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1. INTRODUCTION

Concrete production is a major source of global
CO, emissions, primarily from ordinary Portland
cement (OPC) production (= 7-8% of total
emissions)[1].Different types of alumino simicate
materiasl contain high calcium called alakli
activated and low calcium materials called
Geopolymer (waste glass powder, fly ash , sewage
sludge ash, metakoilin)[2]. Alkali-activated
materials (AAMs) using industrial and agricultural
by-products provide a low-carbon alternative while
improving durability but high calcium materials
main challenges is deterioration of cocnrete
structures under low pH environemnts because of
leaching behaviour[3]-[6] High-calcium materials,
such as GGBS, PKSA, and CFA, serve as reactive
binders for AAMs[7]-[12]. Slag provides rapid C-
A-S-H gel formation. High-calcium fly ash
(HCFA) contributes silica and moderate calcium
for N-A-S-H gel formation, and PKSA is a silica-
rich, low-calcium by-product offering long-term
strength contribution[13]. HCFA a residue of
high-temperature coal combustion at thermal
power plants, in combination with sodium
carbonate, presents an effective hardening
activator of ground granulated blast-furnace slag
(GGBFS)[14]-[17]. Substitution of 10%-30% of
GGBFS by HCFA and premixing of 1%-3%
Na,COj3 into this dry binary binder has been
shown to give mortar compressive strength of 10-
30 MPa at 7 days and 30-45 MPa at 28 days when
moist-cured at ambient temperature[18]. High-
calcium fly ash produced from low-temperature
combustion of fuel, like in circulating fluidized
bed technology, reacts with water readily and is
itself a good hardening activator for GGBES, so
introduction of Na,COs into such a mix has no
noticeable effect on mortar strength. However,
low-temperature HCFA has higher water demand,
and the strength of mortar is compromised by this
factor. As of today, research is still ongoing, and
further data on durability of the proposed GGBFS-
HCFA binder is expected[19]-[22].

Studies on hydration of binders based on GGBES
indicate that alkali silicates and hydroxides are
preferred as hardening activators since they
achieve the highest strength characteristics, but
these activators have disadvantages that limit

practical  implementation.  These  include
industrial safety issues due to high alkalinity and
significant shrinkage of GGBFS geopolymers(2]-
(4], [6], [7], [10], [11]. Additionally, these activators
are typically used as concentrated aqueous
solutions, since solid sodium and potassium
silicates are expensive. Consequently, the solid
binder and liquid activator must be stored
separately and mixed in-situ before application[5],
[21], [25], [26]. For wide commercial use, it is
important that the processing resembles
traditional concrete or mortar practices, with the
binder delivered as a “one-pack” dry mix that
includes all necessary activators[27]-[29].
Compared to alkali silicates, sodium and
potassium carbonates do not provide high early
strength but are safer to handle, cheaper, available
in bulk solid form, and cause 3-6 times lower
shrinkage during hardening. The challenge is that
the initial pH (7 11) is insufficient to promote
rapid slag dissolution. Combining carbonates with
calcium-releasing compounds such as Ca(OH); or
high-calcium fly ash increases pH and accelerates
C-A-S-H formation, enhancing early strength.
High-calcium fly ash contains free CaO, CaSQy,
and 3Ca0O-Al,O3, capable of hydration to
produce C-S-H, gypsum, and ettringite. In
combination with Na,COs3;, the pH of the
suspension rises above 13, stimulating both slag
and fly ash hydration[30], [31].

High-calcium alkali-activated mortars (HCAAMs)
produced using calcium-rich precursors such as
slag and Class C fly ash show rapid reactions and
early strength development even under ambient
curing. However, these reactions can reduce
workability due to accelerated setting. HCAAMs
are part of the broader family of AAMs, in which
aluminosilicate-rich powders react with alkaline
activators to form binder phases. High-calcium
systems, including GGBFS and high-calcium fly
ash, are often combined with silica sand to make
mortar[32]. Calcium accelerates hardening and
can reduce or eliminate the need for heat curing,
making high-calcium fly ash suitable as a base
material for geopolymer or alkali-activated
binders[33]. The behavior of high-calcium systems
varies depending on precursor type, blend design,
and activator chemistry. Limited performance data
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exists for mortars made with binary and ternary
blends under ambient curing[34]. High calcium
improves early reactions but may cause flash
setting, particularly in ASTM Class C fly ash
mortars [33]. Overall, literature frames HCAAMs
as promising for practical mortar production
because they can achieve useful compressive
strength at ambient temperature, including slag-
rich and high-calcium fly ash systems[35]. Fresh-
state properties such as workability, flow, and
setting behavior are influenced by calcium content
and activator intensity. Higher calcium or stronger
activators accelerate setting, reducing
workability[11], [36]. Slagrich systems provide
high compressive strength but may require careful
adjustment of water content and admixtures to
maintain flow[37], [38]. Blending precursors and
using chemical admixtures can tune workability
without compromising strength[34], [39], (40].
Compressive strength varies widely in high-
calcium systems. Slag-rich mortars can achieve 35-
90 MPa at 28 days depending on mix design,
curing, and activator[41], [42]. Hybrid blends (e.g.,
GGBFS/fly ash) benefit from calcium-silica
synergy, achieving high early and later-age
strength[43].Strength development may continue
under aggressive exposure or cyclic conditions
without significant loss whereas low-calcium
systems may plateau or lose strength if early gel
precipitation is unbalanced(44]. Key factors
controlling fresh and hardened performance
include precursor chemistry, activator dosage and
ratios, water-to-solid ratio, and blending of
calcium-bearing and siliceous powders. Optimal
performance requires balancing calcium content
with reactive aluminosilicates and proper alkali
activation .Bholari brown sand, a local fine
aggregate in Pakistan, reduces environmental
impact and influences mechanical performance,
particularly with respect to NaOH molarity and
sand-to-binder ratio. This study investigates six
binder combinations 100% Slag, 100% PKSA,
100% CFA, 50% Slag + 50% PKSA, 50% Slag +
50% CFA, and 50% PKSA + 50% CFA—under
NaOH molarities of 8-16M and curing
conditions (room temperature versus oven at
60 °C) to evaluate compressive and tensile strength
development using locally available materials.

2. Materials and Methodology

2.1 Materials

In this study, the main materials used included
Bholari brown sand as fine aggregate,binder such
as Ground Granulated Blast Furnace Slag (GGBS),
Palm Kernel Shell Ash (PKSA), Class C Fly Ash
(CFA), and activators sodium hydroxide (NaOH)
solution, and sodium silicate (Na,SiO3) solution.
Table 1 presents the XRF of the binders,
illustrating their chemical composition. Each
constituent plays a specific role: slag, PKSA, and
CFA provide aluminosilicate phases for
geopolymerization, slag and CFA contribute
calcium for hybrid C-A-S-H/N-A-S-H gel
formation, Bholari sand acts as the fine aggregate,
and the alkaline activator initiates dissolution and
gel development.

Ground Granulated Blast Furnace Slag (GGBS) is
a by-product of steel manufacturing, abundant in
Pakistan. It was ground into a fine powder
(median particle size ~15 pm) to enhance
reactivity. The high calcium content promotes
rapid formation of C-A-S-H gel, contributing to
early-age strength.

Palm Kernel Shell Ash (PKSA) is an agricultural
waste produced from burning palm kernel shells
under controlled conditions and grinding into
fine powder. Its silica-rich composition supports
geopolymerization and improves longterm
strength.

Class C Fly Ash (CFA) is a low-cost industrial by-
product rich in silica and moderate calcium. CFA
contributes to the formation of N-A-S-H gel,
improving strength and durability over time.
Bholari Brown Sand, sourced locally from the
Jamshoro Bholari region, was used as the fine
aggregate. It exhibited a specific gravity of 2.56,
particle density 2.56 g/cm?, and fineness modulus
of 2.63. Prior to mixing, sand was oven-dried to
remove moisture and ensure uniformity.

The alkaline activator consisted of a combination
of NaOH solution and commercial liquid sodium
silicate. Sodium silicate contained approximately
25-30 wt% SiO, and 10-13 wt% Na,O, with a
SiO,/Na;O modulus of 2.0-3.0 and density 1.4-
1.6 g/cm’. Sodium hydroxide solutions of 8M,
10M, 12M, 14M, and 16 M were prepared by
dissolving analytical-grade NaOH pellets in
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distilled water and cooling for 24 hours prior to
use to ensure stability[45].

Table 1. XRF of Slag, PKSA, and CFA (by wt %).

Material SiO, Al,O5 Fe,O4 CaO MgO SO3 Na,O K,O
Slag 36 14 2.5 42 6 1 0.5 1
PKSA 45 12 3.7 28 5 1.1 0.4 4.2
CFA 48 10 7 25 1.5 1 1 2.5

2.2 Mix Proportions

All mortar mixtures were proportioned on a 1 m?
basis with a constant binder content of 500 kg/m3.
The activatorto-binder ratio (AA/B) was
maintained at 0.60, and the sodium silicate to
sodium hydroxide (SS/SH) ratio was 2.5. Sand-to-
binder ratio was fixed at 2.0 for all mixes. Six
binder combinations were investigated: 100% Slag,
100% PKSA, 100% CFA, 50% Slag + 50% PKSA,
50% Slag + 50% CFA, 50% PKSA + 50% CFA.
NaOH molarity levels ranged from 8 to 16 M. The
high-calcium alkali-activated mortar mixes were
designed with six binder combinations, using
500 kg/m> total binder content and a sand-to-
binder ratio of 2.0. The binder compositions

included 100% Slag (M-S100), 100% PKSA (M-

PK100), 100% CFA (M-CFA100), and hybrid
combinations of 50% Slag + 50% PKSA (M-
S50PK50), 50% Slag + 50% CFA (M-S50CFA50),
and 50% PKSA + 50% CFA (M-PK50CFA50).
Sodium hydroxide molarity was varied from 8 M
to 16 M, while the sodium silicate to NaOH ratio
was maintained at 2.5 and the activator-to-binder
ratio at 0.6. For each mix, the corresponding fine
aggregate content was adjusted to maintain the
S/B ratio, with 1000 kg/m? used for all mixes at
S/B=2. The resulting matrix design allowed
systematic evaluation of the effects of binder type,
hybridization, and NaOH  molarity on
compressive and tensile strength development
across early and 28-day curing periods.

Table 2. Mix Design of High-Calcium Mortar Using Bholari Sand.

Mix ID Binder Composition NaOH (M) SS/SH AA/B Sand/Binder
M1 100% Slag 8-16 2.5 0.6 2
M2 100% PKSA 8-16 2.5 0.6 2
M3 100% CFA 8-16 2.5 0.6 2
M4 50% Slag + 50% PKSA 8-16 2.5 0.6 2
M5 50% Slag + 50% CFA 8-16 2.5 0.6 2
M6 50% PKSA + 50% CFA 8-16 2.5 0.6 2

2.3 Mixing, Casting, and Curing

Dry materials, including Slag, PKSA, CFA, and
sand, were first homogenized in a laboratory mixer
for approximately 2 minutes. The pre-prepared
alkaline activator solution was then added
gradually, and mixing continued for an additional
3-4 minutes until a uniform mortar was obtained.
Fresh properties, including flowability and setting
behavior, were evaluated immediately after mixing.
Alkali activated material based mortar was cast
into 100 mm * 200 mm cylindrical molds for
compressive and tensile strength measurements.

After casting, specimens were sealed to minimize
moisture loss and subjected to oven curing at
60 °C for 5 hours. Following curing, the specimens
were demolded and stored under ambient
laboratory conditions until testing at 7 and 28 days.

3. Results and Discussion
3.1 Compressive Strength
Figure 1, Figure 2 and Figure 3 presents the
experimenral 7-day and 28-day
compressive strengths for all six mortar mixes

activated with 8M-16 M NaOH, SS/SH =2.5,

outcomes
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AA/B =0.6, and sand-to-binder ratio of 2. Oven

curing at 60 °C for 5 hours.
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Figure 1. 7 days compressive strenght of all mix (M 1-M6)

The experimental results 7-day and 28day
compressive strengths of all six high-calcium alkali-
activated mortar mixes are shown in Table 1. Slag-
rich mixes, particularly M1 (100% Slag), achieved
high early strength (28 MPa at 7 days) and 28-day
strength (38 MPa), attributable to the rapid
formation of C-A-S-H gel, which fills capillary
pores, reduces porosity, and densifies the matrix,
consistent with observations by Palomo et al.
(2014) and FerniandezJiménez et al. (2018). The
low-porosity microstructure observed in slag-rich
systems allows efficient load transfer, which
explains the high compressive strength. Oven
curing (60°C for 5h) further accelerates
geopolymerization, producing 10-20% higher
early-age strength compared to ambient curing

(Gomaa et al.,, 2017), while 28-day strengths
converge due to slow ongoing reaction of residual
aluminosilicates.

The 100% PKSA mix (M2) exhibited lower
compressive strength (7-day 18 MPa, 28-day
25 MPa) due to its low calcium content, which
limits the rapid formation of C-A-S-H gel.
Instead, gel formation relies primarily on slower
N-A-S-H network development, as reported in
similar  agricultural waste-based  geopolymer
studies [7]-[12].The low early strength highlights
the importance of NaOH molarity: higher
concentrations promote the dissolution of silica
and alumina, enhancing the rate of
geopolymerization.
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Class C fly ash (M3) mixes demonstrated moderate
compressive strength (28-day 27 MPa) due to the
presence of calcium in fly ash, which enables
partial C-A-S-H gel formation along with N-A-
S-H gels, improving the microstructural density
(Ryu et al., 2015; Yip et al., 2005). Hybrid mixes
such as M4 (50% Slag + 50% PKSA) exhibited
improved 28-day strength (30 MPa) due to co-gel
formation, where the high calcium content from
slag enhances C-A-S-H formation and PKSA
contributes reactive silica, increasing crosslinking
in the gel network. M5 (50% Slag + 50% CFA)
achieved the highest experimental results 28-day
compressive strength (50 MPa), reflecting the
optimal synergy between high-Ca slag and Class C
fly ash. Although high NaOH molarity (14-16 M)

may induce minor microcracking due to rapid gel

Skvira & Bohunék (2021). M6 (50% PKSA + 50%
CFA) showed moderate 28-day strength (28 MPa),
where the presence of CFA provides sufficient
calcium and aluminosilicate species to compensate
for PKSA’s lower reactivity.

The effect of NaOH molarity is critical: 10-12 M
ensures sufficient dissolution of aluminosilicates
and uniform gel polymerization, whereas 14-16 M
accelerates  precipitation, producing minor
microstructural defects and slightly reducing
maximum achievable strength (Ryu et al., 2015;
Tian et al, 2021). The sand-to-binder ratio
(S/B = 2) influences packing density and porosity:
higher S/B ratios reduce binder content,
increasing voids and lowering compressive
strength. Mechanistically, the C-A-S-H/N-A-S-

H co-gel network in hybrid mixes reinforces the

precipitation, the densification effect matrix and reduces microcracks, resulting in
predominates, consistent with observations by improved compressive performance
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(Chindaprasirt et al., 2012; Yip et al., 2005;
FernandezJiménez et al., 2018).

The experimental behavior of high-calcium alkali-
activated mortars varies systematically with binder
composition, NaOH molarity, and curing
conditions. At low molarity, the limited
availability of hydroxide ions restricts the
dissolution of aluminosilicates, resulting in slower
formation of C-A-S-H gel and reduced early
strength. Moderate molarity (10-12 M) facilitates
enhanced dissolution and improved gel formation,
producing a denser, more uniform microstructure
that optimizes both early-age and 28-day
compressive strength. At higher molarity levels
(14-16 M), rapid gel precipitation can occur,
sometimes leading to minor microcracking or
porosity, although the overall densification of the
matrix  generally  predominates. Binder
composition strongly influences the kinetics of gel
formation. Slag-rich mixes exhibit rapid C-A-S-
H formation due to high calcium content,
resulting in superior early strength. PKSA-rich
mixes, in contrast, have lower calcium content,
causing slower geopolymerization, which can be
compensated by higher NaOH molarity to
promote sufficient dissolution and co-gel
formation. Class C fly ash contributes both
calcium and silica, enhancing the formation of
hybrid C-A-S-H/N-A-S-H gels that densify the
matrix, although excessive alkalinity —may
introduce minor microstructural defects. Hybrid
binders, such as 50% slag + 50% PKSA or 50%
slag + 50% CFA, benefit from co-gel formation,
producing a cohesive network that improves load
transfer, reduces microcracking, and maximizes
28-day compressive and tensile strength.

In lower-calcium mixes, such as 50% PKSA + 50%
CFA, early-age strength is slower, yet moderate
molarity enables optimal hybrid gel formation
over time, demonstrating the importance of
balanced activator concentration and precursor
chemistry. Across all systems, increasing NaOH
molarity accelerates gel precipitation, which can
slightly reduce early workability, yet appropriate
binder ratios and controlled curing ensure
maximum  experimental  densification and
strength. Oven curing at 60 °C further enhances

early-age geopolymerization by increasing ion
mobility and accelerating gel crosslinking, while
ambient curing allows continued slow reactions
that stabilize the microstructure over 28 days.
These experimental observations highlight that
both precursor selection and activator chemistry
must be carefully optimized to balance fresh-state
workability ~ with  longterm  mechanical
performance. Mechanistically, the hybrid C-A-S-
H/N-A-S-H gels reinforce the mortar matrix,
densify the microstructure, and reduce
microcracks, as confirmed in SEM and
microstructural analyses of slag-rich and hybrid
systems (Palomo et al., 2014; Chindaprasirt et al.,
2012; Yip et al.,, 2005; Tian et al., 2021). The
presence of sufficient calcium ensures rapid initial
reaction and early strength, while reactive silica
from PKSA or CFA extends gel formation,
contributing to sustained 28-day strength. These
results demonstrate that high-calcium alkali-
activated mortars can achieve a desirable balance
between workability, early reactivity, and long-
term structural integrity, provided that binder
composition, NaOH molarity, and curing
conditions are optimized simultaneously.

3.2 Split Tensile Strength

Figure 4 illustrated the split tensite strength of
alkali activated materials based mortar. The split
tensile strength of the high-calcium alkali-activated
mortars was experimentally determined as
approximately 10-12% of the corresponding 28-
day compressive strength, consistent with previous
studies on high-calcium systems (Skvara &
Bohunék, 2021) M1 (100% Slag) achieved
4.5MPa, M2 (100% PKSA) 2.5MPa, and M3
(100% CFA) 3MPa. Hybrid mixes M4-M6
demonstrated higher tensile performance: M4
(50% Slag + 50% PKSA) reached 3.5 MPa, M5
(50% Slag + 50% CFA) 6 MPa, and M6 (50%
PKSA + 50% CFA) 3.2 MPa. The increased tensile
strength in hybrid systems is attributed to the
dense C-A-S-H/N-A-S-H co-gel network,
which enhances matrix cohesion, reduces
microcracking, and improves load distribution.
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Oven  curing  accelerates  early-age  gel
polymerization and densifies the matrix,

improving tensile properties (Gomaa et al., 2017).
Moderate NaOH molarity (10-12 M) promotes
uniform gel network formation, while higher
molarity (14-16 M) may cause microcracking due
to rapid precipitation of gels (Tian et al., 2021).
SEM and microstructural analysis in similar high-
calcium systems confirm that slagrich mixes
develop a low-porosity, dense microstructure,
while PKSA and CFA provide additional reactive
silica for continued gel formation over 28 days
(Chindaprasirt et al., 2012; Yip et al., 2005;
Fernandez]iménez et al., 2018). Mechanistically,
tensile strength depends on gel continuity and
interfacial bonding with sand particles. Hybrid
mixes exploit the synergy of calcium from
slag/CFA and silica from PKSA, producing a
stronger, more cohesive matrix capable of
sustaining tensile loads. These results suggest that
careful selection of binder ratios, NaOH molarity,

3.3 Influence of Curing

Curing has a profound effect on the mechanical
performance of high-calcium alkali-activated
mortars. Oven curing at 60°C for 5 hours
accelerates the geopolymerization reactions,
particularly the dissolution of aluminosilicate
phases and the formation of C-A-S-H and N-A-
S-H gels, resulting in higher early-age strength
compared to ambient room curing (Gomaa et al.,
2017; FernandezJiménez et al., 2018). In slag-rich
mixes (M1, M5), oven curing enhances early
densification of the matrix, producing up to 10-
20% higher 7-day compressive strength than room-
cured specimens. In contrast, PKSA-rich mixes
(M2, M6) exhibit slower reaction kinetics under
room temperature, as the lower calcium content
delays C-A-S-H formation, leading to lower early
strength (Tian et al., 2021).Although oven curing
primarily boosts early-age strength, 28-day
compressive and tensile strengths under ambient
conditions approach the levels achieved with oven

and curing regime is crucial to optimizing both curing because the remaining unreacted
compressive and tensile performance in high- aluminosilicate continues to dissolve and
calcium alkali-activated mortars. polymerize over time (Ryu et al, 2015).

Mechanistically, higher curing temperatures
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increase ion mobility, promoting faster gel
nucleation and crosslinking, which reduces
porosity and enhances microstructural continuity
(Palomo et al., 2014). However, excessive heat or
prolonged high-temperature curing may induce
minor microcracking due to thermal stresses,
particularly in high-alkalinity mixes (14-16 M
NaOH) (Skvara & Bohunék, 2021). Overall,
proper curing is critical for optimizing both early-
age and longterm mechanical performance, and
hybrid mixes (slag + CFA or slag + PKSA) benefit
most from controlled oven curing due to
synergistic co-gel formation that densifies the
mortar matrix and improves load-bearing capacity.

3.4 Mechanism of Gel Formation and Crack
Development During Oven Curing

The experimental behavior of high-calcium alkali-
activated mortars during oven curing can be
understood in three sequential stages, which
collectively govern both strength development and
microstructural integrity. In the initial stage, the
alkaline activator solution (NaOH + Na,SiO3)
initiates dissolution of reactive phases in the
precursors—slag, PKSA, and Class C fly ash. This
process releases Ca?*, SiO,, and AlQ, ions into
the pore solution, providing the essential building
blocks for geopolymer gel formation. The rate and
extent of dissolution are strongly influenced by
both the concentration of the alkaline activator
and the temperature, with higher NaOH molarity
and elevated curing temperatures accelerating ion
release.

In the second stage, these dissolved species
undergo polycondensation reactions, reorganizing
into three-dimensional C-A-S-H (calcium-
alumino-silicate hydrate) and N-A-S-H (sodium-
alumino-silicate hydrate) gels. These gels interlock
to form a dense co-gel network that binds fine
aggregate particles together, filling capillary pores
and reducing microvoids. The hybrid gel network

not only enhances early-age strength but also
improves the interfacial transition zone between
the binder and sand, contributing to overall matrix
cohesion and durability. The presence of calcium
from slag and Class C fly ash accelerates early
gelation, while silica from PKSA enhances long-
term crosslinking and structural densification.
The third stage occurs during oven curing at 60 °C,
where the elevated temperature accelerates
chemical reactions, promoting rapid gel growth
and early compressive strength development.
However, this rapid hardening can also cause
undesirable microstructural effects. Moisture
evaporates from the matrix at a faster rate,
resulting in shrinkage and internal stress
development, which may generate fine hairline
cracks. These «cracks, although small, can
propagate along weak points in the gel network or
along the aggregate-matrix interface, potentially
reducing longterm durability and tensile
performance if not controlled. Thermal gradients
induced by non-uniform heating may exacerbate
stress concentrations, while excessive alkalinity can
increase gel brittleness, further contributing to
microcracking.

Overall, this three-stage mechanism illustrates the
delicate balance between accelerated strength
development and microstructural integrity in high-
calcium alkali-activated mortars. Optimizing
activator concentration, precursor blend, and
curing regime is essential to maximize -early
strength  without compromising durability.
Controlled oven curing ensures rapid strength
gain while minimizing the formation of
microcracks, making it a practical approach for
precast or repair applications. Understanding this
process is crucial for designing high-performance,
durable alkali-activated mortars suitable for
structural  and  sustainable  construction
applications, as shown in Figure 4.
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Reaction Mechanism, Gel Formation, and Crack Development during Oven Curing

NaOH + Na,Si0,

o Alkaline activation / dissolution e Gel formation / polycondensation

Oven curing (60°C) and crack formation

Moisture
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} oo

tve/and o

dense to form

Dissolution of aluminosilicate }
and calcium phases

\ /

C-A-S-H and N-A«S—ﬁ gels, crea;iné a dense co-gel
| network that binds sand particles and densifies the matrix.

Rapid curing improves early strength
but may induce cracks.
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C-A-S-H: Calcium-Alumino-Silicate-Hydrate |  N-A-S-H: Sodium-Alumino-Silicate-Hydrate | HCFA: High-Calcium Fly Ash

Figure 5 Schematic representation of the reaction mechanism in high-calcium alkali-activated mortars:

(1) dissolution of slag, PKSA, and Class C fly ash in alkaline solution; (2) polycondensation forming C-

A-S-H and N-A-S-H gels, creating a dense co-gel network; (3) oven curing at 60 °C, showing moisture
loss, shrinkage, thermal stress, and microcrack formation.

4. Conclusions

1) Binder Composition Effects: 50% Slag +
50% CFA (M5) achieved the highest experiemtnal
results 28-day compressive (50 MPa) and tensile
(6 MPa) strengths due to the optimal synergy of
high-calcium slag and Class C fly ash, forming
dense hybrid C-A-S-H/N-A-S-H gels.

2) PKSA Contribution: PKSA-rich mixes
(M2, M6) have lower early strength but enhance
long-term gel formation due to silica contribution,
improving sustainability without compromising
28-day performance.

3) NaOH Molarity: Moderate molarity (10-
12M)  ensures complete  aluminosilicate
dissolution and uniform gel formation; excessive

molarity (14-16 M) accelerates precipitation,
which can produce minor microcracks.

4) Curing Effects: Oven curing at 60 °C for
5 h significantly accelerates early-age strength and
microstructural densification. However, 28-day
strengths converge under ambient curing due to
continued slow geopolymerization.

5) Sand-to-Binder Ratio: S/B =2 maintains
optimal binder distribution and packing density;
higher ratios increase porosity and reduce
compressive strength.

6) Mechanistic Insight: The formation of co-
gel networks (C-A-S-H/N-A-S-H) in hybrid
mixes improves load transfer, reduces

microcracking, and produces a cohesive, low-
porosity matrix suitable for structural applications.
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5. Recommendations

1) Conduct  durability tests, including
chloride penetration, sulfate attack, and shrinkage,
to validate long-term performance of high-calcium
AAM mortars.

2) Optimize activator composition (NaOH
and Na,SiO; ratios) for cost-effective and high-
strength formulations.

3) Explore other locally available industrial
and agricultural waste materials as high-calcium
AAM precursors.

4) Use microstructural  characterization

techniques such as SEM, FTIR, and XRD to

correlate gel formation with mechanical
performance.
5) Investigate the effect of sand-to-binder

ratio and aggregate grading on workability and

mechanical properties for practical field
applications.
6) Evaluate hybrid curing regimes, including

partial oven and ambient curing, to optimize early-
age strength while reducing energy consumption.

6. REFERENCES

(1] ]. Davidovits, ‘Global Warming Impact on
the Cement and Aggregates Industries’, vol.
6, no. 2, pp. 263-278, 1994.

2] M. Al ‘Valorization of sewage sludge ash in
alkali-activated materials: A comprehensive
review of material properties, reactivity, and

future sustainable applications’,
Chemosphere, vol. 391, no. August, p.
144724, 2025, doi:

10.1016/j.chemosphere.2025.144724.

[3] M. Alietal, ‘A review on chloride induced
corrosion in reinforced concrete structures:
lab and in situ investigation’, RSC Adv., vol.
14, no. 50, pp. 37252-37271, 2024, doi:
10.1039/d4ra05506¢.

[4] S.Rehman, A., Ali, M., & Sidhu, ‘Spectrum
of Engineering Sciences EFFECT OF
NAOH MOLARITY ON THE
COMPRESSIVE STRENGTH OF CORN
COB ASH-BASED GEOPOLYMERS
WITH LIMESTONE POWDER
ADDITIVES Spectrum of Engineering
Sciences’, Spectr. Eng. Sci., vol. 3138, pp.
888-904.

5]

(6]

(7]

(8]

9]

(10]

(11]

A.Rehman, S. Tariq, and M. Ali, ‘Spectrum
of Engineering Sciences EFFECT OF
NAOH MOLARITY ON THE
MECHANICAL PROPERTIES OF CORN
COB  ASH-BASED GEOPOLYMER
MORTAR USING LOCALLY
AVAILABLE FINE AGGREGATES , A
REVIEW  Spectrum of Engineering
Sciences’, vol. 3138, 2026.

I. Mir, A. Ahmad, N. Sallih, N. Bheel, M.
Ali, and A. Farouk, ‘Results in Engineering
A review on life cycle assessment of different
pipeline materials’, Results Eng., vol. 19, no.
July, p. 101325, 2023, doi:
10.1016/j.rineng.2023.101325.

Y. Qin, C. Qu, and L. Zhou, ‘One-Part
Alkali-Activated Materials : State of the Art
and Perspectives’, 2022.

L. Srinivasamurthy, V. S. Chevali, Z. Zhang,
H. Wang, and F. Ash, ‘Effect of fly ash to
slag ratio and Na 2 O content on leaching
behaviour of fly Ash / Slag based alkali
activated materials’, Constr. Build. Mater.,
vol. 383, no. March, p. 131234, 2023, doi:
10.1016/j.conbuildmat.2023.131234.

Q. Tian, S. Sun, Y. Sui, Y. U. E. Wang, and
Z. Lv, ‘EFFECTS OF COMPOSITION OF
FLY ASH-BASED ALKALLACTIVATED
MATERIALS ON  COMPRESSIVE
STRENGTH;, vol. 65, no. 1, pp. 9-23,
2021, doi: 10.13168/¢5.2020.0037.

J. L. Provis, ‘Cement and Concrete
Research Alkali-activated materials’, Cem.
Concr. Res., 2017, doi:

10.1016/j.cemconres.2017.02.009.

E. Gomaa, S. Sargon, C. Kashosi, and M.
Elgawady, ‘Journal of King Saud University
- Engineering Sciences Fresh properties and
compressive strength of high calcium alkali
activated fly ash mortar’, J. King Saud Univ.
- Eng. Sci., vol. 29, no. 4, pp. 356-364, 2017,
doi: 10.1016/j.jksues.2017.06.001.

https://thesesjournal.com

| Ali et al., 2026 |

Page 394


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences

ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 5, 2026

(12]

(13]

(14]

(15]

(16]

(17]

(18]

T. Luukkonen, Z. Abdollahnejad, J.
Yliniemi, P. Kinnunen, and M. Illikainen,
‘Comparison of alkali and silica sources in
one-part alkali-activated blast furnace slag
mortar’, J. Clean. Prod., vol. 187, pp. 171-
179, 2018, doi:
10.1016/].jclepro.2018.03.202.

G. F. Huseien, J. Mirza, M. Ismail, and M.
W. Hussin, ‘Influence of different curing
temperatures and alkali
properties of GBFS geopolymer mortars
containing fly ash and palm-oil fuel ash’,
Constr. Build. Mater., vol. 125, pp. 1229-
1240, 2016, doi:
10.1016/j.conbuildmat.2016.08.153.

H. R. A. Gamil MS Abdullah, Imran Mir
Chohan, Mohsin Ali, Naraindas Bheel,
Mahmood Ahmad, Taoufik Najeh, Yaser
Gamil, ‘Effect of titanium dioxide as
nanomaterials on mechanical and durability
properties of rubberised concrete by
applying RSM modelling and optimizations’,
Front. Mater., vol. 11, p. 1357094.

N. B. Abdul Salam Buller, Mohsin Alj,
Tariq Ali, ‘Effect of silica fume on fracture
analysis, durability —performance and
embodied carbon of fiberreinforced self-
healed concrete’, Theor. Appl. Fract. Mech.,
vol. 130, p. 104333.

M. Ali, A. Kumar, S. H. Rizvi, S. Ali, and L.
Ahmed, ‘Effect of Polyester Fiber on
Workability Property of High Strength
Concrete’, Quaid-e-:Awam Univ. Res. J. Eng.
Sci. Technol., vol. 18, no. 02, pp. 102-108,
2020, doi: 10.52584/qrj.1802.15.

M. Alj, A. Kumar, S. Hussain, and N. Bheel,
‘Effect of polyester fiber on compressive
strength and split tensile strength properties
of high strength concrete’, vol. 44, no. 1, pp.
159-170, 2025.

A. Brykov and M. Voronkov, ‘Dry Mix Slag
— High-Calcium Fly Ash Binder . Part Two :
Durability’, pp. 37-51, 2024, doi:
10.4236/msa.2024.153004.

activators on

[19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

N. Bheel et al., ‘Heliyon Effect of wheat
straw ash as cementitious material on the
mechanical characteristics and embodied
carbon of concrete reinforced with coir
fiber’, Heliyon, vol. 10, no. 2, p. e24313,
2024, doi: 10.1016/j.heliyon.2024.¢24313.
S. Bhutto et al., ‘Heliyon Effect of banana
tree leaves ash as cementitious material on
the durability of concrete against sulphate
and acid attacks’, Heliyon, vol. 10, no. 7, p.
€29236, 2024, doi:
10.1016/j.heliyon.2024.e29236.

M. A. Shams et al., ‘Fracture analysis of steel
fibre-reinforced using  Finite
element method modeling’, no. February,
Pp. 1-12, 2024, doi:
10.3389/fmats.2024.1355351.

S. Ali, A. Kumar, S. H. Rizvi, M. Ali, and L.
Ahmed, ‘Effect of Sugarcane Bagasse Ash as
Partial Cement Replacement on the
Compressive Strength of Concrete’, vol. 18,
no. 2, pp. 44-49, 2020.

A. Adesina et al., ‘Fresh and mechanical
properties alkali-activated
materials made with glass powder as
precursor’, Clean. Mater., vol. 3, no.
October 2021, p. 100036, 2022, doi:
10.1016/j.clema.2021.100036.

H. Altawil and M. Olgun, ‘Case Studies in
Construction Materials Optimization of
mechanical properties of geopolymer
mortar based on Class C fly ash and silica
fume : A Taguchi method approach’, vol. 22,
no. December 2024, 2025.

A. Kumar, T. Hussain, R. Kumar, W. Rattar,
and M. Ali, ‘Developing sustainable burnt
clay bricks incorporating agro-industrial
waste’, vol. 44, no. 2, pp. 47-61, 2025.

M. Ali, ‘Spectrum of Engineering Sciences
CHALLENGES , OPPORTUNITIES |,
AND CIRCULAR ECONOMY
PATHWAYS FOR CONCRETE AND
CONSTRUCTION WASTE
MANAGEMENT: EVIDENCE FROM
URBAN BUILDING PROJECTS IN
Spectrum of Engineering Sciences’, vol.

3138, pp. 290-310, 2026.

concrete

overview of

https://thesesjournal.com

| Ali et al., 2026 |

Page 395


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences

ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 5, 2026

(27]

(28]

(29]

(30]

(31]

(32]

(33]

M. Nasir, M. Azmi, M. Johari, M.
Maslehuddin, M. Olalekan, and M. A. Al-
harthi, ‘Influence of heat curing period and
temperature on the strength of silico-
manganese fume-blast furnace slag-based
alkali-activated mortar’, Constr. Build.
Mater., vol. 251, p. 118961, 2020, doi:
10.1016/j.conbuildmat.2020.118961.

M. Khedmati, H. Alanazi, Y. Kim, G.
Nsengiyumva, and S. Moussavi, ‘Effects of
Na 2 O/ SiO 2 molar ratio on properties of
aggregate-paste interphase in fly ash-based
geopolymer mixtures through multiscale
measurements’, Constr. Build. Mater., vol.
191, pp. 564-574, 2018, doi:
10.1016/j.conbuildmat.2018.10.024.

T. Luukkonen, Z. Abdollahnejad, ]J.
Yliniemi, P. Kinnunen, and M. Illikainen,
‘Cement and Concrete Research One-part
alkali-activated materials: A review’, vol.
103, no. July 2017, pp. 21-34, 2018, doi:
10.1016/j.cemconres.2017.10.001.

K. Setlak, J. Mikuta, and M. *tach,
‘Application of Industrial Waste Materials
by Alkaline Activation for Use as
Geopolymer Binders’, 2023.

M. Kaya, ‘Effect of cement additive on
physical and mechanical properties of high
calcium fly ash geopolymer mortars’, vol. 22,
no. July 2020, pp. 452-465, 2021, doi:
10.1002/suco.202000235.

O. Mohamed and R. Khattab, ‘Factors
Affecting Compressive Strength
Development in  Alkali-activated Slag
Concrete Factors Affecting Compressive
Strength Development in Alkali-activated
Slag  Concrete’, doi: 10.1088/1757-
899X/603,/4/042037.

O. A. Mohamed, ‘Effects of the Curing
Regime, Acid Exposure, Alkaline Activator
Dosage, and Precursor Content on the
Strength Development of Mortar with
Alkali-Activated Slag and Fly Ash Binder: A
Critical Review’, Polymers (Basel)., vol. 15,
no. 5, 2023, doi: 10.3390/polym15051248.

(34]

(35]

(36]

(37]

(38]

(39]

[40]

(41]

(42]

[43]

P. Reagents, ‘Strength , Fracture and
Durability Characteristics of Ambient
Cured Alkali — Activated Mortars
Incorporating High Calcium’, 2021.

P. Pandit, ‘Performance of Alkali-Activated
Aerated Concrete using Class C Fly Ash
Performance of Alkali-Activated Aerated

Concrete using’, doi: 10.1088/1757-
899X/936,/1,/012028.
M. A. Elwafa, ‘Eco-Efficient Alkali-

Activated Slag - Fly Ash Mixtures for
Enhanced Early Strength and Restoration
of Degraded Sites’, 2025.

M. T. Marvila et al., ‘Rheological and the
Fresh State Properties of Alkali-Activated
Mortars by Blast Furnace Slag’, pp. 1-17,
2021.

S. Cement, ‘The Influence of FA Content
on the Mechanical and Hydration
Properties of Alkali-Activated Ground
Granulated Blast Furnace’, 2024.

C. V Nguyen, P. S. Mangat, and G. Jones,
‘Complex multifunctional additive for
anchoring grout based on alkali-activated
portland cement Complex multifunctional
additive for anchoring grout based on alkali-
activated portland cement’, doi:
10.1088/1757-899X/907/1/012055.

K. Sothornchaiwit, W. Dokduea, W.
Tangchirapat, and S. Keawsawasvong,
‘Influences of Silica Fume on Compressive
Strength and Chemical Resistances of High
Calcium Fly Ash-Based Alkali-Activated
Mortar’, 2022.

O. M. M. Elbasir, M. Azmi, M. Johari, Z. A.
Ahmad, N. S. Mashaan, and A. Milad, ‘The
Compressive Strength and Microstructure
of Alkali-Activated Mortars Ugtilizing By-
Product-Based Binary-Blended Precursors’,
pp. 885-898, 2023.

M. Using, A. G. Fly, A. Binder, O. A.
Mohamed, and R. Al Khattab, ‘Fresh
Properties and Sulfuric Acid Resistance of
Sustainable’, 2022.

Q. Wang, J. Feng, and M. Ge, ‘Coagulation
Mechanism and Compressive Strength
Grouting Material’, 2022.

https://thesesjournal.com

| Ali et al., 2026 |

Page 396


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X Volume 4, Issue 5, 2026

(44] E. Luga, E. Mustafaraj, and M. Corradi,
‘Alkali-Activated Binders as Sustainable
Alternatives to Portland Cement and Their
Resistance to Saline Water’, 2024.

(45] M. Ali and C. Fujiyama, ‘Compressive
Strength of Alkali-Activated Material Using
Sewage Sludge Ash With Supplementary
Binders’, JCI Conf., vol. 47, no. 1, pp. 726-
731, 2025.

https://thesesjournal.com | Ali et al., 2026 | Page 397


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

