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Abstract
The diminution of the natural sources in the form of dredging the riverbanks and blasting the mountain
ranges has always dented the balance of the eco system which in turn results in disasters as well at
times. This alarming situation accelerates the global warming, threatens the biota life in riverbanks,
diminishes the ground water level, harms the aquatic life and affects the growth of agriculture. This study
is an attempt to synthesis �ne aggregates from the industrial byproducts such as �y ash and GGBS
through the process of geopolymerization which enables the formation of aluminosilicate networks upon
the addition of the alkaline activator solution (Na 2 SiO 3 + NaOH) into the byproducts which is then
allowed for oven drying as well as air drying to accelerate the process. The Fly ash geopolymerized �ne
aggregate(F-GFA) and the GGBS geopolymerized �ne aggregate(G-GFA) were noted to exhibit adequate
physiochemical and mechanical properties in par with the natural sand. The production of GFA is
considered as eco friendly process since it ceases the extensive usage of river sand and incorporates the
effective usage of Industrial by products (Fly ash and GGBS) thereby minimizing the land pollution and
its consequent harmful hazards. Though the F-GFA and G-GFA showcased higher water absorption ratio
than the natural sand, owing to the unreacted �y ash and GGBS particles. Nevertheless, the same initiated
the adequate compressive strength attainment up to 90% of natural sand, by reacting with the lime
expelled out of the hydration process of cement in the mortar specimens developed in this experimental
study. The microstructure of the samples was further examined through Optical microscope, Scanning
Electron microscope (SEM) and X-Ray Diffraction (XRD) analysis in order to corroborate the experimental
results of this study. The results thus obtained, strongly recommend the potential of the F-GFA and G-GFA
as an ideal replacement material for natural sand.

1. Introduction
The construction industry is in high demand for the necessity of the �ne aggregate in the recent era in
both developing countries as well as the developed countries [Wu et al,2010] Depletion of the natural
minerals and the over usage of the natural sources are the two main consequences of the usage of the M
sand (Manufactured sand) and the natural sand respectively which in turn adversely affect the
environmental balance that makes a call to identify the ideal replacement material for �ne
aggregate(binding material) in the concrete preparation. Though there are many outcomes for the
replacement of the binding material [Mir et al,2015] still it unveils only the tip of the iceberg. Many of the
studies were to replace the binding material partially [Ismail et al,2009; Siddique et al,2003] or up to a
particular percentage only.

Geopolymer in concrete showed up us a boon in the construction industry as a consequence of its lower
permeability, good �re resistance, enhanced chemical resistance and early attainment of the compressive
strength [Davidovits,1991; Davidovits et al,1999; Duxon et al,2007; Komnitsas et al,2011]. Thus, the
geopolymerization technique [Davidovits et al,2002] in concrete structures paved the way for the
sustainable use of the by products in the synthesis of the other construction materials as well which is
already well established in the synthesis of geopolymer cement [Davidovits,1994]. Fly ash and GGBS
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(Ground granulated blast furnace slag) were incorporated in this study for the synthesis of the
Geopolymer Fine aggregate (GFA). Both �yash and GGBS were generated about 450 million tons and 530
million tons respectively worldwide [Zhao et al,2015], out of which only 65% of GGBS [Tsakiridis et
al,2008] and 25% of �yash [Ahmaruzzaman et al,2010] were currently used by other industries in various
forms. Since the hazards and disposal process is rogue for both �yash and GGBS [Topcu et al,1997],
these two industrial by-products were the high concern for the researchers and was reported that, the
waste disposal and concrete production cost is considerably reduced by the inclusion of the same [Mo et
al, 2017].

Fly ash being a prime material in the present construction industry as an optimum choice to be used in
concrete batching, concrete pavement, construction blocks, bricks and in embankments too in some
cases due to its highly favorable options such as low heat of hydration, good resistance to cold weather,
resistance against chemical environment, no CO2 emission, lower water/ cement ratio, minimal
shrinkage, higher later age strength and good workability[Ahmaruzzaman et al, 2010; Bouzoubaa et al,
2001; Fraay et al, 1989; Hemalatha et al, 2017; Mehta et al, 2004;Zhuang et al, 2016].Alike �y ash, being
an industrial by product from iron and steel making industries, GGBS is highly cementitious and rich in
calcium silicate hydrate (CSH) that enables it to improve the mechanical strength and durability of
concrete. The other subsidies of GGBS such as reduction in porosity, negligible or no reinforcement
corrosion, higher resistance to chlorides & sulphates attack and minimal damage by alkali-silica-
reaction(ASR) relentlessly enables it as one of the remarkably used supplementary material in concrete.
GGBS is also LEED (Leadership in Energy and Environmental Design) certi�ed, since it improves the
sustainability of the structures [Atis et al, 2007; Babu et al, 2000; Dhir et al, 1996; Domon et al,1995]

2. Materials
In view of the above literature study, it was chosen to develop polymerized sand with �y ash as well as
Ground granulated blast furnace slag (GGBS) and study the characters along with the feasibility in both
the cases. Fine aggregate particles were developed by both oven curing and air curing using �y ash as
well as GGBS. Since it was noticed that the process of development of �ne aggregate in the earlier
studies were much tedious, an initiative was taken to cut down the procedure in the synthesis of the �ne
aggregates for construction. Fly ash were procured from the Coal power plant at tutucorin - 8.7642° N,
78.1348° E (Tamilnadu, India) for this study which is of lower calcium content (class F �yash), whereas
GGBS were purchased commercially from the southern part of Tamilnadu (India). The chemical
compositions and physical properties of the samples were listed in Table 2.1 and Table 2.2, respectively.
Sodium silicate solution and sodium hydroxide (pellets form) were acquired from the chemical industry in
south Tamilnadu (India). Natural sand from the commercial market were incorporated in this study to
compare the properties of the GFA, X-Ray Fluorescence test were conducted for the collected study
materials and were categorized as per the ASTM standards.

Table 2.1: Chemical compositions of the Flyash Sample and GGBS Sample.
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Oxide composition Class F �yash
composition, %

ASTM C 618 requirements
for class F Flyash

GGBS-
composition,
%

Silicon Dioxide 62.6 - 29.54

Aluminium Oxide 24.5 - 13.44

Ferric Oxide 3.8 - 0.672

Silicon Dioxide+ Aluminium
Oxide+ Ferric Oxide

90.9 Minimum 70.00 -

Calcium Oxide, CaO 2.7 - 36.72

Magnesium Oxide, MgO 3.1 - 7.12

Titanium Oxide, TiO2 1.2 - -

Pottasium Oxide, K2O 0.9 - -

Sodium Oxide, Na2O 0.5 - -

Sulphur trioxide, SO3 1.9 Maximum 5 2.1

Loss on Ignition (LOI) 2.2 Maximum 6 2.4

pH value 11.24 - 10.98

Table 2.2: Physical properties of the Flyash Sample and GGBS Sample.

Physical property Fly ash GGBS

Speci�c gravity 2.27 2.98

Fineness (m2/kg) 370 m2/kg 400 m2/kg

3. Experimental Program
In order to obtain GFA, repeated tests were carried out to optimize the curing period, temperature,
solids:solution ratio and the Na2 SiO3/ NaOH ratio. Specimens of size 70.7mm x 70.7mm x 70.7mm
cube were cast to monitor the compressive strength of the mortar specimens conforming to IS 2386(part
VI):1986[15]. GFA was obtained by the addition of alkaline activator solution along with the byproducts
(GGBS & Fly ash). Initially the sodium hydroxide pellets were allowed to dissolve in the distilled water
after the complete dissolution of the pellets which is accelerated by a stirring rod, the sodium silicate
solution is carefully poured in. The exothermic reaction generates heat and the solution is allowed to cool
down. Consequently, the alkaline activator solution is then mixed with the byproduct (�y ash and GGBS)
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and a homogeneous dry mixture is obtained by hand mixing for 10 minutes in a working area (Fig 3.1).
The dry mixture obtained (Fig 3.2) is exposed for curing by both oven curing and air curing at room
temperature 300 3 0 c to obtain the geopolimerized sand (Thankam et al,2020) (Fig 3.3).

3.1 Optimization of the alkaline activator solution and dry mix ratio

The molarity of the alkaline solution is varied ranging from 6M, 8M, 10M, 12M to 14M (Fig 3.1.1) Na2

SiO3 / NaOH ratio is varied from 1:1 to 3:1 (Fig 3.1.2), whereas the solid to solution ratio is varied from

2.5:1 to 3.5:1 by simultaneously altering the curing temperature from 80oc to 1300c with a varying curing
period from 45 minutes to 105 minutes (Fig 3.1.3). Based on the various experimental trials for �y ash
maximum compressive strength is noted at 10m of alkaline solution with Na2SiO3 / NaOH ratio of 1:2
and solid to solution ratio of 2.8:1 when the mortar samples developed with F-GFA as �ne aggregate are
allowed for oven curing maximum compressive strength is obtained at 60 minutes for 1200c(Fig 3.1.4),
whereas the �y ash samples which were noted to reciprocate the average compressive strength value at
30 30C for a duration of 7 days under air curing.

In case of the mortar samples developed with G-GFA, maximum compressive strength is noted at 12M of
alkaline solution with Na2SiO3 / NAOH ratio of 1:2 and a solid to solution ratio of 3:1. When the mortar
samples developed with G-GFA are allowed for oven curing, maximum compression strength is obtained
at 45 minutes for 1000C, whereas the samples which were kept for air curing in the room temperature
were noted to showcase good compressive strength at 30 3oC for a duration of 48 hours(2 days).

4. Results And Discussion
4.1 Physical and Chemical Properties

The physical and chemical properties of the air dried F-GFA(AD-F-GFA), oven dried F-GFA(OD-F-GFA), air
dried G-GFA(AD-G-GFA), oven dried G-GFA(OD-G-GFA) and natural sand(NS) were analyzed conforming to
IS 2386-Part III(1963) and listed out below (Table 4.1.1)

Table 4.1.1 Physiochemical properties of the GFA’s compared with natural sand

Parameter AD-F-GFA OD-F-GFA AD-G-GFA OD-G-GFA NS

Water adsorption ratio 7.67% 7.02% 6.96% 6.25% 0.99%

Speci�c Gravity 1.98 1.96 2.4 2.2 2.62

pH value 10.9 10.7 11.5 11.7 8.2

Zone as per IS 383:2016 Zone I Zone I Zone I Zone I Zone I

4.2 Particle size Distribution
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The particle size distribution curve for the G-GFA and F-GFA were developed (Fig 4.2.1) which is then
compared with that of the natural sand as per the standards of IS 383:2016[16]. Three of the curves were
noted to be within the limits of zone I with poor grading of the soil. The co-e�cient of curvature (Cc) and
the co-e�cient of Uniformity (Cu) were evaluated for G-GFA, F-GFA and natural sand conforming to IS
1498:1970[17]. For the normal river sand, the values were Cu=1.59 and Cc =0.82. In case of the F-GFA, the
observations were recorded as Cu=3.97 and Cc =1.09.Similiar but slightly higher values were noted in G-
GFA with Cu=4.52 and Cc =1.32.Thus all the three types of �ne aggregates were noted to be categorized
as poorly graded soil(well graded soil: Cu>6 and Cc =1-3) as per IS 1498:1970 much similar to the earlier
studies[Rao et al, 2014; Wanjari et al, 2011]

4.3 Optical Microscopy Analysis

In order to visualize the microstructure of the agglomerated particles of the �y ash (Fig 4.3.1) and GGBS
(Fig 4.3.2), the optical microscopy testing is conducted for the GFA developed and thus the
polymerization in the GFA was corroborated. The samples of �y ash, GGBS, F-GFA and G-GFA were
visualized with the help of optical microscope that generates the micrograph under visible light and an
arrangement of system of lenses. The images seen in Optical microscope were captured by ordinary
photosensitive camera to obtain the micrograph. The micrographs thus obtained clearly substantiate the
agglomerated particles formed from the �y ash and GGBS along with the alkaline solution under the
suitable conditions.

4.4 X-Ray Diffraction Analysis

The XRD patterns of the F-GFA and G-GFA (Fig 4.4.1) were obtained using X- ray diffractometer D8
Advance ECO XRCD systems with SSD160 1 D Detector and upon the further analysis of the results with
the recent version of JCPDS software, the implications were procured accordingly. The XRD pattern of F-
GFA showcased a high peak between 25.81˚ to 26.98˚ which is attributed to the presence of glassy phase
[Ward et al, 2006]. Few other multiple average peaks were noted at 16.53˚, 20.95˚, 30.86˚, 33.29˚,
35.23˚,39.34˚, 40.91˚,45.92˚, 50.31˚, 60.69˚ and 66.94˚ indicating the presence of silica, sodium,
aluminum, hydrogen & carbon compounds (plumbonacrite) and compounds of chlorides &
oxides(chloranil) imparting   the  crystalline nature for the F-GFA and consequently initiates
geopolymerization process in the same.

Whereas the XRD pattern of G-GFA exposed a broad hump between 24.50˚ and 34.90˚concentrated with
calcium oxides, Alumina, Oxides, Iron and Sodium traces. The same traces were found throughout the
diffraction pattern in lower peaks also depicting the amorphous nature in more portion. Few traces of
Titanium, Calcined Alumina and Berilium were also noted in the G-GFA samples. Altogether, the G-GFA
was noted to inhibit a crystalline combined with amorphous microstructure indicating the incomplete
dissolution of the parent material which later imparts the hardened property in the developed mortar
samples [Agrawal et al, 2017; Sharma et al, 2019].
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4.5 SEM Analysis of the GFA

The GFA thus developed were analyzed for surface morphology with Scanning Electron Microscope EVO
18(CARL ZEISS) to corroborate the microstructure which can be further adapted to analyze the
mechanical and durability studies of the mortar and concrete specimens. The samples of �yash, GGBS,
F-GFA, G-GFA and NS were analyzed and presented in Fig 4.5.1 to Fig 4.5.5. Both F-GFA and G-GFA
showcased the agglomerated crystal-like structures formed due to the polymerization process in the
micrograph. In F-GFA, the glassy phase is turned out into crystal like grain structures whereas higher
version of crystal-like grain structures with better pore structure is noted in the G-GFA ascertaining the
formation of the geopolymerized sand through polymerization reaction. Few unreacted particles of �y
ash as well as GGBS were noted in the F-GFA and G-GFA that remained as it is without reacting with the
alkaline solution. These unreacted particles act as nucleation sites and as �llers also thereby contributing
better binding nature due to the heterogeneous structure of the micrographs of F-GFA and G-GFA. These
nucleation sites allow the reacted particles to amass it in the surroundings developed by the interlocking
of the aluminum and silicon ions with the alkaline solution which apparently polymerize into
aluminosilicate networks promoting the glassy phase into crystal like structure[Sharma et al, 2019].
Nevertheless, signi�cantly similar micrographs were obtained in the GFA developed by both oven drying
and air drying.

4.6 Compressive strength

Mortar cubes were casted to experimentally determine the compressive strength of the OD-F-GFA, AD-F-
GFA, OD-G-GFA and AD-G-GFA which can be compared with the results (Fig 4.6.1) of the mortar
specimens casted with NS. 15 mortar cubes were casted with a w/c ratio of 0.9, 0.85, 0.75, 0.7 and 0.4 for
OD-F-GFA, AD-F-GFA, OD-G-GFA, AD-G-GFA and NS respectively. The higher water absorption of the F-GFA
and G-GFA particles effectuated the respective mortar specimen to exhibit higher w/c ratio for the mortar
mix. The compressive strength of the mortar samples was determined conforming to IS 2386(part
6):1986 by casting three replicate cubes of size 70.7mm×70.7mm×70.7mm. These specimens were
allowed for ambient curing(32˚C) for a duration of 24 hours followed by water curing in a tank of tap
water. Thus, the specimens were cured for 28 days.

A compressive strength of 19.9 N/mm2 , 17.6N/mm2, 20.11 N/mm2 ,21.16 N/mm2, and 23.5 N/mm2

 were obtained for     OD-F-GFA, AD-F-GFA, OD-G-GFA, AD-G-GFA and NS respectively. The strength
attained in F-GFA and G-GFA samples can be owed to the un reacted particles [Agrawal et al,2017] in �y
ash and GGBS which later on reacts with the lime discharged from the hydration process of cement
particles thus counterbalancing the effects of higher w/c ratio in the mortar samples[Rao et al, 2014]

5. Conclusion
The following conclusions were acquired upon the usage of OD-F-GFA, AD-F-GFA, OD-G-GFA and AD-G-
GFA as �ne aggregate which is then compared with the properties of NS. The physiochemical properties
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such as the speci�c gravity, density, pH, �neness modulus and particle size distribution of F-GFA and G-
GFA were noted to be appreciably in the adequate level with the natural sand. F-GFA are well graded with
the oven drying preparation technique whereas G-GFA are ideally graded by the air-drying preparation
itself, thus becoming the economical one. The higher w/c ratio in the F-GFA and G-GFA particles were
owed to the porosity nature of the particles which is clearly seen in the micrograph obtained from SEM
along with the un- reacted particles of �y ash and GGBS. The XRD patterns revealed the amorphous
phase in most of the samples indicating the un reacted particles even after geopolymerization process,
which later on plays the key role in the attainment of adequate compressive strength by reacting with the
lime released after the hydration process of cement.AD-G-GFA was noted to achieve 90% of the
compressive strength of the NS at 28 days, the same is also the most feasible GFA by means of
economical production process as well as well gradation, blooming as the adequate complete
replacement choice for the natural sand.

Future scope of the Study:

Researchers need to focus further in lowering the water absorption ratio of the GFA in the processing
stage itself while executing the same in the larger scale too. Synthesizing machineries with lower cost
units need to be established to manufacture GFA in industrial scale in factories similar to the M-Sand.
The behavior of the GFA can be analyzed under various temperatures and environmental factors.
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Figure 1

Hand mixing the dry mix for 10 minutes

Figure 2

Dry mix just after mixing

Figure 3

Geopolymerized sand
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Figure 4

Optimization of the Molarity of the NaoH solution for Fly ash and GGBS based GFA
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Figure 5

Optimization of the Na2SiO3 / NaOH ratio for Fly ash and GGBS based GFA

Figure 6
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Optimization of the curing temperature for Fly ash and GGBS based GFA

Figure 7

Optimization of the curing time for Fly ash and GGBS based GFA
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Figure 8

Particle size distribution of the NS, F-GFA and G-GFA.

Figure 9

(a)Fly ash under 40x magni�cation (b)F-GFA under 10x magni�cation (c) F-GFA under 40x magni�cation
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Figure 10

(a) GGBS under 40x magni�cation (b)G-GFA under 10x magni�cation (c)G-GFA under 40x magni�cation

Figure 11

XRD patterns of G-GFA and F-GFA indicating the mineral composition along with their respective JCPDS
card number.
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Figure 12

SEM micrograph of the Fly ash
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Figure 13

SEM micrograph of the F-GFA
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Figure 14

SEM micrograph of the GGBS
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Figure 15

SEM micrograph of the G-GFA
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Figure 16

SEM micrograph of the NS
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Figure 17

compressive strength test results of the mortar samples


