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ABSTRACT

Conventional coarse aggregates, extracted from natural sources, pose environmental challenges 
such as habitat destruction, resource depletion, and high energy consumption. To mitigate these 
effects, this study prepared geopolymer aggregates (G.A.) using fly ash–GGBFS and an alkali ac-
tivator solution through pelletization. Furthermore, two aggregate drying methods, oven drying, 
and ambient air drying, are adopted to evaluate their optimal performance through physical and 
mechanical tests. The results Indicated that oven-dried geopolymer aggregates exhibited optimal 
behavior in all experimental aspects compared to ambient air-dried aggregates. Specifically, the 
80% fly ash–20% GGBFS mixed aggregates demonstrated lower crushing value (20.80%), impact 
value (24.7%), water absorption (13.67%), and abrasion values (7.01%) than other mixes. No 
considerable difference was observed in the density and specific gravity of aggregates between 
the two drying methods. Subsequently, these aggregates were used as a 100% replacement for 
conventional coarse aggregates in concrete, and the concrete's mechanical properties, such as 
compressive, split tensile, and flexural strengths, were investigated. Please update the following 
sentence in place of the highlighted sentence. The mix M3 (i.e., 80% fly ash–20% GGBFS mixed 
aggregates incorporated concrete) showed superior performance and are considered the opti-
mum mix. Specifically, in the compressive strength results, the mix M3 showed a 26.31% and 
14.28% strength increase compared to the 100% fly ash aggregates incorporated concrete mix in 
oven-dried aggregates and ambient-dried aggregates incorporated concrete, respectively. The lin-
ear regression equation derived from the experimental results was used to predict the split tensile 
and flexural strength, showing a good correlation between the experimental and expected results.
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1. INTRODUCTION

Concrete, the most commonly used construction material, 
comprises aggregates and a cementitious matrix [1, 2]. The in-
creasing demand for natural aggregates (N.A.) due to the rapid 

growth of the construction industry in the twenty-first century 
has significantly strained the environment [3]. To address this 
issue, researchers have been working on developing sustain-
able alternatives to natural aggregates for concrete production. 
These alternative aggregates can help conserve natural resourc-
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es, reduce the need for landfills by utilizing industrial and ur-
ban waste products, and contribute to a more sustainable built 
environment. A variety of grain-like solid wastes, such as re-
cycled aggregates [4], waste glass [5], and steel slag [6], have 
been successfully used as alternative aggregates in concrete. As 
research on these grain-like solid wastes has advanced, there 
has been a growing interest in transforming powder-like solid 
wastes into grain-like artificial aggregates [7, 8].

Artificial aggregate technology offers a promising solu-
tion to two major problems: the excessive excavation of nat-
ural rock sources and the accumulation of waste materials 
[9]. This technology involves binding powder-like materials 
together and allowing them to harden, resulting in the for-
mation of grain-like materials with desired aggregate sizes 
[10]. Among the various types of lightweight aggregates, 
sintered fly ash aggregates and cold-bonded cement-based 
aggregates have shown superior performance. However, 
the sintering method requires high temperatures ranging 
from 1000 °C to 1200 °C, which results in significant energy 
consumption and CO2 emissions during the production of 
solid and lightweight aggregates [11, 12]. In contrast, the 
cold-bonding technique requires temperatures below 100 
°C, consuming minimal energy and producing no CO2 
emissions in the creation of aggregates [13].

The characteristics of artificial aggregates, including bulk 
density and specific gravity, are influenced by various factors 
such as the curing regime, binder content, sintering tem-
perature, and grain size [14]. Typically, artificial aggregates 
exhibit a compacted bulk density below 2.0 g/cm³ and a loose 
bulk density below 1.2 g/cm³. Their oven-dry and saturated 
surface-dried specific gravity range from 1.10 to 2.0 and 1.51 
to 2.25, respectively. These properties classify them as light-
weight aggregates (L.W.A.) according to UNE-EN-13055-1 
(2003) [15, 16]. Higher binder content and grain size increase 
specific gravity and bulk density, while sintering at higher 
temperatures (950 °C–1100 °C) decreases bulk density due 
to bloating, moisture removal, and combustion of organic 
materials [17]. Water absorption of artificial aggregates rang-
es from 0.7 to 32.8% for 24 hours of immersion, influencing 
concrete workability [18]. Increased binder content, sinter-
ing temperature and duration, NaOH molarity, and Na₂SiO₃ 
content reduce water absorption by creating a denser micro-
structure [19, 20]. Two-step pelletization also decreases po-
rosity compared to single-step pelletization [17].

The crushing strength of aggregates depends on pelletiza-
tion factors, curing regime and age, binder content, density, 
size, and shape. Higher binder content, curing age, pelletization 
duration, and accelerated curing improve crushing strength 
[21]. Smaller aggregates (4–12 mm) exhibit greater crushing 
strength than coarser ones due to lower porosity [17, 22]. 
Surface treatment with soluble glass or water glass enhances 
strength by promoting hydration and repairing surface cracks 
[23, 24]. Sintering temperature, raw material composition, and 
alkali activator addition also influence strength. Geopolymer 
aggregates demonstrate enhanced strength through heat and 
solution curing, with improvements observed in Na₂O con-
tent, Na₂SiO₃-NaOH ratio, fluid-binder ratio, and molarity 
[25]. The pelletized artificial aggregates exhibit sufficient im-

pact and crushing strength to meet the standards for structural 
applications as outlined in I.S.: 2386 (Part IV)-1963 [26].

Lightweight concrete (L.W.C.) made with sintered or al-
kali-activated artificial aggregates can achieve performance 
comparable to normal-weight concrete (N.W.C.) [27]. The 
compressive strength of L.W.C. is significantly influenced 
by the properties of lightweight aggregates (L.W.A.), such as 
porosity, specific gravity, crushing strength, water absorp-
tion, particle size distribution [28], as well as mix design 
parameters and curing conditions [29, 30]. Mineral admix-
tures can enhance concrete's compressive strength through 
pozzolanic and densification effects [31, 32]. However, con-
crete with artificial aggregates may have lower compressive 
strength than N.W.C. due to the inferior properties of the 
aggregates [33]. Concrete with sintered aggregates exhibits 
higher strength than concrete with cold-bonded aggregates 
due to the latter's higher porosity and lower strength [34]. 
Surface treatment of aggregates can improve concrete's 
compressive strength by up to 30% [35].

Concrete's tensile strength is contingent upon various 
factors, including the paste matrix, interfacial transition 
zone (I.T.Z.), and the tensile properties of aggregates [36]. 
Longer curing durations and higher strengths of mortar and 
aggregates typically result in increased tensile strength [37]. 
However, augmenting the volume of artificial aggregates may 
lead to a decrease in tensile strength due to failures originat-
ing within the aggregates themselves. It's worth noting that 
concrete's tensile properties rely more on mortar properties 
than aggregates, as diametric tension tends to cause splitting 
[38]. Comparatively, lightweight aggregates (L.W.A.) possess 
smaller surface areas, less angular shapes, and lower surface 
roughness, potentially leading to weaker aggregate transi-
tion zones when compared to normal-weight aggregates 
(N.W.A.) [39]. The flexural properties of concrete mirror 
split tensile strength, with matrix densification and reduced 
volumes of artificial aggregates, improving flexural perfor-
mance. In lightweight concrete (L.W.C.), flexural properties 
primarily hinge on mortar characteristics, with artificial 
aggregates contributing minimally to flexural bending re-
sistance. For instance, an increased volume of mortar can 
compensate for decreased aggregate volume, resulting in a 
higher flexural elastic modulus during bending [40, 41].

In the context of the current research, geopolymer aggre-
gates (G.P.A.s) have emerged as a notable choice among vari-
ous artificial aggregate options, including sintered aggregates 
and cold-bonded cement-based aggregates. G.P.A.s are favored 
for their lack of cement, minimal energy requirements during 
production, and exceptional capability to immobilize heavy 
metals. The development of geopolymer aggregates offers 
several advantages over traditional artificial aggregates. First-
ly, the output of G.P.A.s does not require the use of cement, 
which significantly contributes to greenhouse gas emissions. 
By eliminating the need for cement, G.P.A.s can help reduce 
the carbon footprint of the construction industry. Secondly, 
the production of G.P.A.s consumes less energy compared to 
other artificial aggregate types, such as sintered aggregates, 
which require high-temperature processing. This lower en-
ergy consumption further enhances the environmental sus-
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tainability of G.P.A.s. The drying method of the geopolymer 
aggregates plays a vital role in their physical and mechanical 
performance. Unfortunately, limited literature is available on 
the effect of drying methods on the mechanical and physical 
performance of G.P.A.s. Considering the research significance 
mentioned above, G.P.A.s were used as 100% replacement 
for the normal coarse aggregates in concrete, and their me-
chanical characteristics were evaluated. Furthermore, linear 
regression was performed using the experimental results, and 
prediction analysis was carried out using this equation.

2. MATERIALS AND METHODS

2.1. Materials
The cement used in this study was Type I Ordinary Port-

land cement conforming to ASTM C150 [42]. It was pro-
cured from a local supplier, Mahashakthi Cement Dealers, 
in 50 kg bags. The chemical and physical properties of the 
cement, provided by the manufacturer, are presented in Ta-
ble 1. Similarly, two Supplementary Cementitious Materials 
(S.C.M.s) were used as raw materials for geopolymer ag-
gregates preparation - Class F fly ash, confirming to ASTM 
C618-22 [43], and ground granulated blast furnace slag 
(GGBFS), conforming to ASTM C989 [44]. The fly ash was 
procured from Vijayawada Thermal Power Plant, and the 
GGBFS was obtained from Visakhapatnam Steel Plant, both 
in 50 kg bags. Their chemical and physical compositions are 
provided in Table 1. The alkali activator solution was pre-

pared in the laboratory by mixing analytical-grade sodium 
silicate (Na2SiO3) and 8M sodium hydroxide (NaOH) solu-
tions in a 1:1.5 ratio, as shown in Figure 1, and was used 
as an adhesive. Moreover, the molar ratio of SiO2/Na2O in 
the sodium silicate solution is maintained at 2 (i.e., SiO2/
Na2O=2). Locally available river sand and crushed granite 
stones were used as fine and coarse aggregates, respective-
ly. The specific gravity, water absorption, gradation, and silt 
content were determined as per IS 383-2016 [45] and were 
within permissible limits. The sand had a specific gravity of 
2.65, water absorption of 1%, and fineness modulus of 2.7. 
The coarse aggregate had a specific gravity of 2.8, water ab-
sorption of 0.5%, and sizes ranging between 4.75 mm and 
20 mm. Figure 2 depicts the grading curve for aggregates.

Table 1. Chemical characteristics (weight (%)) and physical characteristics of binders

Material Fe2O3* CaO* SiO2* Al2O3* MgO* Na2O* SO3* K2O* LOI* Specific  Specific surface 
          gravity (m2/g)

Cement 3.12 65.15 21.47 4.16 1.97 0.63 1.96 1.01 0.53 3.10 1.2
Fly ash 4.56 3.87 58.23 26.05 1.21 0.41 1.16 0.87 3.64 2.39 5.12
GGBS 2.06 44.7 32.25 12.14 4.23 0.87 0.84 – 2.91 2.86 6

Figure 1. Preparation of Geopolymer/Alkali solution.

Figure 2. Grading curves of aggregates.
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2.2. Experimental Methods

2.2.1. Pelletization
Geopolymer aggregates were manufactured utilizing 

a disc pelletizer set at a speed of 40 rotations per minute 
and an angle of tilt of 45°. A mixture of fly ash and GGBS 
was introduced into the pelletizer (Table 2), and the disc 
was rotated for 3 to 5 minutes before adding half of the 
solution to the binder. Rotation persisted for an additional 
3 to 5 minutes. Throughout the pellet formation process, 
an alkaline solution was continuously sprayed onto the 
binder materials, facilitating accumulation [17]. Once the 
fresh pellets were formed, they underwent drying. Am-
bient-dried aggregates were exposed to standard atmo-
spheric conditions at 25±2 °C.

In comparison, oven-dried aggregates were placed in an 
oven chamber set at 60 °C for 12 hours, then allowed to 
cool to ambient temperature. A schematic representation of 
the geopolymer aggregate production process is depicted in 
Figure 3. The resulting geopolymer aggregates exhibited a 
rounded shape, as shown in Figure 4. The efficiency of geo-
polymer aggregates is measured in terms of the weight per-
centage of aggregates retained on the 4.75 mm sieve [46]. 
In the present study, approximately 80% of the prepared 
geopolymer aggregates were retained on the 4.75 mm sieve. 
Hence, the efficiency of aggregate production is 80%. The 
following Eq.1 is used to calculate the efficiency of geopoly-
mer aggregates.

Efficiency (η)=(weight of aggregates retained on the 4.75 
mm sieve/total weight of aggregates produced)×100. (Eq.1)

2.2.2. Physical Tests on Aggregates
Aggregate Impact Value (A.I.V.), Aggregate Crushing 

Value (A.C.V.), and Aggregate Abrasion Value (AAV) are 

measures of the resistance of an aggregate to crushing, im-
pact, and abrasion, respectively, and are conducted as per 
I.S.: 2386 Part IV [47]. In the A.C.V. test, the aggregate 
sample is filled in a cylindrical steel mold and subjected 
to a compressive load of 40 tonnes for 10 minutes, and the 
percentage of crushed aggregate passing a 2.36 mm sieve 
is reported. In the A.I.V. test, the aggregate sample is sub-
jected to blows from a hammer falling from a height of 380 
mm, and the percentage of fine particles passing a 2.36 mm 
sieve is reported. In the AAV test, the aggregate sample is 
placed in an abrasion testing machine with steel balls and 
subjected to spinning, and the percentage of wear due to 
friction is reported. Specific Gravity, Bulk Density, and Wa-
ter Absorption are measures of the density, weight per unit 
volume, and amount of water that an aggregate can absorb, 
respectively. They are conducted as per I.S.: 2386 Part III 
[48]. In the Specific Gravity test, the aggregate sample is 
dried, weighed, immersed in water, and weighed again. The 
ratio of the weight of a volume of aggregate to the weight 
of an equal volume of water is calculated. In the Bulk Den-
sity test, a cylindrical container is filled with an aggregate 
sample in three layers. Each layer is subjected to 25 strokes 

Figure 3. Preparation of Geopolymer aggregates

Table 2. Mix calculations for aggregates preparation (kg/m3)

Aggregate mixes Fly ash GGBFS NaOH Na2SiO3 Geopolymer The solution to Alkaline ratio Molarity of 
     solution binder ratio (NaOH/Na2SiO3) geopolymer solution

100% FA 962 – 115.44 173.16 288.6 0.3 1:1.5 8
90% FA+10% GGBFS 865.8 96.2 115.44 173.16 288.6 0.3 1:1.5 8
80% FA+20 GGBFS 769.6 192.4 115.44 173.16 288.6 0.3 1:1.5 8

Figure 4. Geopolymer aggregates with rounded size.
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from a tamping rod, and the mass of aggregates divided by 
the bulk volume is calculated. In the Water Absorption test, 
the oven-dried sample is immersed in water for 24 hours, 
removed, wiped, and weighed, and the increase in weight 
over dry weight divided by dry weight is expressed as water 
absorption.

2.2.3. Mix Calculations and Sample Preparation
Concrete cubes measuring 150 mm x 150 mm x 150 mm 

were prepared with a target 28-day compressive strength of 
40 MPa as per mix design requirements, as shown in Table 
3. The mix proportions and mixing methods followed IS 
10262-2019 [49]. Cube specimens were demoulded after 24 
hours and subjected to standard moist curing as per IS 516-
1959 [50] in curing tanks at 27±2 °C for 7 and 28 days. For 
the experimental studies, a total of 210 samples were tested.

2.2.4. Compressive Strength
Compressive strength testing was conducted according 

to the specifications outlined in IS 516-1959 [50–52], utiliz-
ing a compression testing machine with a capacity of 2000 
kN. The cubes underwent a cleaning process to remove any 
loose sand or particles, ensuring accuracy in the test results. 
Subsequently, they were positioned in the testing machine 
in a manner where the load was applied to the opposite 
sides of the 150 mm edge, and the axis of the specimen was 
meticulously aligned with the center of thrust. The load was 
then gradually applied at a steady rate of approximately 140 
kg/cm2/min until failure occurred. Figure 5 provides a vi-
sual representation of the compressive strength test setup.

2.2.5. Split Tensile Strength
Concrete cylinders of 150mm diameter and 300mm 

height were prepared as per the mix proportions and cur-
ing method outlined in IS 516-1959 [50]. After 28 days of 
standard moist curing, the cylinders were tested for split 
tensile strength as per IS 5816 [53]. The cylinder specimen 
was placed horizontally between the loading surfaces of a 
2000 kN capacity compression testing machine, and the 
load was applied without shock at a steady rate of 1.4 MPa/
min. The alignment was adjusted so that the line of fracture 
was vertical and centered. The test was carried out until 
failure, and the maximum load at failure was recorded. Fig-
ure 6 illustrates the experimental photograph of the split 
tensile strength test.

2.2.6. Flexural Strength
For testing flexural strength, five beam specimens of 500 

mm x 100 mm x 100 mm dimensions were prepared and moist 
cured for 28 days as per IS 516 [50–54]. The test procedure 
followed IS 516 specifications using a 200 kN capacity flexural 
testing machine. The beam was placed horizontally on rollers 
spaced 300 mm apart. Two point loads were applied at 180 mm 
center-to-center distance until failure occurred. Figure 7 illus-
trates the experimental photograph of the Flexural Strength 
Test—eq. 1 used to calculate the flexural strength of concrete.

Flexural strength (Fs)= PL/bd2 Eq.1
P=Load applied to the beam at the two points (in New-

tons, N)

Table 3. Mix calculations for concrete (kg/m3)

Drying Mix ID Mix ID Cement Fine Coarse Geopolymer Water Water cement 
condition    aggregate aggregates aggregate  ratio

C.C.A. Conventional coarse aggregates  CCA 425.32 596 835.64 – 191.39 0.45
Oven-dried 100% F.A. M1 425.32 596 – 835.64 191.39 0.45
 90% FA+10% GGBFS M2 425.32 596 – 835.64 191.39 0.45
 80% FA+20 GGBFS M1 425.32 596 – 835.64 191.39 0.45
Ambient dried 100% F.A. M1 425.32 596 – 835.64 191.39 0.45
 90% FA+10% GGBFS M2 425.32 596 – 835.64 191.39 0.45
 80% FA+20 GGBFS M3 425.32 596 – 835.64 191.39 0.45

Figure 5. Experimental photograph of compressive strength 
test.
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L=Span length (distance between the supports) (in mil-
limeters, mm)

b=Width of the specimen (in millimeters, mm)
d=Depth of the specimen (in millimeters, mm)

2.2.7. Linear Regression Analysis
In this study, linear regression analysis was used to de-

termine the relationships between compressive strength, 
split tensile strength, and flexural strength [55, 56]. Using 
the derived equations, the split tensile and flexural strength 
values were predicted from the compressive strength data. 
These predicted values were then validated against the ex-
perimental results.

3. RESULTS AND DISCUSSION

3.1. Effect of GGBFS Addition and Drying Methods 
on Aggregate Properties
The aggregate crushing value was reduced from 25.84% 

to 20.8% for oven-dried and 29.5% to 26.04% for ambient 
air-dried mixes with 20% fly ash replacement by GGBFS (Ta-
ble 4). The lowered fragmentation under compressive loads 
indicates improved aggregate strength and resistance capac-
ity due to GGBFS incorporation [57–59]. This enhancement 
can be attributed to the higher reactivity of Ca-rich GGBFS, 
which promotes the formation of a dense and well-polym-

erized aluminosilicate gel network (as shown in Figure 8a), 
resulting in superior mechanical performance [17]. Simi-
larly, the impact values decreased from 26.8% to 24.7% for 
oven-dried and 30.73% to 27.49% for ambient dried aggre-
gates with 20% GGBFS addition. The drop in fine formation 
during sudden impact demonstrates better bonding of the 
aggregate matrix particles [60]. The abrasion values also fol-
lowed a declining trend with GGBFS replacement due to im-
proved cohesion. The water absorption substantially reduced 
from 10.39% to 7.01% for oven-dried and 14.52% to 10.61% 
for ambient dried aggregates as GGBFS was increased to 
20%. The refined pores and discontinuities with the Ca-rich 
gel formation lead to lowered permeability and sorptivity 
[17]. The bulk density showed marginal improvements with 
denser aggregates. Overall, the addition of 20% GGBFS re-
sulted in significant enhancements in strength, resistance to 
attrition, and durability properties of the fly ash-based geo-
polymer aggregates, meeting the I.S. code limits. This estab-
lishes the positive influence of GGBFS addition through the 
synergistic effects of Ca-rich gel formation.

Ambient air-dried aggregates showed inferior proper-
ties across all mix variations compared to oven-dried aggre-
gates. The crushing, impact, and abrasion values were con-
siderably higher for ambient dried aggregates. For example, 
the 80% fly ash - 20% GGBFS ambient dried mix exhibited 
26.04% crushing compared to 20.8% for the oven-dried 
mix. This indicates additional microcrack formation from 
relatively slower moisture removal in ambient drying. Sim-
ilarly, the water absorption of ambient-dried aggregates 
was higher, signifying increased porosity. The abrupt water 
evaporation in oven drying enables efficient moisture re-
moval without damage to the aggregate structure.

On the contrary, ambient drying leads to weaker bonds 
by promoting shrinkage cracks. The specific gravity and 
density did not show any significant differences between 
oven-dried and ambient air-dried aggregates. However, the 
slower drying rate in ambient conditions ultimately affects 
the strength characteristics and resistance to fragmentation 
through microcrack development. In summary, oven drying 

Figure 6. Experimental photograph of Split tensile strength 
test.

Figure 7. Experimental photograph of Flexural strength 
test.
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enables rapid and uniform moisture removal without crack-
ing, thereby showing consistently better properties over 
ambient air-drying for all aggregate mixes. The 80% fly ash 
- 20% GGBFS geopolymer aggregate mix with oven-drying 
methodology showed the most optimal performance.

3.2. Effect of GGBFS Addition and Drying Method on 
Compressive Strength
As evident from Figure 9, the compressive strength in-

creased with higher GGBFS content in the geopolymer ag-
gregate (G.A.) mixes for both oven-dried and ambient air-
dried aggregates. The 80% fly ash - 20% GGBFS oven-dried 
Geopolymer aggregates incorporated concrete mix exhib-
ited the maximum compressive strength of 44.64 MPa, 
showing 26.31% and 14.28% strength enhancements over 
the 100% fly ash G.A.s concrete for oven-dried and ambient 
dried samples respectively. The strength improvement is at-
tributed to the higher reactivity of Ca-rich GGBFS, which 
promotes the formation of additional strength-contributing 
C-A-S-H gels along with the N-A-S-H gels from fly ash [61, 
62]. The increased production of cementitious gel binds the 
aggregates strongly, contributing to superior load-bearing 
capacity. Moreover, The oven-dried G.A. incorporated con-
crete mixes have showed consistently higher compressive 
strengths over ambient air-dried G.A. concrete across all 
aggregate mixes. For instance, the concrete mix with 80% 

fly ash and 20% GGBFS mixed aggregates had 13.3% great-
er strength in the oven-dried GA concrete mix compared 
to the ambient-dried GA concrete mix. This correlates to 
the denser aggregate structure from uniform, rapid oven 
drying, which translated to stronger interfacial transition 
zones (as shown in Figure 8b) and enhanced stress transfer 
efficiency in concrete [63].

In contrast, improper moisture removal during ambient 
air-drying could have led to weaker I.T.Z.s due to drying 
shrinkage. Slower drying also enables efflorescence forma-
tion, which increases porosity. Hence, as observed from the 
results, oven-dried G.A.s showed substantially better strength 
performance than ambient-dried G.A.s. In summary, GGBFS 

Figure 8. (a) S.E.M. of 80% F.A. + 20% oven-dried GGBFS geopolymer aggregates. (b) SEM of M3 concrete mix.

(a) (b)

Table 4. Properties of aggregates

Test  CCA IS 2386 limits  Oven dry   Ambient dry

   M1 M2 M3 M1 M2 M3

Aggregate crushing value (%) 19.37 <30% 25.84 24.73 20.8 29.5 27.32 26.04
Aggregate impact value (%) 21.64 <30% 26.8 25.4 24.7 30.73 28.25 27.49
Abrasion value (%) 11.34 <3 0% 15.34 14.02 13.67 22.76 18.64 16.52
Water absorption (%) 5.34 <30% 10.39 8.46 7.01 14.52 13.05 10.61
Specific gravity 2.62 2.1–3.2 1.89 1.91 1.97 1.85 1.85 1.87
Bulk density (kg/m3) 1556 1200–1750 962.30 969.36 969.52 961.42 964.31 958.27

Figure 9. Compressive strength results.
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addition enhances the compressive strength of G.A. concrete 
by promoting additional gel formation. At the same time, 
the oven drying method enables superior strength through 
a denser aggregate structure devoid of shrinkage cracks (as 
shown in Figure 8b). The 80% fly ash - 20% oven-dried GGBFS 
GA incorporated concrete mix showed the optimum results.

3.3. Effect of GGBFS Addition and Drying Method on 
Split Tensile Strength
As observed in Figure 10, the split tensile strength in-

creased with higher GGBFS replacement in the geopoly-
mer aggregate (G.A.) mixes, similar to the compressive 
strength trends. The concrete with 80% fly ash and 20% 
GGBFS mixed oven-dried aggregates exhibited a maximum 
split tensile strength of 4.7 MPa, showing enhancements 
of 29.46% and 21.67% over the 100% fly ash Geopolymer 
aggregates for the oven-dried and ambient air-dried aggre-
gates, respectively. The greater production of cementitious 
C-A-S-H and N-A-S-H gels owing to GGBFS supplemen-
tation results in superior binding efficiency, which enables 
the concrete to resist better tensile cracking and opening 
of voids under the applied loads [61, 62]. This manifests as 
improved tensile strength. Moreover, the accelerator role 
of calcium facilitates geopolymerization, leading to refined 
microstructure and enhanced performance.

Additionally, oven-dried G.A. concrete showed consis-
tently higher split tensile strengths over ambient air-dried 
G.A. concrete for all mixes. The 13–16% greater strength of 
oven-dried aggregates indicates the positive effects of con-
trolled drying in facilitating stronger I.T.Z.s, allowing effi-
cient transfer of stresses without crack propagation through 

the cross-section under tension [63]. In contrast, ambient 
drying leads to drying shrinkage cracks and poor bonding 
between aggregate and paste, lowering the tensile resistance 
[64]. The split tensile strength trends thus complement the 
compressive strength patterns, affirming the synergistic 
benefits of GGBFS incorporation and oven drying method-
ology in improving the strength attributes. The 80% fly ash 
- 20% GGBFS oven-dried G.A. demonstrated the optimal 
results meeting the target mean strength.

3.4. Effect of GGBFS Addition and Drying Method on 
Flexural Strength
The flexural strength increased from 4.33 MPa (Mix M1) 

to 5.1 MPa (Mix M3) for the oven-dried aggregates incorpo-
rated concrete mix and from 3.72 MPa to 4.22 MPa for the am-
bient air-dried geopolymer aggregate (GA) incorporated con-
crete mixes, as shown in Figure 11. The increment aligns with 
the formation of additional C-S-H gels (as shown in Figure 
8b) owing to the higher reactivity of Ca-rich GGBFS, which 
enhances the load-bearing capacity [64]. As elucidated by Si-
tarz et al. [65], calcium modification disrupts aluminosilicate 
networks, facilitating increased dissolution and polyconden-
sation, yielding semi-crystalline reaction products. This accel-
erated geopolymerization process aided by GGBFS produces 
a refined microstructure with superior inter-particle bonding 
strength, enabling enhanced resistance to bending stresses and 
cracks. Moreover, the release of Ca2+ ions further promotes the 
clay solubility and decomposition of mullite phases in fly ash, 
aiding better geopolymeric gel formation [66]. These synergis-
tic effects facilitate notable improvements in flexural perfor-
mance with GGBFS addition, as reflected in Figure 11.

The oven-dried G.A. concrete showed 12–15% high-
er flexural strength relative to ambient air-dried concrete 
across the different aggregate mixes (Fig. 11). The substan-
tial enhancement highlights the significant impact of con-
trolled drying in achieving consistent moisture removal 
without microcracking. This produces stronger transition 
zones between the aggregate and binder matrix (as shown 
in Figure 8b). Meanwhile, variable drying rates can induce 
stresses in ambient drying, causing shrinkage cracks that 
weaken the I.T.Z.s [63, 64]. Barbarey et al. [67] also report-
ed a 10% drop in strength for ambient dried geopolymer 

Figure 10. Split tensile strength result.

Figure 11. Flexural strength result.

Figure 12. Regression analysis of compressive strength with 
split tensile strength.
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concrete compared to oven drying, which was attributed to 
cracking effects that influence flexural capacity.

3.5. Compressive Strength-Split Tensile Strength 
Correlation 
A strong positive correlation (R2=0.906) was obtained 

between the compressive and split tensile strength of geo-
polymer aggregates-based concrete prepared with varying 
GGBFS content and drying methods (Fig. 12). The split ten-
sile strength increased concurrently from 3.63 MPa to 4.7 
MPa as the compressive strength improved from 39.37 MPa 
to 44.64 MPa for oven-dried aggregates. The proportional 
enhancements are related to the comparable influences of 
GGBFS addition and controlled oven drying in refining the 
microstructure and paste-aggregate interfacial bonding [63]. 
The Ca-rich GGBFS promotes the dissolution of fly ash par-
ticles, aiding geopolymerization, which, along with the rap-
id, uniform drying, results in stronger transition zones be-
tween the two phases. This manifests as enhanced efficiency 
in transferring stresses under both compression and tension 
without crack initiation and propagation through the matrix 
[66]. Moreover, factors like the reduction in flaws and unre-
acted fly ash particles, which improve the compressive resis-
tance by minimizing stress concentration sites, also raise the 
tensile strength by impeding crack propagation [68].

3.6. Compressive Strength-Flexural Strength Correlation
The compressive strength variations were also strongly 

correlated (R2=0.898) with the flexural strength improve-
ments between 3.72 MPa and 4.87 MPa for the geopolymer 
aggregates-based concrete (Fig. 13). The analogous effects 
of Ca-rich gel production from GGBFS and controlled oven 
drying in strengthening the paste matrix and aggregate inter-
action enhanced both capacities. The reduction in porosity 
refined the microstructure and improved inter-particle bond-
ing while mitigating stress concentration sites. This mecha-
nism simultaneously elevated the compressive and flexural 
strengths by delaying fracture under the respective loading 
scenarios. Additionally, the factors enhancing compressive 
resistance, like the decline in unreacted fly ash content and 
densification, aided superior flexural resistance by impeding 
crack initiation and propagation through the depth. Thus, the 
excellent correlation verifies that the strengthening mecha-
nisms influencing both properties are interrelated.

3.7. Prediction of Split Tensile Strength
The experimental compressive strengths exhibited 

a strong linear correlation (R2=0.906) with split tensile 
strengths for geopolymer aggregates incorporated concrete 

containing varying fly ash-GGBFS aggregate mixes and 
drying methods (Fig. 12). Leveraging this relationship, the 
regression equation derived was utilized to predict the split 
tensile strength values, which showed good agreement with 
experimental results, with variations within 1–3% (Table 5). 
For instance, the 100% fly ash based oven-dried geopolymer 
aggregates incorporated concrete showed only a 3.31% de-
viation between the experimental (3.63 MPa) and predicted 
(3.61 MPa) split tensile strengths. This concurrence veri-
fies that the microstructural enhancements increasing the 
compressive strength, such as gel enrichment and reduced 
porosity, boost the tensile resistance by delaying crack ini-
tiation and propagation under tension loads. Additionally, 
factors like a refinement of flaws elevate the compressive 
capacity by minimizing stress concentration effects, and 
they raise the tensile strength simultaneously by impeding 
failure through the cross-section. Hence, a proportional in-
crease in both strengths is obtained via similar strengthen-
ing mechanisms, as confirmed by the accurate prediction. 
The minor variations between experimental and predicted 
split tensile strengths for all oven-dried and ambient air-
dried mixes substantiate the precision of the developed re-
gression model for reliable forecasting based solely on the 
compressive strength data.

3.8. Prediction of Flexural Strength
The experimental relationship between compressive 

strength and flexural strength for the geopolymer aggre-
gates incorporated concrete mixes (Fig. 13), represented by 
the linear regression equation, was utilized for anticipating 
flexural performance. As noted in Table 5, a good agreement 
was achieved between the experimental and predicted flexur-

Figure 13. Regression analysis of compressive strength with 
flexural strength.

Table 5. Predication of split tensile strength and flexural strength 

Mixes    Experimental values    Predicted values

 Oven-dried     Ambient dried   Oven-dried  Ambient dried

 CS ST FS CS ST FS ST FS ST FS

M1 39.37 3.63 5.42 35.11 3.23 3.72 3.61 4.39 3.37 3.82
M2 42.13 4.1 4.33 36.73 3.69 4.09 4.09 4.75 3.46 3.90
M3 44.64 4.7 4.87 38.94 3.92 4.22 4.55 5.07 3.59 4.00
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al strengths with slight variations within 2–4%. This further 
verifies that the improvements in compressive strength from 
GGBFS-induced matrix densification and controlled oven 
drying can be correlated with concurrent flexural strength 
enhancements. The reduced porosity and enhanced paste-ag-
gregate bonding enabled elevated resistance to bending stress-
es and fracture. Hence, the accurate prediction confirms that 
analogous mechanisms simultaneously elevate both capaci-
ties. Moreover, the precision substantiates the capability of 
the developed regression model for reliable flexural strength 
forecasting in geopolymer aggregate-based concretes using 
the easier-to-obtain compressive test data. This can enable 
quality assurance during mix design optimization for struc-
tural applications involving significant bending loads.

4. CONCLUSIONS

This study investigated the influence of GGBFS incor-
poration and drying methodology on the physical, me-
chanical, and microstructural characteristics of fly ash-
based geopolymer aggregates and concrete. The following 
conclusions can be drawn:
• GGBFS addition (0% to 20%) to fly ash-based geopoly-

mer aggregates significantly enhanced their properties: 
aggregate crushing value (25.84% to 20.8%), impact value 
(26.8% to 24.7%), abrasion value (15.34% to 13.67%), and 
water absorption (10.39% to 7.01%) for oven-dried mixes.

• Oven drying consistently resulted in superior aggregate 
properties compared to ambient air drying: crushing val-
ue (20.8% vs. 26.04%), impact value (24.7% vs. 27.49%), 
abrasion value (13.67% vs. 16.52%), and water absorption 
(7.01% vs. 10.61%) for 80% fly ash - 20% GGBFS mix.

• Compressive strength of geopolymer aggregate con-
crete increased with GGBFS content: 80% fly ash - 20% 
GGBFS oven-dried mix exhibited maximum strength 
(44.64 MPa), showing 26.31% and 14.28% enhance-
ments over 100% fly ash mix for oven-dried and ambi-
ent dried samples, respectively.

• Split tensile and flexural strengths followed simi-
lar trends: 80% fly ash - 20% GGBFS oven-dried mix 
demonstrated optimal performance with 29.46% and 
21.67% tensile strength enhancements and 12–15% 
higher flexural strength over ambient drying.

• Strong positive correlations between compressive 
strength and split tensile strength (R2=0.906) and flex-
ural strength (R2=0.898) were observed, indicating si-
multaneous enhancement of mechanical properties.

• Regression equations accurately predicted split tensile 
(1–3% variation) and flexural strengths (2–4% variation) 
based on compressive strength data, substantiating the 
precision of the developed models for reliable forecasting.
In conclusion, the 80% fly ash - 20% GGBFS oven-dried 

geopolymer aggregate mix exhibited optimal physical, me-
chanical, and durability properties, with strong correlations 
enabling accurate performance predictions for structural 
applications. The findings establish that a controlled oven 
drying method and synergistic GGBFS addition can pro-
duce superior-quality fly ash-based geopolymer aggregates 
with reliable strength forecasting models.
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