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6 Bl Abstract: The construction industry for a long time looking a substitute for fine aggregates (i.e., sand) because of ever depleting river sand
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deposits and implementing stringent sand mining regulations. Development of such alternate fine aggregate using an affluently available
industrial by-product is commendable. This study endeavors to develop geopolymer mortar (GPM) using fly ash based sand (FAB sand) as an
alternate fine aggregate, demonstrates its performance by comparing with river sand and proposes a suitable mix design methodology for the
same. The novelty of the study lies in replacing river sand (100%) with FAB sand to manufacture GPM and thus, propose FAB sand as a
potential novel construction material. Two sets of GPM cubes, one with 100% FAB sand while the other with 100% river sand, are made,
considering NaOH molarity of 10, Na,SiO;/NaOH ratio of 1.5, curing temperature of 60 & 80°C, and curing period of 7, 14, and 28 days.
Flowability, compressive strength, water absorption, morphological, and mineralogical properties of GPM cubes are further assessed. The
results evidently show a high compressive strength of GPM cubes made with FAB sand. The findings of the study elucidate that FAB sand is a
doable and practicable alternative to river sand in construction applications. DOIL: 10.1061/JMCEE7.MTENG-21941. © 2025 American
Society of Civil Engineers.

Author keywords: Fly ash; Fly ash based (FAB) sand; River sand; Alternate fine aggregate; Geopolymer mortar; Mix design methodology.

Introduction

Sand, following water, stands as one of the most widely utilized
natural resource material globally, reaching a juncture where it
is coined as “the new gold.” Perpetual extraction of this invaluable
material is already causing havoc on both physical and ecological
ecosystems of the planet. Projections indicate a striking surge in
sand demand across the world, poised to reach 82 billion tons by
the year 2060 (Rentier and Cammeraat 2022). Thus, in the realm of
construction materials, the scarcity of fine aggregates, particularly
river sand, has emerged as a pressing concern in recent years. Fine
aggregates play a pivotal role in concrete and mortar production,
serving as a vital ingredient that enhances the durability, shrinkage,
workability, weight, and strength of concrete structures (Dash et al.
2016). However, overexploitation of river sand has led to a consid-
erable resources depletion, triggering environmental degradation
followed by imposition of regulatory restrictions on its extraction.
This constraint has propelled the construction industry toward ex-
ploring alternative sources of fine aggregates to alleviate the adverse
impacts of sand depletion while ensuring concrete and mortar qual-
ity and performance. Therefore, the quest for an alternative to fine
aggregates has sparked innovation and research endeavors world-
wide, driving the discovery and utilization of various materials
that exhibit comparable properties to traditional river sand. These
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alternatives not only offer a sustainable solution to the scarcity
issue but also present opportunities to enhance the characteristics
of concrete and mortar. From industrial by-products to recycled
materials, a plethora of options have been explored to meet the
demand of the construction sector while addressing environmen-
tal concerns.

Various types of industrial waste materials including, waste
foundry sand, steel slag, copper slag, imperial smelting furnace
slag, blast furnace slag, coal bottom ash, ferrochrome slag, class
F fly ash, recycled glass with graphene oxide, and palm oil clinker,
have been employed as a partial substitute for river sand in the pro-
duction of concrete and mortar (Ambily et al. 2015; Dash et al.
2016; Ganesh Prabhu et al. 2014; Guo et al. 2018; Hosen et al.
2021; Issa Fares et al. 2023; Patra and Mukharjee 2017; Siddique
2003; Singh and Siddique 2015; Tran et al. 2024; Vu Hong Son
et al. 2024). The characteristics of concrete and mortar made with
the previous alternate fine aggregates are evaluated and compared
with controlled concrete and mortar samples made with river sand,
to discern differences, if any (Ambily et al. 2015; Dash et al. 2016;
Ganesh Prabhu et al. 2014; Guo et al. 2018; Hosen et al. 2021; Issa
Fares et al. 2023; Patra and Mukharjee 2017; Siddique 2003; Singh
and Siddique 2015). Despite their promise as sustainable alterna-
tives, these industrial by-products exhibited significant disparity
in chemical compositions and are largely tied to specific regional
waste, leading to inconsistencies in concrete performance. More-
over, concerns regarding potential leaching of heavy metals and
long-term durability hinder their widespread acceptance in struc-
tural applications.

Alternatively, manufactured sand, produced by crushing rocks,
has emerged as a prominent substitute for river sand in concrete
production (Pilegis et al. 2016; Kumar 2018). Crushed rock fines,
generated by quarry operations, have gained traction as an alternative
to river sand. Research has demonstrated the feasibility of utilizing
crushed rock fines in concrete production, with optimized mix de-
signs achieving satisfactory performance in terms of strength and
durability (Boobalan et al. 2020). Recycled concrete aggregates
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(RCA), obtained from crushing and processing demolished con-
crete structures, have exhibited properties suitable for incorporating
into the new concrete mixes. Despite challenges related to the vari-
ability in quality, advancements in processing techniques and qual-
ity control measures have facilitated the widespread utilization of
RCA in concrete production (Xiao et al. 2018). Enhanced RCA via
washing and thermos-mechanical treatment improved strength, but
high energy use and limited scalability hinders its broad adoption
(Arulkumar et al. 2025). Quarry dust, a by-product of stone quar-
rying operations, has been investigated as a potential substitute for
river sand in concrete and mortar manufacturing, with optimized
mix designs yielding promising results (Rai et al. 2016). It however
to be noted that manufactured sand, crushed rock fines, RCA, and
quarry dust are ultimately derived from natural resources, raising
concerns over the continued depletion of geological reserves. Ad-
ditionally, their production processes often involve high energy
consumption and environmental disruption, limiting their sustain-
ability in the long term. In emerging studies, mortar is being pre-
pared with artificial sand made with fly ash and ground granulated
blast furnace slag (Agrawal et al. 2019; Gnanadurai et al. 2021;
Sudam et al. 2023). It however to be noted that the sand is made
by resorting to hand mixing and crushing methods. Moreover, a
notable challenge lies in the irregularity of particle shapes, de-
manding substantial human resources for their effective utilization
and industrial scalability.

Despite numerous prior studies, multitudes of challenges persist
in hindering both the traditional applications and future exploration
of alternative fine aggregates. Quality control and the composition
of alternative sands remain unregulated, leading to disparity in the
properties of mortar/concrete prepared with the same substitution
ratio. It has been noted that at higher substitution ratios, many alter-
native sands fail to enhance the mechanical and durability character-
istics of mortar, necessitating chemical or mechanical pretreatment
prior to their usage, thereby exacerbating costs (Srivastava and
Singh 2020).

In recent years, sustainable construction materials have garnered
considerable attention due to their potential to mitigate environ-
mental impacts while maintaining structural integrity. Among these
materials, fly ash-based geopolymers have popped up as a prom-
ising alternative to conventional cementitious systems, owing to
their unique chemical compositions and reaction mechanisms.
Geopolymers, synthesized by alkali activation of aluminosilicate
rich resources such as fly ash, offer notable advantages including
reduced carbon emissions, enhanced durability, and maximized
waste utilization (Reddy et al. 2016). Moreover, the utilization of
fly ash, a by-product of coal combustion, not only addresses waste
management concerns but also contributes to resource conserva-
tion (Pavithra et al. 2016a).

In the present study, we propose a novel approach to addressing
the pressing need for fine aggregates, as a sustainable construction
material. We aim to harness the abundantly available resource such
as fly ash to develop a viable alternative to traditional river sand in
the form of fly ash based sand (FAB sand). FAB sand is prepared by
resorting to geopolymerization with cold bonding pelletization
technique. The FAB sand mimics the properties of river sand within
the particle size range of 4.75-0.075 mm. The novelty of this re-
search lies in the development of fly ash based geopolymer mortar
(GPM) using 100% FAB sand, by completely alleviating the use
of river sand. GPM cubes made with 100% river sand are used as
controlled samples to ascertain the performance of FAB sand as an
innovative construction material. No prior research endeavors have
been documented to date regarding the formulation of geopolymer
mortar utilizing 100% FAB sand as a substitute for conventional
fine aggregates (river sand). The development of fly ash sand based
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GPM, which eliminates the need for cement or river sand, offers a
promising path toward ecofriendly infrastructure solutions. The
present study represents a novel and ecoconscious solution that
holds great promise for the future of construction applications. By
embracing innovation and sustainable practices, and aligning with
the principles of the circular economy, the construction industry
can tackle the challenges of fine aggregate scarcity while paving the
way for a greener, more resilient built environment.

Materials and Methodology

Materials

In this study, fly ash (binder solid, BS) was sourced from two
distinct locations in Odisha, India. Fly ash 1 (FA1) was obtained
from M/s. Vedanta Limited in Lanjigarh, while fly ash 2 (FA2) was
sourced from National Thermal Power Corporation Limited in
Kaniha. To characterize the particle sizes of FA1 and FA2, grada-
tional analysis was conducted following the guidelines outlined in
ASTM D6913/D6913M-17 (ASTM 2017c). Specific gravity (G) and
bulk density were measured as per ASTM C128-22 and C29/29M-
17a, respectively [ASTM C128-22 (ASTM 2023), ASTM C29/
29M-17a (ASTM 2017a)]. Additionally, river sand was procured
from a local supplier in Bhubaneswar, Odisha, India.

Sodium silicate (Na,SiO3) in conjunction with sodium hydrox-
ide (NaOH) was used as alkali activator solutions (AAS) for geo-
polymerization. Na,SiO; was sourced from Panchi chemicals
(Hyderabad) while NaOH pellets (96% purity) were obtained from
the Central Drug House. The silicate modulus of Na,SiO5 solution
is 3.1 (SiO, = 28.24%, Na,O = 9.10%, H,0 = 62.66%). NaOH
solution was prepared at molarities ranging from 2 to 14. The re-
action between water and NaOH is exothermic, releasing a signifi-
cant amount of heat. Therefore, the prepared NaOH solution was
left in undisturbed condition for 24 h to dissipate the heat. The G of
NaOH solution prepared at 2, 4, 6, 8, 10, 12 and 14 M was mea-
sured as 1.12, 1.18, 1.24, 1.26, 1.32, 1.36 and 1.39, respectively.
Alternatively, the G of Na,SiO; was measured to be 1.45.

Preparation of Fly Ash Based Sand (FAB sand)

The process of making FAB sand using geopolymerization and
cold bonding pelletization, as outlined in this study, follows the
procedure established by Sekhar and Rao (Sekhar and Rao 2024a).
Fig. 1 illustrates the process of developing FAB sand, showing geo-
polymerization, pelletization and cold bonding. A custom-made
disc pelletizer equipment was employed for the preparation of sand
sized fractions using fly ash alone as a precursor material. The
pelletization process is associated with aggregation of moistened
particles within a rotating drum (Baykal and Déven 2000). This
aggregation or bonding relies heavily on geopolymer technology,
which initiates geopolymerization, an inorganic polymeric tech-
nique. Geopolymerization transforms finely pulverized particles
of aluminosilicate-rich precursor material into a hardened sub-
stance upon the addition of alkali solutions, forming a robust 3-D
network of linkages (Pavithra et al. 2016b). Employing cold bond-
ing, where temperature typically remain below 100°C (Liu et al.
2023), facilitates the curing of the agglomerated sand particles, a
methodology adhered in this study.

Recently, Sekhar and Rao (2025) demonstrated that the median
particle size of fly ash also affects the gradation of FAB sand.
Hence, the present study utilizes two variety of fly ashes (FAl
and FA2) to produce FAB sand (FABS1 and FABS2). Sand frac-
tions prepared with FA1 and FA2 are herein named as FABS1 and
FABS2, emphasizing their distinct origins and characteristics, as
discussed in section 2.1. FABS1 and FABS2 were prepared by
a precise alteration of NaOH molarities from 2 to 14 for FABS1
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Fig. 1. Process of developing FAB sand.

and 6 to 12 for FABS2, ensuring a diverse array of compositions
for optimal performance. After extensive experimentations, the pro-
duction parameters that would aid in acquiring the desired grada-
tion of FABS1 were meticulously defined as: pelletizer tilt angle of
50 degree, duration of 30 minutes, speed of 15 rpm and AAS to BS
ratio of 0.34. Similarly, the production parameters for achieving
FABS?2 were defined as: pelletizer tilt angle of 50 degree, duration
of 15 minutes, speed of 10 rpm and AAS to BS ratio of 0.10.

Development of Fly Ash Based Geopolymer
Mortar (GPM)

Fly ash based GPM cubes were prepared employing two variants of
100% FAB sand (i.e., FABS1 and FABS2) as well as 100% river
sand as a controlled material. The development of GPM involved
three key stages: mix design methodology, cube casting, and char-
acterization of cubes.

Mix Design Methodology

The present study adopts a performance-driven mix design meth-
odology that incorporates the specific gravity of all raw materials,
ensuring volumetric consistency and optimal packing. Based on

Step 2

Fixing NaOH molarity,
AAS/BS, Na,Si0,/NaOH

established geopolymer concrete (GPC) mix design frameworks
proposed in the literature, the method is innovatively adapted
for GPM, precisely adjusting proportions to formulate GPM cubes
(Pavithra et al. 2016a; Reddy et al. 2018). Fig. 2 illustrates the
multifaceted process of developing GPM mix design and eluci-
dates each sequential step. Based on numerous trials, AAS/BS ra-
tio and Na,SiO3/NaOH ratio were fixed at 0.5 and 1.5 for making
the GPM cubes using river sand, FABS1, and FABS2, respectively.
Moreover, this selection aligns with prior findings by Ray et al.
(2025) and Pavithra et al. (2016b), who identified similar optimal
ratios for fly ash based GPM systems. River sand served as a con-
trolled material, allowing for the assessment of the performance of
FABS1 and FABS2. Three distinct sets of GPM cubes were cast.
One mix utilized only river sand while in other two, FAB sand was
fully (100%) substituted for river sand. The FAB sand used was
made at different molarities of NaOH ranging from 2 to 14 for
FABS1 and 6 to 12 for FABS2. Such consideration demonstrates
the versatility and adaptability of the developed FAB sand as a fine
aggregate. For GPM mixes with river sand, NaOH molarity is var-
ied as 8, 10, 12, and 14, to investigate its influence on mechanical
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Fig. 2. Mix design methodology for developing geopolymer mortar and concrete.
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Table 1. Sample calculations for the mix design of GPC to determine sand to binder ratio

Parameter Notation Description Quantity Unit
Alkaline Activator Solution AAS Based on workability and economic criteria 200 kg/m
AAS to Binder Solids ratio AAS/BS Fixed as per strength requirements 0.5 —
Molarity of NaOH M 10 M
Na,SiO;/NaOH ratio R Fixed based on maximum compressive strength 1.5 —
Binder solid Content B¢ AAS/(AAS/BS) 400 kg/m
Mass of NaOH Myaon Mass of AAS/(1+ R) 80 kg/m’
Mass of Na,SiO; Mna,si0, Mass of AAS—Mass of NaOH 120 kg/m
Volume of entrapped air V. Assuming 2 %
Volume of binder solids Vg B¢/G of Bc 0.185 m?
Volume of sodium silicate VNa,sio, Myg,sio, /G of Na,SiO; 0.0827 m’
Volume of sodium hydroxide Viaon Mn.on/G of NaOH 0.0606 m?
Total Combined Aggregate Vra (1-va)—(Vg + Vng,sio, + VNaon) 0.652 m?
Sand for concrete Mand Vra X Ggng X percentage of sand in total aggregate (38) x 1000 651 kg/m
Ratio of sand/binder in concrete M,na/Bc Ratio of sand to binder in concrete 1.628 —
Table 2. Sample calculations for the mix design of GPM

Parameter Notation Description Quantity Unit
Binder solid content for mortar Mgs 2000/ (1 + (Mgnq/Bc)) 760.828 kg/m?
Sand for mortar Mga 2000—Mpgg 1239.17 kg/m?
AAS content for mortar Maas Muas = Mgs x AAS/BS 380.4 kg/m?
Mass of NaOH MnaoH Mo = Maas/(R + 1) 152.17 kg/m?
Mass of Na,SiO5 My sio Mywsio. = R X Mygon 228.25 kg/m?

performance. Based on the integrated evaluation of strength per-
formance and economic feasibility, the optimal NaOH molarities
were subsequently selected for GPM, incorporating FABS1 and
FABS2. A detail sample calculations of quantities for preparing
GPM with river sand obtained from the GPC mix design is given
in Tables 1 and 2.

GPM Cube Casting

The process of cube casting primarily comprises of mixing, cast-
ing, and curing sequences. Mixing encompasses the dry mixing of
raw materials such as fly ash (FA2) and sand (FAB or river sand)
for 3 min to ensure uniformity. After the dry mixing, NaOH and
Na,SiO; solutions were added and the contents were blended
for an additional 4 min. The mixture was then transferred to the
standard-sized cube casting molds (each with a side length of
70.6 mm) according to IS: 4031 (Part 6) standard (BIS 2006).
Tampering and simultaneous compaction was accentuated using
a vibrating table. The surface was then carefully smoothed to en-
sure a uniform finish. Casts were wrapped with polythene sheet to
prevent moisture loss, and subjected to elevated curing temperature
at 60 and 80°C for 24 h. After cooling to room temperature, GPM
samples were demolded and cured at ambient conditions (i.e., 27 £+
1°C) for 7, 14, and 28 days. Fig. 3 delineates the GPM mixing
sequence, providing a comprehensive visual guide to the process.

E%

‘ NaOH solution

2
minutes

Fly Ash

3 minutes

9| GPM cubes free of cement
- & river sand

Na;SiO; solution

FAB Sand

Fig. 3. Process of preparing geopolymer mortar.
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Characterization of GPM Cubes

The compressive strength of GPM cubes was measured after 7, 14
and 28 days of curing with the help of HEICO (HLM 592) press
boasting 3000 kN capacity with 0.2 MPa accuracy machine. Tests
adhere to loading rate of 35 N/mm?/minute as per the ASTM
C109 guidelines [ASTM C109/C109-20a (ASTM 2020)]. The
maximum compressive load at failure was recorded for each cube.
The compressive strength was calculated by dividing the cross-
sectional area (49.84 cm?). Each result represented the average
of three measurements. Water absorption significantly influences
the durability, quality, strength, and longevity of structures; there-
fore, it was measured on the samples after 28 days of curing.
GPM specimens were immersed in water for 24 =1 h as per
ASTM 1403 standard [ASTM 1403-22a (ASTM 2022)]. Each set
of three replicate specimens was considered representative, with
their average indicating the water absorption. The correlation be-
tween 28th day compressive strength, water absorption, and den-
sity of GPM cubes from FAB sand was assessed.

Morphological and Mineralogical Analysis

Before conducting scanning electron microscope (SEM) analysis
on FA, FAB sand, river sand, and GPM cubes to observe changes
in particle morphology, samples were sputtered with gold coat us-
ing a QI50R ES sputter coater. The morphological features and
semi quantitative chemical analysis of samples (i.e., FA, FAB sand,
river sand, and GPM) were performed using a MERLIN compact
field emission SEM (ZEISS FEI Quanta 25, Berlin) coupled with
energy dispersive x-ray spectroscopy (EDS) analysis.

The phase compositions of FA, FAB sand, river sand, and GPM
cubes were defined by X-ray diffraction (XRD) analysis, a D8 ad-
vance x-ray powder diffractometer equipped with a LYNXEYE de-
tector, and copper (Cu-Ka) radiation. Samples were scanned at
40 mA current and 30 kV voltage, in a range from 5°-90° of 26,
with a step size of 0.2. The X Pert High Score Plus software was
utilized to characterize the mineral phases. Prior to analysis, spec-
imens were finely ground and subjected to oven drying at 95°C—
105°C for 24 + 1 h.

Leaching Analysis
In order to assess the environmental acceptability of GPM cubes
developed with FAB sand, toxicity characteristic leaching procedure
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Fig. 4. Gradation curves of FABSI1 for varying NaOH molarity.

(TCLP) was applied as per the protocol outlined in USEPA Method
1311 [US Environmental Protection Agency 1311 (USEPA 1992)].
Potentially toxic elements (PTEs) including arsenic (As), cadmium
(Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), man-
ganese (Mn), nickel (Ni), and zinc (Zn) were measured by ICP flame
photometer with optical spectroscopy. Additionally, concentrations
of calcium (Ca), iron (Fe), magnesium (Mg), potassium (K), and
sodium (Na) were determined. Alongside leachability of PTEs in
FA1, FA2, FABS1, and FABS2 were also analyzed. The concentra-
tions of leached PTEs were compared with the limiting values set
by the Hazardous and Other Wastes (Management and Transboun-
dary Movement) Rules, 2016, established by the Ministry of Envi-
ronment, Forest, and Climate Change (MoEF&CC), Government
of India (MEFCC 2019) as well as the USEPA guidelines (USEPA
2004).

Results and Discussion

Characterization of Materials

Figs. 4 and 5 present the gradation curves of FA and FAB sands.
Gradation curves of FABS1 and FABS?2 are presented as a function
of NaOH molarity. For a comparison with the reference aggregate,
the gradation curve of river sand is also shown in Figs. 4 and 5. The
results clearly show that FAB sand gradation curves align well with
the particle size distribution of river sand.

Particle size distribution curves in Figs. 4 and 5, show that FA1
comprises 15%, 75%, and 10% of sand, silt, and clay size fractions
while FA2 consists of 2%, 81%, and 17% of sand, silt, and clay
size fractions. The fly ash gradation curves clearly demonstrate
the prevalence of silt sized fractions. The D5, of FA1 and FA2
is measured as 25 and 9 pm, exhibiting FA1 as a coarser grained
than FA2. The specific gravity of FA1l and FA2 is determined as
2.13 and 2.16, respectively. Whereas, the loose and rodded bulk
density (kg/m?) is measured as 894 and 1076 for FA1, and 819
and 1042 for FA2.

A clear gap between the gradation curves of FA and FAB sand
shows that sand can successfully be produced using fly ash as
a resource material through geopolymerization with cold bonded
pelletization technique. Figs. 4 and 5 clearly shows the composition
of river sand, highlighting a blend of 3% coarse (4.75-2 mm),
74% medium (2-0.425 mm), and 23% finer (0.425-0.075 mm)
fractions. Conversely, FABS1 yielded coarse, medium, and fine

© ASCE

,  Fine Sand | Medium Sand | Coarse |
—-

100 - ; B! R .
et : 4
—_— 6M ",A"
—— M F
804 —— 10M .‘/'
——12M h
--+--FA2 i
&0 - = - Riversand /
‘ma 60+ |
»n .
] 1
=7 H
40 4
$
204 .-
0 T
0.001 0.01 0.1 1 10

Particle size (mm)

Fig. 5. Gradation curves of FABS2 for varying NaOH molarity.

Table 3. Comparison of properties of river sand and FAB sand

Parameter River sand FABS1 FABS2
Specific gravity 2.63 1.9-2.2 1.8-2.1
Water absorption (%) 1.4-2.8 9-17 12-22
Loose density (kg/m?) 1546 820-900 780-830
Rodded density (kg/m?) 1620 930-1000 850-910
Compacted density (kg/m?) 1726 1020-1090 920-1010
pH 8.5 10-12.5 9.5-11.5

fractions in the range of 16%-36%, 24%—-29% and 35%-57%
while FABS2 produced these fractions in the range of 40%—-50%,
25%—-35% and 6%—10%. It can also be observed from Figs. 4 and 5
that 100% FA is converted into sand (~90%) and gravel (~10%).
The variation in percent fractions of FAB sand is attributed to dif-
ferences in the median particle of FAs, molarity of NaOH and AAS/
BS ratio. FA2, with a lower D5 than FA1, requires a lower AAS/
BS ratio for producing FABS2, compared to FABS1. Figs. 4 and 5
also show that as the molarity of NaOH increases, the fraction of
the coarser particles also increases.

The value of specific gravity, water absorption, density (loose,
rodded, and compacted), and pH measured for river sand, FABS1
and FABS?2 is listed in Table 3. The higher water absorption of
FAB sand in comparison to river sand can be attributed to the
presence of voids within the grains of FAB sand. These voids
might have formed during the agglomeration process of ash par-
ticles (Sekhar and Rao 2024a, b). Based on the measured density
values of FAB sand and the ASTM C330 standard [ASTM C330/
C330M-17a (ASTM 2017a)], it can be classified as a lightweight
aggregate, with a density below 1120 kg/m? threshold. pH of river
sand, FABS1 and FABS2 are measured as 8.5, 10-12.5 and 9.5—
11.5, respectively.

Fig. 6 illustrates the aggregate crushing strength (%) of FABSI,
FABS?2 and river sand. For FABS1, prepared at molarities ranging
from 2 to 14, the crushing value decreased from 12.3 £ 0.5%
to 5.1 +0.4%, indicating a notable enhancement in mechanical
resistance with increasing NaOH concentration. Similarly, FABS2,
developed from 6 to 12 M, exhibited crushing values between
17.5+0.7% and 11.5 + 0.5%. In comparison, river sand showed
a crushing value of 5.7 + 0.4%. According to IS 2386 Part 4 (BIS
1963), fine aggregates used in concrete should have an aggregate
crushing value below 30%. Notably, the developed FAB sands fall

J. Mater. Civ. Eng.

F5:1

T3:1
T3:2
T3:3
T3:4
T3:5
T3:6
T3:7

343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374



F6:1

375
376
371
378
379

380

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407

408

409
410
411
412
413
414
415

B0) oo s St S S i Y S S e
:IS 2386 Part 4 \:IFABSI

-~ T FABS2 T
Sk e
2 164
=
> 14
= ]
.- 12_
e o=
£ 10
)
W
En 8] River sand|
2 64l Tl [57£04%
o
80
< 44

2_

0 T

2 4 6 8 10 12 14

Sodium hydroxide molarity (M)

Fig. 6. Aggregate crushing value of FAB and river sands.

well within this limit, demonstrating their potential as structurally
viable alternatives to river sand in mortar and concrete applications.

The characterization results emphasize the comparability of
FAB sand to river sand, affirming its suitability as an alternative
fine aggregate for the construction purpose.

Fresh Properties of GPM

The workability of developed GPM is assessed using flow tests, as
per ASTM C1437-15 (ASTM 2015) and IS 4031 Part 7 (BIS 1988),
targeting a spread diameter of 110 &= 5 mm (standard consistency).
The water absorption of FABS1 and FABS?2 is measured as 9-17%
and 12-22%, which is higher than river sand (1.4-2.8%). The values
measured are listed in Table 3. To alleviate the effect of water ab-
sorption, fine aggregates are first brought to the surface-saturated
state followed by the addition of naphthalene-based superplasticizer
(1-15% by weight of fly ash) to restore flow without altering the
water-to-binder ratio (Nath and Sarker 2015; Pratap et al. 2024).

The superplasticizer demand in GPM increased consistently
with the molarity of NaOH, particularly when using FABS1 and
FABS2, due to their higher water absorption compared to river
sand. For FABSI1, the required superplasticizer dosage (%) to
achieve the targeted flow is 1.0, 2.5, 4.0, 6.5, 8.8, 10.9, and 14.6%
at NaOH molarities of 2, 4, 6, 8, 10, 12, and 14, respectively. For
FABS?2, the dosage (%) needed are 5.8, 9.2, 11.6, and 13.8% for
6, 8, 10, and 12 M, respectively. In contrast, mortar mixes using
river sand, which has significantly lower water absorption, required
much lower superplasticizer dosage of 1.5%, 2.1%, 3.5%, and
4.6% for NaOH molarities of 8, 10, 12, and 14, respectively. The
superplasticizer content pertinent to river sand mortar iS consis-
tent with the literature studies (Duxson et al. 2007; Paul 2022;
Anudeep et al. 2024). This approach of surface saturating and
optimizing superplasticizer dosage has achieved the requisite flow-
ability, maintaining a balance between fresh properties and me-
chanical integrity.

Compressive Strength Results

Fig. 7 shows the compressive strength results of GPM made with
100% river sand as a control sample at various NaOH molarities of
8, 10, 12, and 14. The bar chart illustrates the changes in strength
during elevated curing at 60 and 80 degrees. The 28th day com-
pressive strength corresponding to 8, 10, 12, 14 M is measured
as 24.85+ 1.0, 43.49£0.6, 49.74 £0.4, 56.34 £ 0.3 MPa at
60°C and 32.45+ 0.7, 46.3 £ 0.9, 50.71 £+ 1.6, 58.44 4+ 0.9 MPa
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Fig. 7. Compressive strength of GPM cubes made with 100% river sand. (control
sample.)

at 80°C elevated temperature curing. Fig. 7 shows that as the mo-
larity of sodium hydroxide (8-14) increases so does the compres-
sive strength. This enhancement can be attributed to the improved
dissolution of aluminosilicates of fly ash at higher alkaline concen-
trations. Elevated NaOH molarity boosts the solubility of silicate
and aluminate species, which in turn accelerates the geopolymeri-
zation reaction and results in a denser, more interconnected poly-
meric matrix. An increase in compressive strength with curing
temperature (60°C—80°C) and curing age (7-28 days) can also be
noticed from Fig. 7. Higher curing temperatures accelerate the geo-
polymerization process by enhancing the mobility of reactive spe-
cies, promoting faster evaporation of water, and intensifying the
rate of polycondensation reactions. This results in a denser, more
compact matrix and quicker strength development. Similarly, longer
curing durations allow the geopolymer network to further develop
and refine over time, improving internal bonding and structural in-
tegrity. Similar results are reported by Pavithra et al. (2016b) on fly
ash based GPM cubes.

According to Fig. 7, 28th day compressive strength of 46.3 MPa
can be developed when using 10 M NaOH solution. To derive GPM
of equivalent strength, cubes are made with 100% FAB sand using
the same mix design, sample preparation, and curing process that
adopted for 10 M NaOH solution. This enables a direct comparison
of FAB sand performance vis-a-vis with river sand. While higher
molarity NaOH solutions typically yield greater strength, they also
significantly increase the overall cost of the mortar production. For
this reason, the development of GPM using FAB sand is limited
to 10 M concentration, balancing strength performance with cost
efficiency.

Fig. 8 shows the compressive strength results of GPM from
100% FABS1 made at various NaOH molarities of 2, 4, 6, 8, 10,
12, and 14. The 28 days compressive strength of cubes correspond-
ing to these molarities is determined as 30.7 £ 0.8, 33.6 £ 1.6,
40.6 £ 1.2, 42.6+0.9, 43.8+ 1.1, 33.6+0.4, 272+ 0.5 MPa
at 60°C and 31.2£0.8, 37.6 £0.4, 41.82+0.8, 43.8 +0.6,
45.1 £ 0.6, 34.3 £ 1.5, 29.0 = 1.2 MPa at 80°C of elevated tem-
perature curing. Contrary to river sand, the compressive strength
of GPM cubes made with FABSI increased up to 10 M NaOH
concentration and decreased thereafter. This may be attributed to
enhanced precipitation of aluminosilicate gels on account for the
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Fig. 8. Compressive strength of GPM cubes made with 100% FABSI.
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Fig. 9. Compressive strength of GPM cubes made with 100% FABS2.

excess NaOH solution in the system, leading to rapid hardening
besides hindering the formation of other geopolymeric precursors
(Lee and Van Deventer 2002). It can also be noticed that strength
increased with curing age and temperature. Thus, it can be stated
that GPM from 10 M FABSI attained a noteworthy compressive
strength of 45.1 MPa, closely aligning with the target strength of
46.3 MPa, demonstrating the efficiency of FAB sand as a potential
replacement for river sand.

Fig. 9 shows the compressive strength results of GPM when us-
ing 100% FABS2 developed at various NaOH molarities (6, 8, 10,
and 12). The 28 days compressive strength corresponding to these
molarities is measured as 26.2 + 0.3, 32.6 +0.4,34.2 +0.5,31.2 &+
0.9 MPa at 60°C and 28.6 +0.9, 364+ 1.6, 37.2+ 1.2, 352+
0.8 MPa at 80°C. Similar to FABSI, the compressive strength of
GPM from FABS2 increased up to 10 M NaOH concentration and
then decreased. The maximum compressive strength of 37.2 MPa
is measured for FABS2, which is slightly lesser in comparison to
FABSI1 performance. The lower strength value may be attributed to
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Fig. 10. Water absorption of GPM cubes made with 100% River and FAB sands.

the lower AAS/BS ratio of 0.1 used for producing FABS2, com-
pared to 0.34 for FABS1. Alike results presented in Figs. 7 and 8,
it can be observed from Fig. 9 that strength increased with an in-
crease in curing age and temperature.

Water Absorption and Density Results

Fig. 10 shows the water absorption properties of GPM made from
100% river sand and 100% FAB sand. The results illustrate that
cubes made solely of river sand absorb 8.2 4+ 0.2% of water while
that of FABS1 absorb 9%—17% across different molarities. An 8%
difference in water absorption can be witnessed among GPM cubes
made with FABS1. GPM from 10 M FABSI yielded the lowest
water absorption of 9.2 + 0.4%. Higher compressive strength val-
ues are also observed for the same combination (Fig. 8). Water ab-
sorption decreased with an increase in NaOH molarity up to 10 M
and then descended with further increase in molarity. Alternatively,
the water absorption decreased from 20% to 17% for cubes made
with 100% FABS2, as the molarity of NaOH increased. Cubes
composed of FABS2 exhibited a slightly higher water absorption
compared to FABS1 samples. This may be attributed to FABS2
possessing a higher water absorption capacity than both FABS1
and river sand, as shown in Table 3.

Additionally, densities of developed GPM with FAB and river
sand are measured after 28 days of curing, as presented in Fig. 11.
The density of GPM with river sand is measured as ~2,050 kg/m?>.
According to Zailani et al. (2024), the density of FA based GPM
with river sand typically falls within 2,000 to 2,230 kg/m?, de-
pending upon the binder to sand ratio. Conversely, for FABS1, the
density ranged from 1656 to 1,753 kg/ m?3, and for FABS2, it
ranged from 1,632 to 1,691 kg/m?>. Romero et al. (2023) have cat-
egorized mortars with an oven dry density under 2,000 kg/m?> as
lightweight mortars, offering their potential benefits for use in both
structural and nonstructural applications. Thus, the measured den-
sities indicate that FAB sand is an optimal choice for producing
GPM cubes for lightweight construction, effectively reducing the
dead load and enhancing design flexibility where weight reduction
is crucial (Kumar et al. 2023).

Correlations for Water Absorption and Density versus
Compressive Strength

Based on the results obtained from strength and water absorp-
tion tests, an effort is further made to correlate various properties,
as shown in Fig. 12. The input data for Fig. 12 is derived from
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Figs. 8 and 9 corresponding to GPM exhibiting maximum com-
pressive strength after curing for 28 days at 80°C. A linear fit model
is employed to correlate density and water absorption with com-
pressive strength, as depicted in Fig. 12. Correlations reveal an in-
verse linear relationship for water absorption versus compressive
strength and a linear relationship for density versus compressive
strength. A regression coefficient (R?) of 0.8 for density versus
strength and 0.7 for water absorption versus strength is obtained
from the trend lines. Fig. 12 shows that as the density increases,
so does compressive strength. Conversely, samples that showed
higher compressive strength exhibited lower water absorption. Me-
chanistically, increased density typically reflects a more compact
and homogeneous matrix with reduced porosity and fewer micro-
structural flaws, which enhances the compressive strength of GPM.
Conversely, higher water absorption generally indicates greater
pore connectivity and void content, which can act as stress concen-
trators, compromising mechanical integrity. These relationships sug-
gest that optimizing mix design to reduce porosity and increase ma-
trix compactness can significantly enhance strength and decrease
water absorption of GPM. These findings align well with the linear
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regression model proposed by Gupta and Siddique (2020) and
Pratap et al. (2024), reinforcing the observed correlations for den-
sity and water absorption versus compressive strength.

Morphological and Mineralogical Analysis

Fig. 13 presents micrographs of FA, FAB sand, river sand, together
with GPM made with river sand and FAB sand. As depicted in
Figs. 13(a and b), FA1 and FA2 particles are predominantly spheri-
cal and well-rounded shape, reflecting the typical morphological
features of coal combusted fly ash glassy spherules. River sand
particles, as seen in Fig. 13(c), are predominantly found in low
spherical angular morphology. However, FAB sand exhibits a dis-
tinct blend of angular and rounded grains [Figs. 13(d—g)]. A close
comparison of Figs. 13(a and b) (i.e., FA alone) with Figs. 13(d
and f) (FAB sand) highlights the agglomeration of FA particles,
which resulted in FAB sand featuring a wider range of particle
size distribution. At lower magnifications [Figs. 13(d and f)],
FABS?2 grains appear less porous, with almost no visible large
voids and a more uniformly round shape grains. However, deeper
insights of higher magnification images [Figs. 13(e and f)] reveal
that FABS1 contains a greater quantity of binder material, inter-
connecting the ash relics into a more consolidated structure. In
contrast, Fig. 13(g) shows that the ash particles in FABS2 are pri-
marily agglomerated and not evidently surrounded by a continuous
binder matrix. Most of the pores in FABS1 are not interconnected,
rather they are interconnected only to a limited extent, compared to
FABS2. This could be linked to higher water absorption and lower
density of FABS2 than FABS], as presented in Table 3. However,
the resemblance in terms of size and shape between the morphologi-
cal features of river and FAB sand suggests that the sand produced
in this study can serve as a viable substitute for the conventional
river sand in construction applications.

Figs. 13(h-m) shows SEM images of GPM chunks made with
river sand, FABS1, and FABS2. Figs. 13(h, j, and 1) depicts the
surface morphology of unpolished GPM samples while Figs. 13
(i, k, and m) show their polished counterparts, offering a compar-
ative insight into texture and structural differences. Micrographs in
Figs. 13(h—i) reveal interspersed river and FAB sand grains within
GPM cubes. These images also show the developed matrix accom-
panied by gel formations resulting from geopolymerization. The
micrograph in Fig. 13(l) shows a greater presence of voids com-
pared to Fig. 13(j). This feature can be correlated to GPM made
with FABS2, exhibiting higher water absorption, which is likely
due to greater pore connectivity within the matrix, and also results
in lower density compared to GPM made with FABS1, as shown
in Figs. 10 and 11. These interconnected voids not only reduce the
materials resistance to moisture ingress but also be linked to lower
compressive strength of GPM made with FABS?2 (Fig. 9) compared
to those with FABS1 (Fig. 8).

Furthermore, Fig. 13(i) highlight the interfacial transition zone
(ITZ) between the matrix and natural river sand, and Figs. 13(k and
m) depicts the ITZ between the matrix and FAB sands. Figs. 13(, k,
and m) show that the geopolymer matrix is in close contact with the
aggregate surface in all three samples. No micro cracks or porous
area can be noticed in ITZs. The difference between FABS1 and
FABS2 is evident, as different raw ashes are used in the preparation
of aggregates. While the grains of FABS1 are clearly distinguish-
able within the geopolymer mortar matrix, the FABS2 grains ap-
pear more intermixed with the matrix. Due to the lower matrix
density and similar absorption coefficient of FABS2, the ITZ boun-
daries are less clearly defined. In some cases, it is difficult to de-
termine whether the observed zoned regions belong to the aggregate
grains or represent areas of higher matrix density. Additionally, in
the FABS2 mortar, fine cracks are visible. Nonetheless, Figs. 13(h—-m)
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illustrate the formations of very good bonding of FAB sand particles
with GPM matrix, aided by gel formations.

EDS analysis reveal that FAs, FAB sands, and GPM from
FAB sands consist mostly of Si and Al. In comparison to FA2,
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its aggregate and mortar samples, FA1 (and its aggregate and mor-
tar) contains relatively higher quantities of Fe and Ca (Table 4). The
major elements in river sand include Si and Al. In contrast, GPM
cubes made with river sand exhibited a broader range of elements
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Table 4. Elemental compositions of fly ash, FAB sand, river sand, and GPM samples

Element (% by weight)

Material Na Mg Al Si K Ca Ti Fe Si/Al
FA1l 0.15 2.10 30.09 49.41 2.35 5.54 3.72 6.43 1.64
FA2 0.26 0.48 30.76 60.28 4.32 0.3 1.48 2.12 1.96
River sand — 0.10 9.95 88.14 — — — 1.81 8.86
FABSI 7.86 0.78 24.39 51.70 1.27 5.61 231 6.08 2.12
FABS2 2.18 0.76 25.59 61.59 2.89 2.83 1.19 2.77 2.41
GPM with river sand 9.0 0.48 20.36 59.41 2.1 0.96 3.59 3.99 2.92
GPM with FABSI1 8.15 0.42 23.11 59.60 2.0 1.03 1.87 3.81 2.58
GPM with FABS2 4.72 0.62 25.24 62.06 2.36 1.2 1.68 2.12 2.46
including Si, Al, Na, Ca, Fe, and Mg. This expanded elemental Q: Quartz
compositions may be attributed to the incorporation of both FA a Q M: Mullite
and river sand in the control GPM mix. FAB sand and GPM cubes CSH: Calcium Silicate Hydrate Ri J
made with FAB sand exhibited a notable decrease in the weight 12 Q Q9 We,lr s
percentages of Al, Fe, and Ca, simultaneously showing an increase Q)
in the. wgght percentages of Si and Na, as a result of the geopol- - N M“ MMM " T
ymerization process. 2 Al S| R W Y ,
From Table 4, it can be observed that Si/Al ratio for FA1 and E qQ
FA2 are 1.64 and 1.96, respectively. In contrast, the Si/Al ratio for E M Q MJ MM M M FA2
FABS1 and FABS2 sands increased to 2.12 and 2.41. This is due to i‘..:‘ el (g bl
the pelletization process, where AAS (NaOH and Na,SiOs) is =
added to fly ash in order to produce the FAB sand. For the GPM M QM MMM gy M FABSI
cubes made with river, FABS1 and FABS2 sands, the Si/Al ratio is q .
calculated as 2.91, 2.58, and 2.46, respectively. The greater com-
pressive strength of GPM cubes made with river sand when com- X ?ﬂ"L MM M 4 FAl
pared with cubes made with FABS1 and FABS2, can be linked to
the higher Si/Al ratio. As such, higher Si/Al ratio can enhance the 1'0 2'0 3'0 4'0 5'0 6IO 7'0 8|() 9'0
degree of geopolymerization, leading to a more cross-linked and 20°
compact aluminosilicate network. This results in reduced porosity . ] )
and improved structural integrity, thereby further increment in the Fig. 14. X-ray diffractograms of FA1, FA2, FABS1, FABS2, and River sand.
compressive strength. The formation of longer —Si—O—Si— chains
at higher Si levels can also contribute to a denser gel structure and
enhanced strength (Davidovits 1991; Duxson et al. 2007). Under- Q: Quartz; M: Mullite; CSH: Calcium Silicate Hydrate
standably, these statements highlight the importance of optimizing Q
Si/Al ratio for a better mechanical performance of GPM. These Q A M CSH Q River sand
findings align with literature studies, which suggest that compres- Q
sive strength in mortar samples improves with an increase in Si/Al M Qufﬁ"wj‘ MM McsH CsH M 14M
ratio, up to a threshold of 3 (Pavithra et al. 2016b). Reddy et al. - Q 9 -
. . = Mo M MM~ Mcsy  CSH M 12M
(2016) have recommended that SiO, and Al,O; are the two major 3 e
oxides that govern the geopolymeric network formation and in turn, g M Q M MM  Mcgy  CSH M 10M
the ultimate compressive strength of GPC. These observations z Q
imply that careful control and optimization of Si/Al ratio, particu- el M4 3 ,’%“ﬂ\‘ MM Meu o M 8M
larly through raw material selection and mix design, play a pivotal =
role in tailoring the microstructure and enhancing the mechanical JJ‘—I\%PEA N Mo o 1M
performance of GPM (Ray et al. 2025). By targeting Si/Al ratio M9 MM Mgy CsH MM
close to the ideal threshold of 3, it is possible to develop more struc- 9 o
turally efficient GPMs, thus contributing to high-performance con- M Q@ M| MM  Mcsy CSH M 2M
struction materials. : : i : : : i
Figs. 14-16 disclose the mineralogical compositions of FAs, 10 20 30 40 50 60 70
FAB sands, river sand, and GPMs. In general, sharp peaks in XRD 20°
patterns signify crystalline structures while broad halos point to ) ) )
amorphous content of the material matrix (Chancey et al. 2010; Fig. 15. Xray diffractograms of GPM cubes made with FABSI.
Duxson et al. 2007). As seen in Fig. 14, natural river sand consists
of quartz as a major crystalline phase. The presence of these crys-
talline silicate phases is beneficial, as they generate calcium-silicate- be seen that GPM cubes made with 100% river sand show the re-
hydrate (CSH) gels in mortar and concrete samples (Muttashar flections for quartz, mullite, and CSH gels. The minerals are basic
et al. 2018). Principal crystalline minerals in FA1 and FA2 are iden- constituents of river sand and FA2 while gels reflect that of success-
tified as quartz (SiO,) and mullite (3A1,0; - 2Si0,) (Alterary and ful geopolymerization. Evidently, mineral peaks in GPM with 100%
Marei 2021). FAB sand (Figs. 15 and 16) are found identical with those of FAB
Fig. 15 presents the diffractograms of GPM made with 100% sand alone reflections (Fig. 14). It is prudent to interpret that the new
river sand and 100% FABS1 (by altering NaOH molarity). It can reflections pertaining to CSH gels at 26 (degrees) of 42.91 and 51.02
© ASCE 10 J. Mater. Civ. Eng.

F14:1

F15:1

657
658
659
660
661
662
663



Fl16:1

664
665
666
667 B
668
669
670
671
672
673
674
675
676
677
678
679

680

681
682
683
684
685
686
687
688
689
690

T5:1

T5:3
T5:4
T5:5
T5:6
T5:7
T5:8
T5:9
T5:10
T5:11

Q: Quartz; M: Mullite; CSH: Calcium Silicate Hydrate
Q
Q \ M CSH Q River sand
N
—~_~ f
3 MO M MM~ Mcsa  CsH M 12M
3 L 0 \CS :
N Q\
=
z M Q My MM M, csH CSH M 10M
3 - - o & - . =
= Q|
w9 M MM Mem o M 8M
Ql
‘\
Mg ML MM Mo o M eM
T T T T T T T
10 20 30 40 50 60 70
20°

Fig. 16. X-ray diffractograms of GPM cubes made with FABS2.

in all the GPM made with FAB sands could have contributed to the
higher compressive strength. Incidentally, the formation of CSH gel
phases in fly ash (class F) based geopolymer fine aggregates are also
reported in the literature by Parvathy et al. (2019) Sekhar and Rao
(2024a, b). The earlier studies have reported that the formation of
CSH gels within a geopolymeric matrix acts as micro-aggregates,
which by enhancing the homogeneity and density of the binder, re-
sulting in improved mechanical strength (Yip et al. 2005). Thus, it
can be inferred from the significantly high compressive strength re-
sults (Figs. 8 and 9) that there are affluent formations of CSH gels in
the GPM cubes made with FAB sand. Generally, the glassy phase of
FA dissolves in an alkaline environment, releasing Si and Al ions.
These ions subsequently undergo polymerization, forming alumi-
nosilicate networks that help in solidifying the binder and thereby,
inducing the desirable mechanical strength to the geopolymeric
material (Pavithra et al. 2016a).

Leaching Results

The concentration of PTEs measured in leachates derived from
GPMs made with FAB sands and exhibited highest compressive
strength (Figs. 8 and 9) are shown in Table 5. For a better under-
standing of the effect of geopolymerization on heavy metal immo-
bilization, PTEs measured for FA1, FA2, FABS1, and FABS2
are also presented in Table 5. The limiting values prescribed by
international standards are also listed. Demonstrably, the measured
concentrations of PTE are well below the limits set, highlighting
that GPM from FAB sands do not pose any potential environmental
hazard. These findings further indicate that FAB sand can widely be

utilized as a resource material in construction applications. Con-
centrations of Fe, Na, Mg, K, and Ca (mg/l), are measured as
4.136, 67.104, 2.795, 20.813, and 12.014 in GPM made with
FABSI, and 6.727, 66.597, 2.953, 24.525, and 12.72 in GPM
made with FABS2.

Practical Applications in Construction Industry

In the pursuit of ecofriendly and durable construction materials,
FAB sand, which aided in making GPM cubes with considerable
high compressive strength, could become an emerging innovative
construction material. The versatility of FAB sand could offer dis-
tinct advantages, as mentioned in Section 3.1, over the traditional
options (Ng et al. 2018). Utilization of developed FAB sand as a
replacement for river sand can mitigate environmental degradation
caused by excessive sand mining.

According to ASTM C270 (ASTM 2024), the minimum com-
pressive strength of Type M mortar, comprising cement-lime, mor-
tar cement, or masonry cement mortar, is limited to 17.2 MPa
at 28 days. In general, Type M mortar is known for its superior
strength compared to other types, such as Type S, N, and O (ASTM
C270-24 (ASTM 2024). Developed GPMs in the present study qui-
etly exceed the benchmark strength set for Type M mortar. The
strengths measured are in the range of 2945-MPa (Fig. 8) in the
case of FABS1 GPM and 28-37 MPa (Fig. 9) in the case of FABS2
GPM. These impressive results establish that GPM made with FAB
sand is ideal for manufacturing concrete blocks, bricks, and pavers,
all of which are key to sustainable production of masonry materials,
and to be used in infrastructure projects including construction of
roads, highways and pavements where durability and strength are
paramount (Cong and Cheng 2021). The density measurements of
GPM cubes illustrate that FAB sand is an ideal material for light-
weight construction, significantly curtailing dead loads while in-
creasing design flexibility. This makes it highly suitable for both
structural and nonstructural applications requiring weight reduction
(Kumar et al. 2023).

Embodied Carbon Analysis and Sustainability
Implications

To substantiate the sustainability claims, a quantitative compari-
son of embodied carbon is measured for traditional cement-based
mortar and GPM incorporating river and FAB sand, as presented
in Table 6. As per the literature, the embodied carbon value (kg
CO,-eq/kg) for raw materials such as cement, fly ash, river sand,
water, 10 M NaOH solution, and Na,SiO; solution is taken as
0.95, 0.01, 0.009, 0.0004, 0.8, and 0.4 (Adesina 2020; Mocharla
et al. 2022; Myint and Shafique 2024). For the FAB sand, the
embodied carbon is estimated as 0.05 kg CO,-eq/kg, which is
higher than river sand (0.009). Material quantities to produce 1 m3
of cement mortar designed to achieve a compressive strength of
45 MPa are adapted (Ban and Ramli 2010). The total embodied

Table 5. Measured concentrations of potentially toxic elements in the leachates derived from FA1, FA2, FABS1, FABS2 and GPM made with FAB sands

Permissible limits (mg/1)

GPM GPM

FA1 FA2 FABS1 FABS2 with FABS1 with FABS2 MoEF&CC USEPA
Element (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (2016) (2004)
As 0.078 0.120 0.064 0.093 0.059 0.082 5 5
Cd 0.002 0.001 0.001 0.029 0.004 0.006 1 1
Cr 0.099 0.026 0.028 0.015 0.012 0.006 5 5
Cu 0.016 0.016 0.010 0.004 0.006 0.012 25 100
Pb 0.089 0.005 0.035 0.003 0.002 0.002 5 5
Hg 0.003 0.006 0.002 0.002 0.013 0.002 0.2 0.2
Mn 0.010 0.065 0.069 0.047 0.055 0.089 10 —
Ni 0.049 0.016 0.011 0.013 0.025 0.051 20 7
Zn 0.090 0.036 0.030 0.015 0.161 0.244 250 500
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Table 6. Embodied carbon calculations for cement based mortar (traditional mortar) and GPM made with river and FAB sands

Cement based mortar

GPM with river sand GPM with FAB sand

Quantity Embodied carbon Quantity Embodied carbon Quantity Embodied carbon
Material (kg/m?) (kg CO,-eq/m?) (kg/m?) (kg CO,-eq/m?) (kg/m?) (kg CO,-eq/m*)
Cement 690 655.50 — — — —
Water 262 0.11 — — — —
River sand 1380 12.42 1239.17 11.15 — —
Fly ash — — 760.83 7.61 905.96 9.05
FAB sand — — — — 1094.04 54.70
10 M NaOH solution — — 151.17 120.94 181.19 144.95
Na,SiO; solution — — 228.25 91.30 271.79 108.71
Total Embodied carbon (kg CO,-eq/m?) 668 231 317

carbon (kg CO,-eq/m®) for cement mortar is estimated at 668
while the same for GPM when using river sand is 231, which
is markedly low representing 65.4% reduction in carbon emis-
sions. Upon replacing river sand with developed FAB sand, the
embodied carbon slightly increases to 317, which is still 52.5%
lesser vis-a-vis traditional mortar. These observations are consis-
tent with the results of the literature pertinent to geopolymer ma-
terials (Li et al. 2021). Furthermore, the manufacturing of GPM
with FAB sand can promote sustainable construction by signifi-
cantly lowering carbon emissions and enhancing resource effi-
ciency (Parathi et al. 2021).

This dual substitution, cement with fly ash and river sand with
FAB sand, not only reduces carbon emissions but also addresses two
critical environmental challenges: overextraction of natural sand and
fly ash disposal. Diverting fly ash from ash ponds and silos into
high-performance construction materials like FAB sand reduces
the environmental burden of dumping and mitigating the land deg-
radation. For example, replacing 1 metric ton of cement with fly ash
avoids nearly 950 kg of CO, emissions while also repurposing a
material that would otherwise contribute to soil and water contami-
nation. These results underscore the potential of GPM, particularly
those incorporating alternate fine aggregates such as FAB sand, to
substantially reduce the environmental footprint of construction
materials while promoting circular economy principles through
the valorization of industrial by-products. Furthermore, these results
directly contribute to the United Nations sustainable development
goals (SDGs), particularly SDG 9 (Industry, Innovation, and Infra-
structure), by proposing FAB sand as a viable and innovative alter-
native to natural river sand in the construction industry. The study
also supports SDG 12 (responsible consumption and production)
through fostering the reuse of industrial by-products/wastes such
as fly ash. In line with the listed global objectives, our research con-
tributes to resource conservation and sustainable development
while offering an ecofriendly solution.

Conclusions

In the present study, the effectiveness of FAB sand, successfully
developed as an alternate substitute for river sand, in manufacturing
the geopolymer mortar is demonstrated. The mechanical and water
absorption properties of GPM are assessed. A key innovation of
this study is the development of GPM cubes eliminating the use
of natural resources such as river sand and cement, positioning

GPM cubes as a driving force in the shift toward greener building

practices. Based on the analysis of results and their interpretations,

the following conclusions have been drawn:

1. It is successfully demonstrated that FAB sand, resembling ex-
cellently that of river sand within the particle size range from
4.75 to 0.075 mm, can be developed using industrial by-product
such as fly ash alone and it is simple to adopt for all practical
purposes.
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2. The extensive characterization results authenticate that FAB
sand complies excellently with the requirements for the con-
struction activity, much like the river sand.

3. GPM cubes made with FABS1 have attained a maximum com-
pressive strength of 45.1 MPa while cubes with FABS2 have
yielded a maximum strength of 37.2 MPa.

4. The results highlight that compressive strength of GPM cubes
increased with a curing age (7-28 days) and temperature (60°C—
80°C).

5. The maximum and minimum density (kg/m?) of GPM made
with FAB sands are measured as 1,753 and 1,632. As the den-
sity measured less than 2,000 kg/m?, it can be asserted that
FAB sand is an ideal material for lightweight construction
applications.

6. Itis noticed that decrement in water absorption, from 20% to 9%,
with an increase in compressive strength, from 26 to 45 MPa,
does not exhibit any detrimental impact on the material’s struc-
tural integrity.

7. Leaching results endorse that GPM made with FAB sand does
not pose any environmental threat.

8. The results of embodied carbon reveal that GPM incorporating
river sand and FAB sand reduces embodied carbon by 65.4%
and 52.5% respectively, as compared with the conventional ce-
ment based mortar. This highlights their strong potential as envi-
ronmentally sustainable alternatives.
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