushing strength from 3.38 MPa to 3.39 MPa and
3.39 MPa to 3.41 MPa, respectively, at 56 days.

3.6. Water Absorption. The experimental test results are used
to determine the response indices and the response index
relationship for water absorption with combined factors is
presented in Figure 7. From Figure 7, it is found that, with
geopolymerisation factors such as Na,O content from 4% to
6%, water absorption value improved from 11.37% to 9.04%
and with increase in SiO,/Na,O ratio from 0.3 to 0.5 the
water absorption also reduced from 10.91% to 9.92% at 56
days. It is also observed that solution curing of artificially
produced aggregates has significantly reduced the water
absorption value to 8.42% when compared to water ab-
sorption values of 10.58% and 12.44% for ambient cured and
heat cured aggregates at 56 days. However, increase in speed
of pelletizing disc from 30 RPM to 50 RPM and change in the
angle of pelletizing disc from 35° to 55° have improved the
water absorption of aggregates marginally from 10.47% to
9.82% and 10.76% to 10.26%, respectively, at 56 days. It is
observed that duration of pelletization of 12 to 18 minutes
has the water absorption values of 10.42% to 10.68% which
has negligible effect on water absorption of aggregates.

4. Grey Relational Analysis

Sahoo et al. have presented the advantages of grey relational
analysis in categorizing the most influencing parameters
with respect to the material properties [46]. In this inves-
tigation, experimental test results on the APFA aggregates
were considered as responses and grey relational analysis
was carried out as follows.

4.1. Determination of Grey Relational Generations. The ag-
gregate properties results such as aggregate impact value,
aggregate crushing value, crushing strength of individual
pellets, and water absorption are considered as responses
for the grey relational analysis. In this analysis, stan-
dardization of responses is carried out such that the lower
the obtained value for the produced aggregates the better
for aggregate impact value, aggregate crushing value, and
water absorption, whereas the higher value obtained is
better for crushing strength of individual pellets of APFA
aggregates. Grey relational generation was obtained with
the experimental values to scale of 0-1 and it was calculated
using equation (3). Computed grey relational generations
on the responses are presented in Tables 5-7 at different
curing ages.

y = Mmaxy, (k) — y; (k)
" max y, (k) — min y, (k)’

(3)

where x;(k) = value after the GRG; min y;(k) = smallest value
of yi(k) for the Kt response; and max y;(k) = largest value of
yi(k) for the k™ response.

4.2. Assessment of Grey Relational Coefficients and Grey Re-
lational Grades. The assessment of Grey relational
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FIGURE 7: Response index relationship for water absorption with combined factors.
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TaBLE 8: Grey relational grade with respect to combined factors at various ages.
) Grey relational grade . o
Factor Curing ages Maximum value-minimum value Rank
Level 1 Level 2 Level 3
Na,O content (%) 0.421 0.439 0.559 0.138 2
Si0,/Na,O ratio 0.446 0.481 0.493 0.047 6
Water content (%) 0.486 0.491 0.443 0.048 4
Speed of pelletizing disc (RPM) 14 days 0.478 0.452 0.489 0.037 7
Angle of pelletizing disc (°) 0.505 0.461 0.453 0.051 3
Duration of pelletization (min) 0.460 0.456 0.504 0.048 4
Curing regime 0.405 0.551 0.464 0.146 1
Na,O content (%) 0.416 0.445 0.590 0.175 1
Si0,/Na,O ratio 0.455 0.492 0.504 0.049 4
Water content (%) 0.497 0.509 0.446 0.062 3
Speed of pelletizing disc (RPM) 28 days 0.501 0.452 0.499 0.049 4
Angle of pelletizing disc (°) 0.504 0.481 0.466 0.038 6
Duration of pelletization (min) 0.484 0.469 0.499 0.030 7
Curing regime 0.416 0.542 0.494 0.126 2
Na,O content (%) 0.424 0.451 0.614 0.190 1
Si0,/Na,O ratio 0.455 0.505 0.530 0.076 3
Water content (%) 0.513 0.523 0.453 0.070 4
Speed of pelletizing disc (RPM) 56 days 0.512 0.466 0.512 0.047 5
Angle of pelletizing disc (°) 0.519 0.493 0.478 0.041 6
Duration of pelletization (min) 0.491 0.482 0.517 0.034 7
Curing regime 0.420 0.542 0.528 0.123 2

coefficients (GRC) plays a vital role in grey relational
analysis, which correlates the desired and actual obtained
results. The GRC was calculated by using equation (4) and
computed GRC are presented in Tables 5-7 with respect to
different trial runs at different curing ages.

Ei (k) — Amin + lI/Amax (4)

AOi (k) + wAmax’

where A(; = [lx, (k) — x; (k)| is the difference of the absolute
value between xy(k) and xjk) and A, and
Apmin = maximum and minimum values of the absolute
differences of all comparing sequences, respectively. ¥ is a
distinguishing coeflicient (0<y<1) and in the present
study, ¥ =0.5 is taken.

The Grey relational grade (GRG) y; is calculated using
equation (5) and presented in Tables 5-7 at various curing
ages. If the Grey relational grade is higher it signifies a
stronger relational degree between the investigated trial run
and the ideal sequence.

1 n
yi == Y AP(R); (k). (5)
k=1

where n=number of process responses.

The GRG was computed for individual factors with respect
to combined factors and the values of GRG are presented in
Table 8. From Table 8, it is observed that the highest GRG
among the geopolymerisation factors is 6% of Na,O content
(level 3) followed by curing regime-heat curing (level 2) and 0.5
of §i0,/Na,O ratio (level 3) and among the pelletization factors
the highest GRG is observed for angle of pelletization disc (level
1) and followed by 18 minutes of duration of pelletization (level
3) and speed of pelletization disc at 50 RPM (level 3). Whereas
water content is the important factor which plays important

role in geopolymerisation and pelletization process, it is ob-
served that higher GRG is observed for 20% of water content
(level 2).

The level of significance of each individual factor is esti-
mated through difference of maximum and minimum values.
It is ranked according to the higher differences in the values of
Grey relational grade and is presented in Table 8. From the
table, based on the rank given in the grey relational analysis for
the geopolymerisation factors, it clearly indicates that the
curing regime and higher Na,O content have major role in the
aggregates production at early ages. However, the higher Na,O
content plays significant role in improving the engineering
properties of the produced aggregates. Further, it is observed
that curing regime rank is changed since solution curing of
produced aggregates has improved overall engineering prop-
erties of aggregates at later ages. It is clear that, in the fly ash
aggregate production with alkaline solution, Na,O content,
curing regime, and SiO,/Na,O ratio play major role in the rate
of geopolymerisation of fly ash. Further, the GRG for factors of
pelletization such as speed of pelletizing disc, angle of pellet-
izing disc, and duration of pelletization has relatively less in-
fluence as compared to the factors of geopolymerisation such as
Na,O content, SiO,/Na,O ratio, water content, and curing
regime in the production of artificial aggregates. However,
water content plays a prominent and dual role in geo-
polymerisation process and pelletization which acts as a me-
dium in the process.

5. Discussion

The response indices of individual properties of aggregates
from Figures 4 to 7 and combined effect in the grey relational
analysis from Table 8 clearly show that higher Na,O content,
higher SiO,/Na,O ratio, and heat curing have significant
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influence on the properties of APFA aggregates due to
higher rate of geopolymerisation [15, 24]. Whereas the heat
curing of aggregates increased the water absorption in the
aggregates, solution curing has significantly improved water
absorption in the aggregates which can be observed in the
response indices in Figure 7, which corresponds to the
higher degree of geopolymerisation of fly ash particles on the
surface of the aggregates [10, 15, 24]. On the other hand,
response indices of individual aggregates properties with
different pelletization factors observed in Figures 4 to 7 and
grey relational analysis from Table 8 clearly showed that the
influence of the pelletization factors on the aggregate
properties is negligible.

Further, it is observed that water content played an
important role in the production process and to attain the
necessary engineering properties of APFA aggregates due to
following reasons. Firstly, in production stage, as the water
content increases from 19% to 21%, the efficiency of pro-
duction improved and particle size distribution of produced
aggregates has marginally shifted towards coarser side. It is
also observed from response indices of individual properties
of aggregates from Figures 4 to 7 and combined effect in the
grey relational analysis from Table 8 that an increase in water
content from 19% to 21% has marginal and adverse effect on
the properties of the APFA aggregates. In the geo-
polymerisation process of APFA aggregates, this water
content may be used in early surface hydrolysis of fly ash
particles or insufficient water for surface hydrolysis of fly ash
which lead to less contribution to mechanical strength
[17, 47, 48].

6. Conclusions

From this experimental study, it can be concluded that water
content in alkaline solution plays a major role in the pro-
duction process of the artificial aggregates and also to their
engineering properties. Water content of 20% by mass of fly
ash was found to be essential for the suitable production of
artificial aggregates. It is observed that engineering prop-
erties of produced aggregates are very much sensitive to the
factors of the geopolymerisation such as Na,O content,
SiO,/Na,O ratio, and curing regime. The most vital factors
such as Na,O content and heat curing improved the engi-
neering properties at an early age attributed to the faster rate
of degree of polymerisation. However, solution curing of
produced aggregates has improved overall engineering
properties of aggregates at later ages due to continuous
geopolymerisation process, since the aggregates have
absorbed sodium silicate solution during the curing period
and that contributes to engineering properties at later ages.
Further, statistically designed experiments showed that
geopolymerisation factors have significantly influenced the
engineering properties of the APFA aggregates as compared
to the pelletization factors.

Data Availability

The experimental data used to support the findings of this
study are included within the article.
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