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ABSTRACT

Fly ash-based geopolymer fine aggregate is a potential replacement material for the natural river sand
as it has similar physicochemical properties. This paper reports the experimental investigation of a
study conducted using this fine aggregate in concrete with a focus on the properties of fresh and
hardened concrete. The geopolymer fine aggregate was developed by air curing process and oven
curing method. The oven curing method yielded relatively better mechanical properties in concrete
specimens. The oven curing results in better behavior at later age also. Laboratory tests were conducted
to ascertain the fresh concrete density, slump value, hardened concrete density, compressive strength,
tensile strength, and flexural strength of the concrete specimens. The microstructure of the concrete
specimens was analyzed using scanning electron microscope which indicated the agglomeration of the
fly ash particles with few voids demonstrating the higher water adsorption capacity of the same. The
unreacted particles noted in the microstructure later tend to merge with the lime obtained from the
hydration of cement so as to develop improved later age mechanical strength. The results on me-
chanical properties of the concrete indicate much similar results to that of the concrete developed with
the normal river sand, which confirms that the geopolymer sand is an ideal replacement choice for
natural river sand.
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1. INTRODUCTION

The ever-growing construction industry suffers due to paucity of the natural fine aggregate,
the river sand. Extensive utilization of river sand [1] is restricted in many countries as it
caused deepening of the riverbed depth [2], increased salinity in the ground water and the
reduction in the ground water table [3]. Hence, researchers are trying to find alternate fine
aggregate materials. There are limited findings on replacing the fine aggregate completely
[4, 5]. However, researchers continue to explore as fly ash has material and pozzolanic
properties required for construction [6-11]. Fly ash from power plants contain traces of
Ca, Mg, Na and K that makes it unfit for the agricultural purpose and further makes it
harder to dispose as well as reuse in any other industry. Further, fly ash also degrades the
fertility of the soil [12, 13]. About 450 million tons of fly ash is generated worldwide
annually [14] and out of which only 25% is used by various industries at present. The
cost of disposal of fly ash and cost of concrete production are reduced by using it in the
construction industry [15].

Though many studied replacement of fine aggregate with fly ash, only the partial
replacement with fly ash is noted to develop maximum mechanical strength for the hard-
ened concrete [16]. Geopolymerization, an irreplaceable technique, is already used in the
construction industry by replacing the ordinary Portland cement with geopolymers for
developing mortars as well as concrete[17, 18]. Geopolymerization of the fly ash is an
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Table 1. Comparison of the F-GFA material properties with NRS

Parameter AD-F-GFA OD-F-GFA NRS (natural river sand)
Water absorption (%) 7.6 7.02 0.9

C, (co-efficient of uniformity) 3.96 3.98 1.59

C. (Co-efficient of curvature) 1.08 1.2 0.82
Compressive strength of mortar(N/mm?) 17.6 19.9 235

pH 10 10 8

alternate solution to replace the fine aggregate entirely to
enhance the concrete properties, which is termed as fly ash
polymerized sand (FAPS) [19]. The FAPS is noted to be
within the zonal limits and IS Standards [20] imparting
compressive strength which is much similar to that of
the river sand specimen. Further, the synthesis process was
refined, which also yielded the similar results developing
93% of the mechanical strength similar to that of the
specimens of NRS (Natural River Sand) at 28 days of curing
[21, 22]. In another study [23], two types of FA (Fly ash)
were developed with class F (High carbon content) geo-
polymer fine aggregate (F-GFA) and class C (Low carbon
content) geopolymer fine aggregate (C-GFA), which were
synthesized in a much simpler process compared with the
previous studies [19, 21, 22] and then compared with that
of the natural river sand. Both C-GFA and F-GFA were
noted to have adequate material properties among which
C-GFA specimens attained higher compressive strength
than the F-GFA specimens.

In this experimental investigation, fly ash based geo-
polymerized fine aggregate (F-GFA) is synthesized in a
much simpler method and a detailed study is carried out on
fresh concrete properties (workability) as well as the me-
chanical properties (compressive strength, flexural strength,
split tensile strength) of hardened concrete.

2. MATERIALS AND TEST PROCEDURES

F-GFA is used as fine aggregate throughout this study for
which, initially, fly ash is dry mixed with the alkaline solu-
tion (sodium hydroxide pellets & sodium silicate) followed
by hand mixing the dry mix for about 10 minutes, which is
then developed as geopolymerized fine aggregate (GFA) by
both oven-drying method (OD-F-GFA) and airdrying
method (AD-F-GFA). Thus, the optimized F-GFA were
noted to showcase maximum compressive strength at 10 M
of the alkaline solution with the solid/solution ratio of 2.8:1
and Na,SiO3/NaOH ratio of 1:2. Upon trial-and-error
method, the curing temperature is optimized as 120 °C for a
duration of 60 minutes in OD-F-GFA whereas in AD-F-
GFA, maximum compressive strength is obtained at 7 days
of air curing at 30 + 3 °C. After the stipulated period the
much coarser particles are removed by hand picking and
then the F-GFA is ready to be used in concreting. Both the
AD-F-GFA and OD-F-GFA were noted to be categorized
under zone I as per IS 383:2016 [24] with the following
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properties (Table 1) conforming to ASTM C128-15 [25] and
IS 2386 [26].

In order to corroborate the findings, a detailed study is
conducted on the fresh concrete properties (workability)
and mechanical properties (compressive strength, tensile
strength and split tensile strength) of hardened concrete.
The microstructure of the NRS, FA and F-GFA were
analyzed for surface morphology with Scanning Electron
Microscope EVO 18 (CARL ZEISS). The micrographs
represented the agglomeration of the fly ash particles
into GFA [19] after the polymerization process as pre-
sented below (Fig. 1). The G-GFA particles showed better
agglomeration in the micrograph. Both ordinary Portland
cement of 43 grade and natural river sand were acquired
from the local industrial market of south India (Author’s
native), which were included in the concrete preparation
in this experimental study. Polycarboxylate based CERA-
PLAST SP is used as water reducing admixture in the
concrete developed with F-GFS. The fly ash for the
preparation of GFA were procured from the coal power
plant at Tutucorin, 8.7642° N, 78.1348° E (Tamilnadu,
India).

Portable tap water from the laboratory is used in the
casting of the concrete specimens. Coarse aggregates
with particle size ranging between 10 and 12.5 mm with a
specific gravity of 2.6 is used throughout this experimental
study conforming to IS 383:2016. By involving the absolute
volume method [27], several trial mixes were developed
assuming a target slump of 75-100 mm and an optimum
compressive strength of 25 N/mm®. The mix proportion
adopted in this study were detailed in Table 2. 0.8% of
polycarboxylate based superplasticizer by the total weight
of cement is used throughout the study for achieving
the desired slump value. Followed by the slump test [28],
tests were carried out to study the mechanical properties of
the hardened concrete developed with F-GFA. Three replicate
cubes of 150 X 150 X 150 mm size were casted for each trial
mix to study the compressive strength of the concrete. Tests
were conducted for the same on 7 days, 28 days, 56 days, and
90 days of curing. The flexural strength was tested on three
replicate beams of size 100 X 100 X 500 mm and tested
for the same on 28 days, 56 days and 90 days of curing.
Whereas for split tensile strength test, three replicate cylin-
ders of 300 mm length and 150 mm of diameter were casted
and tested on 28 days, 56 days, and 90 days of curing.
All the specimens were then cured by water curing in the
laboratory.
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Fig. 1. A SEM image of fly ash. B SEM image of agglomerated fly ash particles. C SEM image of NRS

Table 2. Mix proportioning adopted for the analysis of hardened concrete

Type of concrete for Water Cement Fine aggregate = Coarse aggregate  Plasticizer W/C ratio Total Quantity
M25 Grade (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)
NRS 197.16 328.60 683.82 1,126.25 2.63 0.6 2,338.46
OD-F-GFA 197.16 328.60 511.56 1,126.25 2.63 0.6 2,166.20
AD-F-GFA 197.16 328.60 516.78 1,126.25 2.63 0.6 2,171.42

3. RESULTS AND DISCUSSIONS

3.1. Fresh concrete studies

The freshly developed concrete mix with OD-F-GFA and
AD-F-GFA as fine aggregate were experimentally tested for
its fresh concrete parameters such as workability and fresh
concrete density in this study. The fine aggregates developed
in this study were slightly sprinkled with potable water at the
time of usage and then it was incorporated for attaining the
concrete mix. The concrete mix is noted to possess good
workability and adequate fresh density within the limits.

3.1.1. Workability. In order to achieve better workability in
the mix developed with both OD-F-GFA and AD-F-GFA,
polycarboxylate based superplasticizers were introduced and
a water/cement ratio of 0.63 is practiced throughout the
entire study. Though the increased water adsorption ratio of
the F-GFA resulted in higher water content for the mix, the
slump was noted to fall steadily owing to the well graded
nature of both OD-F-GFA and AD-F-GFA. The fresh con-
crete neither developed bleeding nor segregation due to the
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cohesive nature of the concrete. The mix appeared to be
uniformly graded too.

3.1.2. Fresh concrete density. The density of the fresh
concrete (Fig. 2) was noted to be 2,540.28, 2,298.31 and
2,130.46 kg/m® for the concrete developed with NRS, OD-F-
GFA and AD-F-GFA, respectively, indicating the presence
of a minimal voids upon the usage of F-GFA as fine
aggregate in the concrete. Though the fresh density of F-
GFA concrete is approximately 10% lesser than that of the
NRS concrete, the well grading of the F-GFA caused better
flowability and workability for the F-GFA concrete in par
with the NRS concrete.

3.2. Hardened concrete studies

In order to ascertain the hardened properties of the concrete
developed with OD-F-GFA and AD-F-GFA as fine aggregate
the compressive strength, tensile strength and flexural
strength of the specimens were experimentally analyzed with
the Universal Testing Machine (Fig. 3) and the results were
subsequently compared with those of the concrete developed
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Fig. 2. Fresh concrete density of F-GFA samples compared with
NRS

Fig. 3. Universal testing machine

with the NRS (control mix). The dry density of the casted
samples was also studied along with the mechanical prop-
erties.

3.2.1. Dry density. The dry density of the specimens was
also obtained so as to co-relate the observations with the
same (Fig. 4). The dry density of OD-F-GFA and AD-F-
GFA concrete specimens were noted to achieve 81 and 79%
of the dry density of NRS at 28 days, respectively. The OD-
F-GFA and AD-F-GFA concrete specimens also indicated a
rise of 7.34 and 6%, respectively, in the dry density at 90
days of curing when compared with that of the 28 days of
curing. Whereas the NRS showcased a decline of 2% in the
dry density at 90 days when compared with that of the 28
days of cured concrete specimens. The leaching of the silica
and alumina particles [21] in fly ash developed by the geo-
polymerization technique attributes the rise in the dry
density of the AD-F-GFA and OD-F-GFA at later age (90
days) in the concrete specimens.
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Fig. 4. Variation in dry density of hardened concrete developed
with F-GFA compared with NRS

3.2.2. Compressive strength. The compressive strength of
the AD-F-GFA and OD-F-GFA concrete specimens were
experimentally tested [29] in order to ascertain the me-
chanical behavior of the same at 7 days, 28 days, 56 days and
90 days (Fig. 5). The OD-F-GFA and AD-F-GFA concrete
specimens developed 75 and 69% of compressive strength to
that of the NRS. Whereas at 90 days of curing, OD-F-GFA
and AD-F-GFA concrete specimens showed up 94 and 90%
of compressive strength to that of the NRS owing to the later
age strength development of the fly ash along with the alkali
activation by Si and Al components due to geo-
polymerization process [30, 31]. However, the compressive
strength developed in OD-F-GFA concrete specimens were
noted to be higher than that of the AD-F-GFA concrete
specimens since the increased heat from oven curing ac-
celerates the rate of strength gain up to an extent [32].

3.2.3. Tensile strength. The tensile strength of the speci-
mens developed with AD-F-GFA and OD-F-GFA as fine
aggregate were experimentally analyzed [33] to ascertain the
results consequently comparing the same with that of the
NRS (Fig. 6). The 28 days tensile strength of AD-F-GFA and
OD-F-GFA were 62 and 77%, respectively, to that of the NRS.

The specimens examined for tensile strength at 56 days of
curing developed 90 and 94% of the tensile strength for AD-F-
GFA and OD-F-GFA, respectively, when compared to that of

=NRS OD-F-GFA = AD-F-GFA

N
o

Compressive sti
=
w

7 28 56 90
Age of concrete(days)

Fig. 5. Compressive strength test results of the F-GFA specimens
compared with NRS
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Fig. 6. Tensile strength test results of the specimens developed with
F-GFA compared with NRS

the NRS [34]. The later age strength developed a significant
rise in the tensile strength up to 89 and 95% for AD-F-GFA
and OD-F-GFA, respectively, in par to the NRS due to the
alkali activation process inside the concrete developed with
geopolymer sand (F-GFA). Though the strength attainment of
the specimens at 28 days of curing was noted to be moderate,
it rapidly improved at the later age of 56 days and 90 days
owing to the unreacted particles, which later on merged with
the phase due to the geopolymerization process.

3.2.4. Flexural Strength. The flexural strength of the
specimens in this experimental study were examined
experimentally at 28 days, 56 days and 90 days (Fig. 7).
Much similar patterns to the results of the tensile strength
were noted for the flexural strength of the concrete speci-
mens developed with AD-F-GFA and OD-F-GFA as the fine
aggregate. 79 and 60% of strength attainment at 28 days, 96
and 90% of strength attainment at 56 days and 94 and 91%
of strength attainment is recorded at 90 days for OD-F-GFA
and AD-F-GFA specimens, respectively. These results
clearly indicate that the later age (56 days and 90 days)
strength attainment is higher in the concrete specimens
developed with OD-F-GFA and AD-F-GFA as fine aggregate
due to the later age strength attainment of fly ash [35-37] as
well as the reaction of the unreacted particles in later age by

& AD-F-GFA OD-F-GFA NRS

Flexural Strength(N/mm?2)

28 56 90

Age of concrete(Days)

Fig. 7. Flexural Strength test results of specimens obtained with F-
GFA compared with NRS
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the stimulation of the alkali activators in the GFA. Thus the
GFA showcased good fresh and hardened properties
throughout this study indicating the feasibility of the same
[38] in concrete Industry.

4. CONCLUSION

Based on observations, the following conclusions were
drawn:

1. The F-GFA developed with a solid:solution ratio of 2.8:1
involving an alkaline solution of 10 M exhibiting similar
physicochemical properties of the NRS.

2. The OD-F-GFA turned out to be the ideal one with better
mechanical properties and workability than the AD-F-
GFA due to the accelerated geopolymerization process
through oven curing thereby mitigating the water ab-
sorption ratio.

3. The micrographs from scanning electron microscope
clearly substantiate the agglomeration of the fly ash
particles. A few unreacted particles along with some voids
in between were also noted.

4. The workability and the fresh concrete density of F-GFA
concrete were 90% closer to that of the NRS concrete.

5. The concrete specimens of OD-F-GFA achieved a
maximum of 81% of dry density compared to that of the
NRS concrete specimens at 28 days which is higher than
the AD-F-GFA.

6. At 90 days of water curing under the laboratory condi-
tions (room temperature 30° £3 °C), the concrete spec-
imens of OD-F-GFA developed 94% and the concrete
specimens of AD-F-GFA developed 90% of compressive
strength compared to that of the NRS concrete. This may
be attributed to the accelerated alkali activation process
by Si and Al elements through geopolymerization pro-
cess.

7. The tensile strength and the flexural strength were higher
for OD-F-GFA concrete by 95 and 94%, respectively, at
90 days when compared with the NRS concrete, which
are also higher than the results obtained for the AD-F-
GFA concrete. The reason can be the unreacted particles
that developed the pores and elevated the water absorp-
tion ratio.

8. Though the mix developed a w/c ratio of 0.6, the
higher water absorption nature of the G-GFA
controlled the segregation and bleeding too with no
excess water during the concreting of the mix paving
way for a denser concrete with improved mechanical
properties.

9. Altogether, the results show F-GFA has the potential to
be included in concrete. The following points may be
studied further for better understanding.

a. The implementation of the industrialization process
for the large-scale manufacturing of the F-GFA

b. Thermal behavior of the F-GFA concrete and the
variation of the same under different climatic condi-
tions
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c. Future research to minimize the cost by identifying
much simpler procedure for the synthesis of the fly
ash based geopolymer sand.

d. Research on minimizing the w/c ratio to be studied
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