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Optimization of alkali-activated fly ash-based geopolymer mortar: 
Influence of activator composition on strength and workability 

ABSTRACT 

The influence of alkali activator composition, water content, and mix proportions on the fresh-state 
workability, mechanical properties, and microstructure of fly ash-based geopolymer mortars is 
investigated in this study. A total of 40 geopolymer mortar mixes were prepared, and three 
replicate specimens were tested for each mix. All mixes were produced with a constant sand-to-fly 
ash ratio of 2:1, while the sodium hydroxide (NaOH) molarity was varied at 8 M, 12 M, 14 M, and 
16 M, and the sodium silicate-to-NaOH (SS/NaOH) ratio ranged from 0.1 to 2.5. The water content 
was varied from 1 to 8% by weight of fly ash for fixed solution-to-binder ratios of 0.4 and 0.5. The 
samples were cured at 85°C for 24 hours in an oven to aid geopolymerization. Workability was 
evaluated using the flow table test, and flow values ranged between 120% and 140%. 
Compressive strength was determined at curing ages of 3, 7, and 28 days. The maximum 
compressive strength of 68 MPa was obtained at a NaOH concentration of 16 M and an SS/NaOH 
ratio of 1.5. This optimum composition corresponds to a Na₂O/SiO₂ ratio in the range of 0.15–
0.17, indicating that both parameters describe the same optimum activator chemistry expressed 
using different ratio formats. X-ray diffraction (XRD) analysis revealed the formation of 
hydroxysodalite-type zeolite phases at higher SS/NaOH ratios, contributing to enhanced strength 
development. An increase in the H₂O/Na₂O ratio beyond 0.22 resulted in reduced strength due to 
increased porosity. The results identify critical activator and water-content ranges that enable an 
effective balance between workability and compressive strength, providing a quantitative basis for 
mix proportion optimization of fly ash-based alkali-activated mortars. 
Keywords: Geopolymer mortar. Alkali activation, Compressive strength, Rheology and 
workability, Phase transformation 

 

1. INTRODUCTION 

Sustainable construction materials have 

created a huge interest among the construction 

industry and amongst the researchers [1,2]. 

Geopolymer mortars are being considered as 

alternatives to Portland cement-based systems 

Geopolymers are flexible binders produced from 

aluminosilicates in the presence of alkaline 

activators [3,4]. They offer superior mechanical 

properties as well as better durability. The use of 

industrial by-products such as fly ash in 

geopolymer mortars helps to achieve desirable 

strength and durability for reinforced cement 

concrete (RCC) structure [5,6]. Geopolymer 

mortars are eco-friendly and durable alternatives to 

ordinary mortars [7,8]. 
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However, their characteristics highly depend on 
the composition of the precursor, activator 
concentration, and curing conditions [9,10]. 
Therefore, understanding their mechanical proper-
ties and fresh-state workability is important.The 
basic geopolymerization reaction includes the 
dissolution of alumina and silica from precursor 
materials under alkaline conditions followed by 
polycondensation forming a rigid 3D network 
[11].The effectiveness of this process depends on 
several parameters or factors which includes 
sodium hydroxide (NaOH) molarity, sodium silicate 
to NaOH ratio and water to activator ratio which 
governs the microstructure and properties of 
hardened matrix [12,13]. While NaOH helps 
dissolve the aluminosilicate species, sodium 
silicate provides polymerization kinetics as well as 
binding ability which reinforces geopolymer gel 
[14,15]. Yet, use of more NaOH will cause viscosity 
to be so high which can impair workability, while 
unbalance of activator ratios will hamper strength 
development [16,17]. The Si/Al ratio of fly ash–
based geopolymer systems plays a significant role 
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in determining the reaction products and the 
compactness of the resulting microstructure 
[18,19]. 

Although several studies have investigated the 
influence of alkali activator concentration and 
curing conditions on geopolymer mortars, most 
investigations have focused primarily on either 
mechanical performance or fresh-state behaviour 
independently [20,21]. Limited studies have 
attempted to establish a systematic relationship 
between activator chemistry, water content, and 
phase evolution governing both workability and 
strength development simultaneously [22,23]. In 
particular, the combined influence of NaOH 
molarity, sodium silicate-to-sodium hydroxide ratio, 
and water-to-sodium oxide ratio on the 
geopolymerization kinetics and microstructural 
transformation remains insufficiently quantified 
[24,25]. As a result, the identification of optimal 
activator composition ranges that ensure both 
adequate workability and enhanced mechanical 
performance remains a challenge for practical 
applications. 

A significant challenge related to geopolymer 
technology is optimizing workability and 
compressive strength especially in fly ash-based 
system [26,27]. The flow properties of geopolymer 
mortars are governed by the rheology of the paste 
at the fresh state, the liquid-to-binder ratio and 
activator concentration activated superplasticizer 
content of the binder [28,29]. Raising water content 
increases flowability, but can raise porosity and 
reduce strength. On the other hand, lower water-to-
binder ratios lead to more compact packing density 
and long-term strength retention but reduce 
workability, which calls for superplasticizers 
[30,31]. Studies show that the right sodium silicate-
to-NaOH ratio helps in balancing workability and 
mechanical properties in geopolymer mortars to 
produce a workable and high-strength material 
[32,33]. The compressive strength of geopolymer 
mortars is immensely affected by the curing regime 
that alters reaction kinetics and final microstructural 
properties [34,35]. High curing temperatures boost 
geopolymer activity and early strength but can 
cause shrinkage and cracking with excessive heat 
[36,37]. The ratio of Na₂O/SiO₂ is another 
important factor affecting strength development as 
it controls the availability of reactive silica for gel 
formation [38,39]. Research shows that a well-

optimized Na₂O/SiO₂ ratio helps polymerization 
and densification, giving it a higher load-bearing 
capacity [40,41]. Furthermore, geopolymer systems 
can form secondary crystalline phases like zeolites 
and hydroxysodalite [42,43]. These secondary 
phases can result in geopolymer systems that are 
durable in the long-run [44,45]. However, they can 

also result in low early-age strength depending on 
the mix proportions and activator dosages 
[46,47,48]. 

The durability and long-term performance of 
geopolymer mortars are crucial for their success as 
a sustainable alternative to conventional cement-
based materials[49]; [50]. The amount of spaces in 
geopolymer matrices plays an important role in 
their interfacing with the environment[51]; [52]. 
Also, more water may lead to more porosity which 
may affect the durability. Research has shown that, 
a lower water to activator ratio can result in less 
voids enabling resistance to chemicals and freeze 
thaw cycles[53]; [54]. The study also highlights the 
significance of having the proper mix proportions to 
assist in the completion of polymerization reactions 
and the initiation of secondary polymerization 
reactions[55]; [56]. Durability-related aspects such 
as porosity and moisture transport are known to 
influence the long-term performance of geopolymer 
mortars in real-world applications[57]; [58].  

2. NEED FOR PRESENT INVESTIGATION AND 
NOVELTY OF RESEARCH 

Furthermore, previous studies have reported 
that excessive alkali concentration or water 
addition may lead to incomplete polymerization, 
formation of secondary crystalline phases, and 
increased porosity, ultimately affecting long-term 
strength development[59];[60]. However, the 
interaction between Na₂O/SiO₂ ratio and 

H₂O/Na₂O ratio under controlled solution-to-binder 
conditions has not been extensively examined in fly 
ash–based geopolymer mortars. Establishing these 
relationships is essential for developing reliable mix 
proportioning strategies that can translate 
laboratory-scale geopolymer formulations into field 
applications while maintaining consistent 
rheological and mechanical performance. 

Due to increasing interest in geopolymer 
technology for sustainable construction, this study 
conducts systematic investigations on the effect of 
important mix parameters. In this regard, 
workability, compressive strength and 
microstructure development of fly ash geopolymer 
mortar was ascertained. In this study, ‘water 
content’ refers to the percentage of added water by 
weight of fly ash, while the ‘water-to-activator ratio’ 
denotes the ratio of total water to alkaline activator 
solution.Here the current study critically examines 
how the molarity of NaOH, sodium silicate-to-
NaOH ratio, water-to-activator ratio and precursor 
composition are correlated to processing conditions 
and mechanical performance. The research also 
examines how water content affects strength 
development and finds ideal mixtures that optimize 
performance in the fresh state and after curing. The 
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research assesses the flow behaviour, 
compressive strength, and phase composition of 
different geo-polymer mortar mix designs to 
optimize and improve the existing sustainable 
binder technologies. 

The novelty of the present study lies in the 
systematic integration of activator chemistry, water 
content, and microstructural evolution to establish 
quantitative relationships governing both fresh-
state workability and compressive strength 
development in fly ash–based geopolymer mortars. 
Unlike previous studies that evaluate activator 
parameters independently, this research correlates 

NaOH molarity, SS/NaOH ratio, Na₂O/SiO₂ ratio, 

and H₂O/Na₂O ratio within controlled solution-to-
binder systems to identify optimal ranges for 
geopolymerization efficiency. The study further 
combines experimental observations with phase 
characterization and mathematical modelling to 
develop predictive relationships for strength 
evolution, thereby providing a unified framework for 
mix proportion optimization of geopolymer mortars 
suitable for sustainable construction applications. 

3. MATERIALS AND METHODS 

The geopolymerization process is influenced by 
many factors, including the composition of the 
precursor, molarity and type of alkali activator, 
curing condition, and mix proportioning[61]; [62]. 
The study examines the effect of different 
compositions of activators on mechanical 
properties of geopolymer mortar so as to optimize 
the compressive strength. The experimental 
program was designed to systematically assess the 
effects of sodium silicate, Na₂SiO₃, to sodium 
hydroxide, NaOH, ratio, NaOH molarity and 
solution-to-binder, S/B, ratio on geopolymeric bond 
formation. The main ingredients used for the 
preparation of geopolymer mortar are Class F fly 
ash and river sand as fine aggregate[63]; [64]. The 
fly ash was collected from the electrostatic 

precipitators in dry form. The SiO₂/Al₂O₃ ratio was 
about 2, which classified it as low calcium fly ash 
per ASTM C618:2005. Silica fume, a secondary 
pozzolanic material, has SiO₂ content of 
approximately 82% which adds to the reactivity of 
the geopolymer[65]; .  The Na2SiO3 solution is 
28% SiO2, 8% Na2O and 64% water specific gravity 
1.48 g/cm3. The NaOH solution used is prepared at 
8M, 12M, 14M and 16M concentrations. The day 
before mixing, NaOH pellets were added to distilled 
water to create the NaOH solution[66]. The mass of 
solid NaOH required varies with molarity, or 
concentration. The 8M solution has 26.2% NaOH 
solids while the 16M solution has 44.4%. Fine 
aggregate was River sand which was graded and 
sieved through 2.36 mm sieve. The 
superplasticizer dosage was kept within a limited 

range and was not treated as an independent 
variable in the experimental program[67]. 

The mortar mix ratios have been designed with 
a constant sand-to-fly-ash ratio of 2:1 and varying 
the S/B ratios. 0.4 and 0.5. The ratio of SS/NaOH 
was varied between 0.1, 0.2, 0.5, 1.5 and 2.5 for 
studying its effect on geopolymerization. The new 
mortar flowability was controlled by keeping it 
within the limit of 130 ± 10%. A Hobart mixer with a 
5-liter capacity was used for mixing at ambient 
temperature (28°C). First, fly ash and activator 
solution (Na2SiO3 + NaOH) were mixed for 3 min 
which was followed by addition of sand and mixing 
continued for additional 3 min. If required, a pre-
determined and limited amount of superplasticizer 
or additional water was added only to achieve the 
target flowability range of 130 ± 10%, while keeping 
the solution-to-binder ratio fixed, and mixing was 
continued at low speed (60 RPM) for a further 3 
minutes. Workability was tested for the mixture by 
conducting a flow table test, in this test, the mortar 
was compacted in a truncated cone mold, to this 
mold 25 jolts were given in 15 seconds and 
average of three diameter measurements taken, 
this average is designated as flow diameter. For 
each mix, three cube specimens were cast and 
tested at each curing age, and the reported 
compressive strength values represent the average 
of three specimens (n = 3). The samples were 
cured at 85°C for 24 hours in an oven to aid 
geopolymerization so that sufficient polymeric bond 
could be formed.   After curing, the samples were 
stored under ambient conditions, and compressive 
strength tests were conducted at 3, 7, and 28 days 
using a 2000 kN compression testing machine. The 
average values are reported, and the experimental 
variability was within acceptable limits. The 
compressive strength peaked at 68 MPa with a 
Na2O/SiO2 ratio of 0.15–0.17. Strength declined 
due to supersaturation, which limited the extent of 
geopolymerization. The use of X-ray Diffraction 
(XRD) analysis was performed to characterize the 
phase of the hardened geopolymer mortar.  The 
powdered samples were subjected to phase 
characterization through XRD analysis using a 
Shimadzu X-ray Diffractometer (CuKα radiation, λ 
= 1.5405 Å) by sieving them on a 75 μm sieve. 
Operating conditions were set to have a 2θ range 
between 7 and 50 (0.1°/s step size). Scanning 
Electron Microscopy (SEM) analysis was carried 
out to examine the microstructural features and 
morphology of the hardened geopolymer mortar 
samples, focusing on gel formation, pore structure, 
and matrix densification. The mix proportion of all 
the geopolymer mortar with solution to binder ratio 
of 0.4 and 0.5 is shown in Table 1 and Table 2 
respectively. 
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Table 1. Mix proportion of geopolymer Mortars with Solution to binder ratio of 0.4 

S.No 
FA 
(kg) 

Solution/ 
/binder 

ratio 

Sodium 
Silicate 
(SS)/ 

NaOH ratio 

Sodium 
Silicate 

(SS) (kg) 

NaOH 
(kg) 

Molarity 
(M) 

Extra Water 
(kg) 

Mix Mix 

H2O/Na2O  
ratio 

Na2O/SiO2  
ratio 

1 1 0.4 0.1 0.036 0.36 8 0 12.97 0.16 

2 1 0.4 0.2 0.067 0.33 8 0 13.38 0.15 

3 1 0.4 0.5 0.133 0.27 8 0.012 14.45 0.13 

4 1 0.4 1.5 0.24 0.16 8 0.031 16.79 0.1 

5 1 0.4 2.5 0.286 0.11 8 0.041 18.16 0.09 

6 1 0.4 0.1 0.036 0.36 12 0.011 9.1 0.21 

7 1 0.4 0.2 0.067 0.33 12 0.022 9.53 0.2 

8 1 0.4 0.5 0.133 0.27 12 0.03 10.7 0.17 

9 1 0.4 1.5 0.24 0.16 12 0.045 13.48 0.12 

10 1 0.4 2.5 0.286 0.11 12 0.06 15.26 0.1 

11 1 0.4 0.1 0.036 0.36 14 0.017 7.68 0.24 

12 1 0.4 0.2 0.067 0.33 14 0.026 8.11 0.22 

13 1 0.4 0.5 0.133 0.27 14 0.039 9.26 0.18 

14 1 0.4 1.5 0.24 0.16 14 0.051 12.1 0.13 

15 1 0.4 2.5 0.286 0.11 14 0.075 14.59 0.11 

16 1 0.4 0.1 0.036 0.36 16 0.034 6.74 0.26 

17 1 0.4 0.2 0.067 0.33 16 0.041 7.16 0.24 

18 1 0.4 0.5 0.133 0.27 16 0.058 8.29 0.2 

19 1 0.4 1.5 0.24 0.16 16 0.077 10.25 0.21 

20 1 0.4 2.5 0.286 0.11 16 0.081 11.25 0.2 

Table 2 Mix proportion of geopolymer Mortars with Solution to binder ratio of 0.5 

S.No 
FA 
(kg) 

Solution
/binder 

ratio 

Sodium 
Silicate 
(SS)/ 
NaOH 
ratio 

Sodiu
m 

Silicat
e 

(SS) 

(kg) 

NaOH 
(kg) 

Molarity 
(M) 

Superpla
sticizer 
(SP) (% 
of FA) 

Extra 
Water 
(kg) 

Mix Mix 

H2O/Na2

O ratio 
Na2O/Si
O2 ratio 

1   1 0.5 0.1 0.045 0.45 8 0 - 10.35 0.17 

2   1 0.5 0.2 0.083 0.42 8 0.3 - 10.75 0.15 

3   1 0.5 0.5 0.167 0.33 8 0.8 - 12.26 0.13 

4   1 0.5 1.5 0.3 0.2 8 1.2 - 15.81 0.1 

5   1 0.5 2.5 0.357 0.14 8 1.4 - 18.14 0.08 

6   1 0.5 0.1 0.045 0.45 12 0 - 7.58 0.22 

7   1 0.5 0.2 0.083 0.42 12 0.7 - 8.27 0.2 

8   1 0.5 0.5 0.167 0.33 12 1.2 - 9.64 0.17 

9   1 0.5 1.5 0.3 0.2 12 1.7 - 13.19 0.12 

10      1 0.5 2.5 0.357 0.14 12 2 - 16.03 0.1 

11      1 0.5 0.1 0.045 0.45 14 0 - 6.58 0.25 

12      1 0.5 0.2 0.083 0.42 14 1 - 7.17 0.23 

13      1 0.5 0.5 0.167 0.33 14 1.4 - 8.27 0.19 

14      1 0.5 1.5 0.3 0.2 14 1.6 - 11.24 0.16 

15      1 0.5 2.5 0.357 0.14 14 2 0.014 14.22 0.11 

16      1 0.5 0.1 0.045 0.45 16 0 - 5.47 0.27 

17      1 0.5 0.2 0.083 0.42 16 1.5 - 6.7 0.25 

18      1 0.5 0.5 0.167 0.33 16 1.7 - 8.24 0.2 

19      1 0.5 1.5 0.3 0.2 16 2 0.014 12.03 0.17 

20      1 0.5 2.5 0.357 0.14 16 2 0.022 14.6 0.11 
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4. RESULTS AND DISCUSSION 

4.1. Phase and Microstructural Characterization  

4.1.1. Spectral – XRD analysis 

The geopolymer mortar showed the XRD 
patterns over a 2θ range of 7° to 50° at a scanning 
rate of 0.1°/second. The peak of the geopolymer 
mortar diffraction pattern (Fig. 1) is at 2θ=26.9 °, 
which is the highest. The peak lesser to this is at 
2θ=21.1°. Comparatively, the geopolymer mortar 
shows a reduction in amorphous hump compared 
to the XRD pattern of unreacted fly ash showing 
formation of new reaction product[25]. The XRD 
pattern for the unreacted fly ash shows the 
presence of mainly an amorphous glassy phase 
along with a few crystalline phases like quartz 
(SiO2), magnetite (Fe3O4), and mullite (Al6Si2O13). 

The appearing of new diffraction peaks and 
broadening of patterns in geopolymer mortar 
indicates phase transformation involvement caused 
by reaction products [68].  According to the XRD 
results, the geopolymer mortar produces zeolite 
phases, particularly the formation of hydroxy 
sodalite (Na₆(AlO₂)₆(SiO₂)₁₀·12H₂O) [69]. The 
direct identification of the characteristic peaks 
corresponding to hydroxysodalite at 2θ = 9.88°, 
11.19°, 22.36°, 22.49°, and 26.04°. Out of all the 
mortars, the one with 16M NaOH and SS/NaOH 
ratio of 1.5, i.e., 16GM1.5 shown on intensity peaks 
of highest value specifying the formation of 
crystalline geopolymer. This is similar to other 
studies that show that the soluble silica in the 
activator solution is critical for forming zeolite [70]. 

 

Figure 1. XRD patterns of unreacted fly ash and geopolymer mortars with 16 M NaOH at different 
SS/NaOH ratios: (I) unreacted fly ash, (II) 16GM–0.1, (III) 16GM–0.5, (IV) 16GM–1.5, and (V) 16GM–2.5. 

The comparative XRD patterns of mortars with 
different SS/NaOH ratios (from 0.1 to 2.5) indicate 
that as SS/NaOH increases, the peak intensities of 

hydroxysodalite become higher. Higher soluble 
silica concentrations enhance polymerization, thus 
promoting crystalline geopolymeric structure 
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development. However, When the SS/NaOH ratio 
more than than 1.5 any further addition of Na2SiO3 
did not improve crystallinity significantly, thereby 
indicating that it is not being added to the product 
of reaction. At SS/NaOH = 1.5, the system reaches 
adequate supersaturation contributing to the 
formation of well-ordered precipitated gels [49].  
The analyses obtained through XRD confirm that 
the amorphous phase of fly ash has been 
transformed into that of a geopolymer, which is 
further confirmed by the success of zeolization, a 
major indicator of geopolymerization [71]. The 
outcomes emphasize that the extent of 
polymerization and crystallinity depends on the 
NaOH molarity and SS/NaOH ratio significantly. 

The strength development observed in the 
present study can be directly correlated with the 
phase evolution identified from the XRD patterns 
[72]. Previous studies have reported that the 
formation of amorphous aluminosilicate gel phases, 
primarily N–A–S–H and C–(N)–A–S–H type gels, 
plays a dominant role in improving the mechanical 
performance of geopolymer mortars by producing a 
dense and continuous binding matrix [73]. The 
increase in compressive strength with optimized 
activator composition is attributed to enhanced 
dissolution of reactive silica and alumina species, 
followed by polycondensation reactions leading to 
the formation of stable geopolymeric gels [74]. 
Similar observations were reported in fly ash–
based geopolymer systems where improved 
strength was associated with increased amorphous 
phase content and refined microstructure due to 
enhanced gel formation [11].  

Furthermore, the reduction in unreacted 
crystalline phases and the increased intensity of 
reaction products observed in the XRD spectra 
indicate improved geopolymerization efficiency, 
resulting in reduced porosity and improved inter-
particle bonding [75]. Studies on geopolymer 
mortars incorporating industrial by-products have 
shown that optimal alkali activation promotes the 
formation of hybrid gel systems such as N–A–S–H 
and C–A–S–H, which contribute to higher 
compressive strength through matrix densification 
and improved load transfer mechanisms [76,77]. 

The relationship between microstructural 

evolution and strength development has also been 

confirmed in geopolymer systems subjected to 

different curing and compositional conditions, 

where the increase in gel formation and reduction 

of microcracks were associated with improved 

mechanical performance [78]. XRD-based phase 

transformation analysis has demonstrated that the 

development of a compact aluminosilicate network 

significantly enhances strength by limiting pore 

connectivity and improving structural integrity [79]; 

[80].  

4.1.2. Microstructural Analysis 

The SEM raw materials used for this study is 
shown in Fig. 2. The SEM micrograph in Fig.3(a) 
corresponds to a geopolymer mortar synthesized 
with 8 M NaOH at a solution-to-binder ratio of 0.4, 
and SS/NaOH ratio of 0.1. The morphology clearly 
reveals a heterogeneous matrix with pronounced 
signs of structural discontinuities[74].  

 

Figure 2. Geopolymer mortar samples used for SEM analysis 

 

Multiple air voids and open pores are evident, 
suggesting insufficient densification during the 
geopolymerization process[69]. The presence of 
microcracks, shrinkage cracks, and debonded 
regions indicates sub-optimal gel formation and 

elevated internal stress development, possibly due 
to reduced dissolution rates at lower molarity [81]. 
Additionally, agglomerated gel clusters and fracture 
planes are distinctly visible, implying poor packing 
density and incomplete geopolymeric network 
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formation [14]. These morphological irregularities 
are consistent with the moderate compressive 
strength values (~12 MPa at 28 days) observed for 
this mix [68]. Furthermore, crack propagation paths 
and weak gel zones suggest that the 
microstructure lacks cohesive integrity, which 
aligns with XRD data indicating only partial 
formation of zeolitic crystalline phases, likely Na–A 
or Na–X type zeolites, in a dominantly amorphous 
matrix[82]. The low SS/NaOH ratio has contributed 
to limited silicate availability, impeding the growth 
of a robust N–A–S–H gel framework [83]. 

 

 

Figure 3 Microstructural Image (a) 8M, SS/NaOH 
ratio for solution /binder ratio of 0.4 and (b) 16M, 
SS/NaOH ratio for Solution / binder ratio of 0.5 

Conversely, Fig.3(b) illustrates the micro 
structure of a geopolymer matrix synthesized using 
16 M NaOH, solution-to-binder ratio of 0.5, and 
SS/NaOH ratio of 1.5—which corresponds to the 
optimized mix yielding 68 MPa at 28 days. The 
matrix exhibits a dense, homogeneously gelled 
structure with well-distributed amorphous gel 
phases, indicative of complete geopolymerization 
[70]. Only very fine microcracks and isolated air 
voids are visible, signifying high structural integrity 

and minimal shrinkage-induced damage[84]. The 
formation of gel pockets and a well-developed 
amorphous N–A–S–H matrix corroborates the high 
silicate availability at the optimized SS/NaOH ratio, 
which is further validated by XRD findings[85]. 
These spectra revealed intensified broad humps 
typical of highly amorphous aluminosilicate gels 
and enhanced intensity of zeolitic phases, 
indicating a significant degree of polycondensation 
[52]. The fracture zones in this image appear more 
cohesive, with no signs of propagation, confirming 
superior load-transfer capacity [44]. The 
microstructural refinement observed is thus a direct 
outcome of high alkaline concentration and 
balanced silicate content, leading to enhanced 
dissolution, polycondensation, and matrix 
densification [86]. 

4.2. Workability characteristics of Geopolymer 
Mortar 

The properties of geopolymer mortar and its 
proportions affect its fresh properties like 
workability and consistency. The study maintained 
a sand-to-fly ash ratio of 2:1 and varied the 
solution-to-binder (S/B) ratios of 0.4 and 0.5 to 
study the flow and mechanical performance. Early 
tests using an S/B ratio of 0.35 were unsuccessful 
due to poor workability, needing very high SP and 
extra water for sufficient flow that may reduce 
strength of final geopolymer. So, S/B ratios of 0.4 
and 0.5 were selected as favourable for 
subsequent assessment[76]. To assess the 
influence of the sodium hydroxide (NaOH) 
concentrated on workability, the NaOH molarity 
values were considered varying systematically 8M, 
10M, 12M, 14M and 16M respectively. Moreover, 
the behaviour of sodium silicate was evaluated by 
adjusting its concentration from ratios of 0.1 to 2.5. 
An SS/NaOH ratio of less than 0.1 was found to be 
highly foamy, resulting in poor consistency and 
difficulties to place in the mould. This may have 
been due to insufficient polymeric interaction 
between the activator solution and the fly ash[82]; 
[87]. On the other hand, at SS/NaOH > 2.5, the 
mixtures were highly viscous and had difficulties 
with compaction and uniform dispersion of the 
reactants[88]. In order to achieve the target flow of 
130 ± 10%, superplasticizer (0.5% to 2% by weight 
of fly ash) and extra water (1% to 8% by weight of 
fly ash) were added in a controlled manner. The 
changes made allowed for proper mixing of 
activator components while maintaining mix 
cohesion [63]. 

The viscosity of the activator solution controls 
the workability of the geopolymer mortar. In turn, 
the viscosity is controlled or depends on the 
concentration of NaOH and SS [31]. An increase in 
the molarity of NaOH from the 8M to 16M creates a 
decrease in workability of all mixes. This is due to 
the ionic concentration in the solution that 
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enhances the rate of dissolution of Si⁴⁺ and Al³⁺ 
species from fly ash leading to rapid gel formation 
[89]. Observation of the workability with SS/NaOH 
ratio revealed a similar trend in the opposite 
direction. Sodium silicate increases the overall 
silica content in the solution thereby increasing 
viscosity [52]. Studies carried out and reiterates 
this observation as they also found that higher 
NaOH and sodium silicate concentrations produced 
a paste that was denser and less workable due to 
rapid geopolymerization reaction. Attaining 
flowability-reactivity balance is important for the 
strength gain [58]. 

Without compromising the ease of placing the 
concrete. The use of superplasticizer can reduce 
the loss of workability, which means that mortars 
with higher concentration (14M and 16M) of NaOH 
have a flow that is still in the acceptable range[90]. 
As per the study requirement, some additional 
water was added in a few mixes, but excess water 
was avoided so as not to dilute the activator 
solution and hamper geopolymerization [91]. The 
workability results show that activator composition 
must be designed to produce a homogeneous 
geopolymer with good flowability and packing 
density [89]. Mix proportions with aggregate to 
binder ratio of 0.4 and 0.5 were found to be 
optimum based on workability and strength gain 
and can be selected for further examination in 
mechanical properties [54]. The next segment 
discusses how this mix proportions affect the flow 
behaviour and mechanical performance of 
geopolymer mortars, most particularly their 
compressive strength development over time. 

4.3. Flow Characteristics of Geopolymer Mortars 

The flow values reported in this study 

correspond to the adjusted flow measured after the 

addition of superplasticizer and/or controlled water 

adjustment to achieve workable mortar consistency 

suitable for casting. The initial flow prior to 

adjustment was observed to vary significantly 

depending on activator composition; however, the 

reported flow values represent the final measured 

flow used for comparison among mixes[89]. This 

approach was adopted to ensure consistent 

workability conditions while evaluating the influence 

of activator parameters on mechanical and 

microstructural performance [29].The flow values 

and the compressive strength for solution to binder 

ratio of 04.and 0.5 is listed in Table 3 and Table 4 

respectively. 

The ease of flow of geopolymer-based mortar 

is an important parameter influencing placement, 

compaction, and workability. To evaluate the flow 

characteristics of the geopolymer mortar mixes, the 

ASTM C1437-01 flow table test was performed. 

The mixes were targeted to a flow of 130 ± 10% to 

ensure an even spread in the moulds [56]. The 

findings reveal that the flow behaviour strongly 

depends on the solution-to-binder (S/B) ratio, 

concentration of sodium hydroxide (NaOH), and 

sodium silicate-to-sodium hydroxide (SS/NaOH) 

ratio. Mortars with 0.4 S/B ratio were more 

consistent and afterwards adjusted with SP and 

more water to get the required flow[47].  

Conversely, the mortars with S/B ratio of 0.5 was 

more flowable due to the higher volume of activator 

solution available for particle lubrication[45]. But 

later in this article, we will see that too much liquid 

also reduced early-age strength of these mixes. 

The reduction in flow observed at higher NaOH 

molarity may be associated with increased 

dissolution of aluminosilicate species and faster 

reaction kinetics reported in previous geopolymer 

studies[5]; [34]; [49]. However, since rheological 

parameters and setting characteristics were not 

directly measured in the present study, this 

interpretation is limited to qualitative comparison 

with existing literature[80]; [79]. As the NaOH 

concentration increases from 8M to 16M, the flow 

decreased due to improved dissolution of 

aluminosilicate precursors leading to rapid 

thickening of paste[92]. This is due to elevated 

concentrations of NaOH disrupting the, charge 

neutrality of solution enhancing the ionic activity of 

the OH⁻ group and consequently increasing the 

polymerisation and polycondensation activity[91]. 

This causes the paste to become denser and less 

flowable. As a result, it requires external 

amendments like superplasticizer addition to regain 

flowability. The SS/NaOH ratio also affected the 

flow behaviour, where increasing the SS/NaOH 

ratio from 0.1 to 2.5 reduced the mortar spread 

progressively[93]. Similar trends have been 

reported in previous studies where increased 

silicate modulus resulted in higher mixture 

cohesion and reduced flowability, which was 

attributed to increased gel formation and reduced 

free water content[94]. The mixes with SS/NaOH 

ratios below 0.5 showed relatively higher values 

which indicated good flow for the mortar. However, 

the workability reduced immensely at SS/NaOH of 

1.5, due to which controlled dosing of 

superplasticiser and minimum addition of extra 

water was done [39]. The interaction of NaOH 

concentration and SS/NaOH ratio also contributed 

to flow behaviour, and this had a nonlinear effect 

on workability [95]. The influence of the SS/NaOH 

ratio was less prominent at notable NaOH 

molarities (either 8M or 12M) as mortars had good 

spread for all ratios tested. However, at higher 

molarities (14M and 16M), flowability drastically 
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declined beyond an SS/NaOH ratio of 1.5. This 

was the threshold beyond which excess silica 

content results in over-polymerization [96]. Hence, 

the paste becomes less fluid. High dosage of 

sodium silicate causes highly cohesive mixture 

which is beneficial in long-term strength 

development but unfavourable in fresh state 

workability [97]. The modifications made in this 

study ensured that mortars were within the 

prescribed flow limits, homogeneous with no 

segregation [98]. The summarized flow values 

presented in Table 3 and Table 4 clearly indicate 

the influence of activator composition and 

workability adjustment parameters on the fresh 

properties of geopolymer mortar, which 

subsequently influence strength development 

discussed in Section 4.4. 

4.4. Compressive Strength Development in 
Geopolymer Mortars 

The compressive strength of geopolymer 

mortars indicates the structural performance and 

durability of the mortar. As part of the study, 

strength development trends were evaluated using 

compressive strength tests at 3, 7 and 28 days 

under different activator and mix proportions. 

During mixing, limited adjustment using super 

plasticizer and/or small quantities of additional 

water was carried out only to achieve workable 

consistency necessary for proper casting of 

specimens [99]. The adjustments were maintained 

within a narrow range across all mixes and were 

not intended to modify the designed solution-to-

binder ratio. The dosage of superplasticizer and 

additional water used for each mix is summarized 

in Table 3 and Table 4. Since the adjustments were 

minimal and consistently applied, their influence on 

compressive strength development is considered 

secondary compared to the dominant effects of 

activator composition and molarity. Nevertheless, 

this potential influence is acknowledged when 

interpreting strength variations among mixes [100]. 

In the present study, the H₂O/Na₂O ratio 

represents the mass ratio between the total water 

content present in the activating solution (including 

water from sodium silicate and sodium hydroxide 

solutions) and the equivalent sodium oxide (Na₂O) 

content contributed by the alkaline activator [69]. 

This parameter governs the effective alkalinity and 

availability of free water during geopolymerization. 

Lower H₂O/Na₂O ratios correspond to higher alkali 

concentration and increased dissolution of 

aluminosilicate species, whereas higher values 

indicate dilution of the activating medium [88]. The 

threshold ranges discussed in this study are 

therefore interpreted in relation to activator 

concentration and solution-to-binder ratio, ensuring 

consistency with the mix proportions presented in 

Tables 1 and 2.  

The solution to binder(S/B) ratio, NaOH 

molarity and SS/NaOH ratio affects the rate of 

strength gain and the final compressive strength 

significantly and are represented in Fig.4 and Fig. 

5. The compressive strength trends observed in 

Fig. 4 and Fig. 5 indicate that mixes with S/B = 0.4 

consistently achieved higher strength compared to 

S/B = 0.5 across all NaOH molarities and 

SS/NaOH ratios[101]. At 28 days, the compressive 

strength ranged between approximately 6–50 MPa 

for S/B = 0.4 and 8–68 MPa for S/B = 0.5, with the 

maximum strength of 68 MPa recorded for mix 

16GM1.5. Each reported strength value represents 

the average of n = 3 specimens, and the variation 

among specimens remained within acceptable 

experimental limits (±SD MPa). The higher strength 

obtained at lower S/B ratio is attributed to reduced 

free liquid content and formation of a denser 

geopolymer matrix, as clearly reflected by the 

strength trends shown in Fig. 4 and Fig. 5. Mortars 

that had an S/B ratio of 0.4 showed stronger 

strength values than those that had an S/B ratio of 

0.5. This shows that an excessive liquid to binder 

ratio may dilute the geopolymer gel network, 

thereby weakening it [88]. As NaOH molarity 

increased the compressive strength also increased, 

with 68 MPa recorded at 28 days for 16M NaOH at 

SS/NaOH is 1.5 (16GM1.5), which was the 

maximum value observed. The concentration effect 

of NaOH on the strength development was most 

significant during early curing [63].  At 3 days the 

8M and 12M NaOH mortars had rather low 

strengths in the range of 5 to 18 MPa depending on 

SS/NaOH ratio. However, by 7 days, strength was 

considerably higher, especially in mixes with 14M 

and 16M NaOH, which had strength values higher 

than 30 MPa in most cases. The quick strength 

development in mixes with high molarity can be 

related to the increase in the rate of dissolution of 

aluminosilicate precursors [102]. This results in 

faster gel formation and improved polymerization 

kinetics. Studies have also reported similar 

outcomes [63]. Higher NaOH molarity accelerates 

the formation of N-A-S-H gels and associated 

strength gain at early age [103]. However, it has 

been shown that strength can, however, start 

falling beyond an optimal concentration of 16M 

NaOH. Further increases in NaOH can cause high 

thermal energy release during its exothermic 

activation which causes microstructural 

inconsistencies [104]. 
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Figure 4. The 28 days compressive strength variation with SS/ NaOH ratio for S/B ratio of 0.4 

 

Figure 5. The 28 days compressive strength variation with SS/ NaOH ratio for S/B ratio of 0.5 

 

Several previous studies have reported that the 
increase in NaOH molarity enhances compressive 
strength up to an optimum level due to improved 
dissolution of silica and alumina from fly ash 
particles and accelerated geopolymerization 
reactions [105]. For instance, fly ash–based 
geopolymer mortars incorporating nano-metakaolin 
showed significant strength improvement with 
increasing alkaline concentration owing to 
enhanced formation of aluminosilicate gels and 
reduced unreacted particles within the matrix. 

Similarly, studies on calcium-rich geopolymer 
systems have demonstrated that higher NaOH 
molarity promotes the formation of hybrid binding 
gels such as N–A–S–H and C–A–S–H, resulting in 
denser microstructures and improved compressive 
strength development at early ages [81]. 

The pronounced early-age strength gain 
observed in mixes with higher NaOH molarity is 
consistent with previous findings where increased 
alkalinity accelerated precursor dissolution and 
shortened the induction period of 
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geopolymerization. Research on fly ash–based 
geopolymer mortars has shown that higher alkali 
concentrations significantly enhance early strength 
development, although the rate of strength gain 
stabilizes at later ages once polymerization 
becomes diffusion controlled [106]. 

SS/NaOH ratio was also found important for 
the development of strength. The effective range 
was found between 1.0 and 1.5. Strength 
development was impeded due to the unavailability 
of significant or sufficient soluble silica at lower 
SS/NaOH ratios (0.1 and 0.2). Mixtures having 
SS/NaOH ratio of 1.5 produced maximum 
compressive strength and thereafter decline in 
strength was noticed. Strength decreases at 
SS/NaOH = 2.5 is due to a large amount of 
unreacted silicate species which did not polymerise 
leading to lower gel density [107]. The earlier 
findings of that ultimately at extremely high 
silicates, the system becomes supersaturated and 
chains formed are not effective, resulting in loss of 
mechanical strength [104]. 

The existence of an optimum SS/NaOH ratio 
observed in the present study is also consistent 
with earlier investigations. Increasing sodium 
silicate content improves the availability of soluble 
silica, promoting gel formation and strength 
enhancement up to an optimum level [72]. 
However, excessive silicate content increases 
mixture viscosity and reduces effective alkali 
mobility, thereby limiting further geopolymerization. 
Previous studies on geopolymer mortars cured 
under ambient conditions reported that increasing 
silicate modulus beyond an optimum value resulted 
in reduced compressive strength despite improved 
workability, indicating the existence of a balanced 
activator composition for maximum strength 
development [70]. 

In the present investigation, the reduction in 
strength beyond SS/NaOH = 1.5 was observed at 
higher NaOH molarities for both S/B ratios, as 
evident from Fig. 4 and Fig. 5, where the increase 
in silicate content did not translate into further 
strength gain [106]. Similar observations were 
reported in geopolymer systems where excessive 
silicate concentration resulted in incomplete 
reaction and increased pore connectivity due to 
excess free water associated with sodium silicate 
solutions [108]. Microstructural studies have shown 
that excessive silicate content may hinder the 
formation of a continuous geopolymer network, 
leading to reduced mechanical performance [84]. 

This shows that the required balance between 

Na₂O and SiO₂ should be maintained for better 
geopolymerization. The strength development 
effects of water content were also assessed and 
are largely represented through H₂O/Na₂O ratio 
[86]. A mortar with more S/B value will have a 
lower compressive strength if the H2O/Na2O 

excess. In combinations where the H₂O/Na₂O ratio 
was greater than 14, compressive strength values 
were substantially lower indicating that excess free 
water may hinder proper gel formation by 

increasing porosity. In contrast, H₂O/Na₂O in the 
range of 11–14 recorded the optimum strength 
values; thus, it can be assumed that the availability 
of water should be adequately controlled for 
maximum geopolymerization efficiency. The higher 
strength obtained for S/B = 0.4 compared to S/B = 
0.5 is consistent with earlier findings that excessive 
liquid content increases pore volume and reduces 
matrix compactness. Studies on geopolymer 
mortars incorporating industrial by-products have 
demonstrated that lower liquid-to-binder ratios 
produce denser gel structures and improved 
interparticle bonding, resulting in higher 
compressive strength [101]. The results coincide 
with the findings, which indicate that the 
appropriate water/activator ratio minimizes defects 
and allows gel densification.Overall, the strength 
development trends observed in this study—
namely the increase in strength with NaOH molarity 
up to an optimum level, the existence of an 
optimum SS/NaOH ratio around 1.5, and the 
reduction in strength at higher liquid contents—are 
consistent with previously reported geopolymer 
systems, confirming that compressive strength is 
governed by the balance between activator 
concentration, silica availability, and effective gel 
formation [92]. 

4.5. Factors Influencing Workability and Strength of 
Geopolymer Mortars 

The workability and strength of geopolymer 
mortars are influenced by the interaction of factors 
such as the NaOH molarity, the SS/NaOH ratio, the 
water, and Na2O/SiO2 ratio. The dissolution rates of 
the fly ash precursor and the rate of polymerization, 
along with the overall microstructural development 
of the hardened geopolymer. While workability is 
important for ease of mixing, casting, and 
compaction of mortar, it is challenging to strike a 
balance between workability and compressive 
strength, since with increase in activator 
concentration, strength improves but flowability 
gets compromised [109]. This section describes the 
important parameters affecting the fresh and 
hardened properties of geopolymer mortars. A 
direct correlation between strength as well as 
workability and the NaOH concentration was found 
for all the mixes. As the NaOH concentration 
increased from 8M to 16M, a decrease in 
workability was noticed which necessitated the 
addition of superplasticizers and excess water to 
achieve a flow of 130 ± 10%. As the activator 
solution's viscosity is higher and rate of dissolution 
of fly ash is higher, it happens essentially 
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polycondensation takes place and due to which 
instant stiffening takes place[105]. Nevertheless, 
even though the workability dropped, it was noticed 
that the compressive strength increased, with the 
maximum value being 68 MPa at 28 days with 16M 
NaOH and SS/NaOH = 1.5.  This trend agrees 
where higher leaching of Si⁴⁺ and Al³⁺ species from 
fly ash leads to denser and more homogeneous 

geopolymeric gels with an increase in NaOH 
concentration [100]. At NaOH molarity that is equal 
to or less than 8M, dissolution does not take place 
either, so the polymeric chains are weak and 
generate low compressive strength.  Too much 
NaOH beyond 16M will not contribute to strength 
gain and will have higher chances of microcracking 
due to the fast and high exothermic reaction [93]. 

 

Table 3. Flow value and compressive strength of Mortars with Solution to binder ratio of 0.4 

S.No 
Superplasticizer 
(SP) (% of FA) 

Molarity 
(M) 

Extra Water 
(kg) 

Flow Value 

(cm) 

Mean Compressive strength 
(MPa)(n=3) 

Standard 
Deviation for 

(28 days) 3 Days 7 Days 28 Days 

1   0 8 0 128 9 9 12 1.6 

2   0.3 8 0 126 18 20 22 1.8 

3   0.8 8 0.012 130 11 14 16 1.2 

4   1.2 8 0.031 129 9 10 11 1.25 

5   1.4 8 0.041 128 5 5 6 1.2 

6   0 12 0.011 127 7 8 9 1.65 

7   0.7 12 0.022 129 8 10 12 1.4 

8   1.2 12 0.03 126 14 16 19 1.5 

9   1.7 12 0.045 131 11 14 16 1.75 

10 2 12 0.06 130 5 7 9 1.45 

11 0 14 0.017 129 4 6 7 1.2 

12 1 14 0.026 128 12 14 16 1.65 

13 1.4 14 0.039 129 16 18 21 1.25 

14 1.6 14 0.051 127 32 35 36 0.85 

15 2 14 0.075 126 17 21 22 1.2 

16 0 16 0.034 128 5 6 6 1.3 

17 1.5 16 0.041 129 11 12 15 1.6 

18 1.7 16 0.058 130 31 35 39 1.4 

19 2 16 0.077 131 47 49 50 1.5 

20 2 16 0.081 130 33 34 36 1.4 

Table 4 Flow value and compressive strength of Mortars with Solution to binder ratio of 0.5 

S.No 
Molarity 

(M) 
Superplasticizer 
(SP) (% of FA) 

Extra Water 
(kg) 

Flow 
value (cm) 

Mean Compressive Strength 
(MPa) (n=3) 

Standard 
Deviation for  

(28 days) 3 Days 7 Days 28 Days 

1  8 0 - 125 12 1.6 15 1.45 

2  8 0.3 - 126 19 1.8 21 1.86 

3  8 0.8 - 130 17 1.2 19 1.23 

4  8 1.2 - 129 10 1.25 11 1.25 

5  8 1.4 - 128 6 1.2 8 1.25 

6  12 0 - 127 14 1.65 17 1.65 

7  12 0.7 - 124 21 1.4 25 1.46 

8  12 1.2 - 126 23 1.5 27 1.54 

9  12 1.7 - 131 26 1.75 30 1.75 

10 12 2 - 130 14 1.45 17 1.45 

11 14 0 - 129 9 1.2 12 1.25 

12 14 1 - 128 24 1.65 29 1.65 

13 14 1.4 - 129 41 1.25 45 1.25 

14 14 1.6 - 127 46 0.85 51 0.85 

15 14 2 0.014 126 9 1.2 12 1.23 

16 16 0 - 128 8 1.3 10 1.30 

17 16 1.5 - 129 11 1.6 12 1.62 

18 16 1.7 - 130 49 1.4 52 1.45 

19 16 2 0.014 131 62 1.5 68 1.50 

20 16 2 0.022 130 24 1.4 31 1.45 
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Furthermore, the workability and strength 

characteristics are examined for varying SS/NaOH 

ratios. Increasing the SS/NaOH from 0.1 to 2.5 

affected flowability similar to what reported where 

sodium silicate concentration increased the total 

viscosity of the activator solution. This happens 

because of excess silica which promotes a high gel 

but at the same time also makes it cohesive[6]. 

However, even though workability decreased, the 

compressive strength increased with the rising ratio 

of SS/NaOH, reaching a maximum value at 

SS/NaOH = 1.5 after which strength decreased[29]. 

The drop after SS/NaOH = 1.5 is because of 

supersaturation, or too much sodium silicate which 

means there are extra silica species that do not 

effectively react to form the geopolymer. The 

results indicate that the NaOH molarity and 

SS/NaOH ratio should be optimized 

simultaneously, since neither parameter alone is 

sufficient to control workability and strength [110]. 

How much water you put in is another important 

factor affecting strength development, especially 

H2O/Na2O ratio. Additional water (1% - 8% by 

weight of fly ash) was necessary to maintain 

workability, especially for high molarity mixes which 

were limited by viscosity [13]. However, excessive 

water was detrimental to strength, as evidenced by 

mixes whose H₂O/Na₂O ratio was greater than 14, 

which reduced compressive strength. The highest 

strength was recorded at H₂O/Na₂O = 11 to 14. 

Here, the ambient moisture in the fly ash enables 

polymerization, which doesn’t lead to excessive 

porosity [111]. As water content was increased 

further, beyond a certain critical level, the packing 

density of the gel would be reduced, which 

weakens the hardened structure (Van Jaarsveld et 

al. 2002). The comparative analysis of the two mix 

proportions adopted in the study (i.e., S/B = 0.4 

and 0.5) indicates higher strength values for 

mortars with S/B = 0.4.  

This corroborates the hypothesis that an 

excessive activator-to-binder ratio could further 

dilute the reaction product, compromising the bond 

among the matrix components [98]. The 

mechanical performance of the mortars was 

furthermore controlled by the Na2O/SiO2 ratio, as 

the maximum compressive strength was achieved 

when the Na2O/SiO2 ratio was 0.15 and 0.17. The 

ideal supersaturation scenario is attained at this 

range when the concentration of Al³⁺ and Si⁴⁺ 

species are high enough to polymerize but low 

enough to not phase segregate [112]. As the 

inclusion of Na₂O increased further than ideal 

levels, compressive strength started to decline 

further indicating that an overlap of the polymeric 

network formation took place. The XRD analysis 

depicts hydroxysodalite zeolite phases which 

confirm that geopolymerization was most effective 

in this Na₂O/SiO₂ range [113]. 

4.6. Effect of Water Content on Strength 
Development 

Water is important to geopolymerization where 

it affects the workability when fresh and strength 

while hardened. The role of water in 

geopolymerization is quite different compared to 

Portland cement systems. In the latter, water 

mainly induces hydration whereas in the 

geopolymer mortar systems water acts a reaction 

medium that solubilizes aluminosilicate precursors 

and further condenses the aluminate and silicate 

polymer chains [93]. But too much water will dilute 

the geopolymer matrix and lead to an increase in 

porosity and the mechanical performance will drop 

[102]. The compressive strength of geopolymer 

mortars made with NaOH and sodium silicate was 

evaluated at different ratios of H₂O/Na₂O. In the 

present study, the H₂O/Na₂O ratio is defined on a 

mass basis as the ratio between the total water 

content present in the activating solution and the 

equivalent sodium oxide (Na₂O) content 

contributed by the alkaline activators. The total 

water content includes water present in the sodium 

silicate solution, water used for dissolving NaOH 

pellets, and any additional water added during 

mixing to achieve workable consistency. This 

definition was adopted to represent the effective 

dilution level of the activating solution and to 

maintain consistency across mixes with different 

activator compositions [114]. In the study, four 

different molarities of NaOH (8M to 16M) and four 

different SS/NaOH ratios (0.1 to 2.5) were used.  

According to the results, plasticity is governed by 

H2O/Na2O, beyond which strength fails. The 

variations in the compressive strength to H₂ONa₂O 

ratio is shown in Fig.6, Fig. 7 and Fig. 8 

respectively. These figures show how strength 

varies with different NaOH concentrations at 3, 7, 

and 28 days. The results indicate that the best 

strength values were obtained when the H₂O/Na₂O 

was between 11 and 14. Mortars with S/B = 0.4 

performed better than mortars with S/B = 0.5, 

which suggests that an excess of liquid causes 

dilution of the geopolymer gel network [43]. When 

the H₂O/Na₂O climbed above 14, the strength 

values dropped down because there were extra 

capillary pores that formed in the matrix. Similar 

result obtained where the water beyond the 

required limit causes microstructural defect leading 

to less densely packed geopolymer gel. When the 

ratio was below 11, workability was seriously 
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affected leading to mixes which were difficult to 

compact and were inhomogeneous [37]. 

During specimen preparation, limited 

adjustments using superplasticiser and/or small 

quantities of additional water were made only to 

achieve workable consistency required for casting. 

These adjustments were maintained within a 

narrow range across all mixes and were not 

intended to modify the designed solution-to-binder 

ratio. The dosage variations were minimal and 

applied consistently, thereby minimizing their 

influence on compressive strength trends. 

Consequently, the observed strength variations are 

primarily attributed to changes in H₂O/Na₂O ratio 

rather than workability adjustments. Nevertheless, 

this potential influence is acknowledged when 

interpreting the effect of water content on strength 

development [115]. 

 

Figure 6. Variation of compressive strength with H2O to Na2O ratio for solution/b of 0.4 

 

Figure 7. Variation of compressive strength with H2O to Na2O ratio for solution/b of 0.5 
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Figure 8. Compressive strength variation of mortar with various H2O to Na2O ratios and Na2O to SiO2 

ratios 

 

The Na2O/SiO2 ratio is also important for 
determining the alkali activation and the availability 
of silicates which subsequently impacts strength 
development. The experimental results indicate 

that strength peaked when Na₂O/SiO₂ ranged from 
0.15 to 0.17, after which reductions were observed. 

This means that Na₂O/SiO₂< 0.15, the sodium 
oxide is not sufficient enough to activate the fly ash 
and the formation of geopolymer gel is incomplete. 

Meanwhile, at higher Na₂O/SiO₂ ratios (> 0.17), 
due to oversaturation of alkalis the polymerization 
process is hampered, leading to weaker networks 
with lower compressive strength[41].  The 
presence of hydroxysodalite peaks in the XRD 
patterns suggests the formation of crystalline 
aluminosilicate phases under higher alkali 
conditions. However, since quantitative phase 
analysis of amorphous content was not performed, 
the relationship between hydroxysodalite formation 
and maximum geopolymerization is interpreted 
qualitatively. The strength improvement is therefore 
attributed primarily to the overall balance between 
activator composition and gel formation rather than 
to a single crystalline phase[22]. We studied the 
extra water and SS/NaOH ratio together. It was 
found that a high SS/NaOH ratio required addition 
of extra water for maintaining workability. When the 
SS/NaOH has crossed 1.5, the workability was 
reduced despite the added extra water and 
compressive strength[68]. To enhance workability, 
one has to compromise on strength due to extra 

water, hence, must be optimally used in high early-
age strength applications. According to the results, 
the effect of additional water is more strong in case 
of higher molarity NaOH mixes (14M and 16M), 
where gel formation is already taking place rapidly. 
It is clear from the results that the water content 
must be controlled to provide good workability and 
strength[63]. The ideal ranges for an optimized 
geopolymer matrix development were found to be 

H₂O/Na₂O 11–14 and Na₂O/SiO₂ 0.15–0.17. In the 
present study, the Na₂O/SiO₂ ratio was calculated 

on a molar basis, considering the total Na₂O and 

SiO₂ contributed by both sodium hydroxide and 
sodium silicate solutions in the activating system. 

The Na₂O content from NaOH and sodium silicate 

and the soluble SiO₂ from sodium silicate were 
included in the calculation to represent the overall 
alkalinity and silica availability governing 
geopolymerization[3]. Any departure from these 
values led to microstructural instability, lower 
polymerization efficiency, and reduced mechanical 
strength. According to this statement, controlled 
water addition strategies must be implemented 
such that the geopolymer mortars achieve a 
balance between having sufficient fluidity during 
mixing and placement and having the required 
densification for high mechanical performance[41]. 

Previous studies have similarly reported that 
compressive strength in fly ash–based geopolymer 
systems is strongly governed by the balance 
between alkali concentration and available soluble 
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silica, where insufficient alkali limits dissolution of 
aluminosilicate precursors, while excessive alkali 
concentration leads to incomplete polymer network 
formation and increased pore connectivity. Studies 
on fly ash and slag-based geopolymer mortars 

have shown that optimum Na₂O/SiO₂ ratios 
promote the formation of a continuous 
aluminosilicate gel network, whereas excessive 
alkali content may result in the formation of 
secondary crystalline phases and reduced 
mechanical performance[48]; [116]. 

For mixes with higher SS/NaOH ratios, limited 
additional water and superplasticiser were 
introduced to maintain workable consistency during 
casting. The quantities added were maintained 
within a narrow range and are summarized in Table 
X. These adjustments were applied only to achieve 
comparable workability and were not intended to 
modify the designed activator composition. While 
additional water may influence porosity and 
compressive strength, the observed strength trends 

remained consistent with changes in Na₂O/SiO₂ 
and H₂O/Na₂O ratios, indicating that activator 
chemistry remained the dominant factor governing 
strength development[117]. 

4.7. Mathematical analysis 

The water-to-sodium oxide ratio and 28-day 
compressive strength of geopolymer mortar were 
investigated for two solution-to-binder ratios: 0.4 
and 0.5.  Higher-order polynomial models were 
developed to help understand the trends of 
strength development, which aid in finding a non-
linear relationship. According to the results, 
compressive strength is very sensitive to the water-
to-Na2O ratio. An optimal range exists beyond 
which compressive strength reduces due to excess 
water content leading to dilution effects and greater 

porosity[2]. 

The empirical equation that expresses 
compressive strength as a function of mix 
parameters is presented below in Equation 1. 

𝜎𝑐 = 𝑓 (𝑀,
𝑆𝑆

𝑁𝑎𝑂𝐻
, 𝑁𝑎𝑂𝐻,

𝐻2𝑂

𝑁𝑎2𝑂
,

𝑁𝑎2𝑂

𝑆𝑖𝑂2
) (1) 

A possible functional form can be derived using 
nonlinear least-squares approximation and it is as 
represented in Equation 2 

𝜎𝑐 = 𝐴 × (
𝑆𝑆

𝑁𝑎𝑂𝐻
)

𝑚

+ 𝐵 × 𝑀𝑛 + 

+𝐶 × (
𝑁𝑎2𝑂

𝑆𝑖𝑂2
)

𝑝

+ 𝐷 × 𝑒
(

−𝐻2𝑂

𝑁𝑎2𝑂
)
 (2) 

where, A, B, C, D, m, n, p are empirical constants 
to be determined using curve fitting from the 
dataset 

By the polynomial regression model for the 
mortar mix of solution-to-binder ratio 0.4, multiple 
critical points were identified. The strength of the 

mortar mix first increased with water-to-Na₂O ratio 
and then dropped. This shows that there is an 
adequate balance between the water required for 
geopolymerization and retaining the integrity of the 
matrix. For the mortar mix with a solution-to-binder 
ratio of 0.5, a pattern similar to that for the 0.4 ratio 
was noted, yet the coefficients of the polynomial 
model suggested a sharper decline in strength at 

increasingly higher water-to-Na₂O ratios. This 
sharper decline could be owing to excessive pore 
formation which impacted the densification of the 
matrix[52].  

Based on the tabulated results from Table 3 
and Table 4, the predictive equations are derived 
and are presented in Equation 3 and Equation 4 for 
the two binder ratios. 

For Solution/Binder Ratio = 0.4,  

𝜎𝑐 = −518.52 + (
−18.15×𝑆𝑆

𝑁𝑎𝑂𝐻
) + 9.10 × 𝑀 + 78.97 × (

𝑁𝑎2𝑂

𝑆𝑖𝑂2
) + 10.17 × (

𝐻2𝑂

𝑁𝑎2𝑂
)  (3) 

Here, the (
𝐻2𝑂

𝑁𝑎2𝑂
) ratio and NaOH Molarity contribute positively to strength, whereas, the (

𝑆𝑆

𝑁𝑎𝑂𝐻
) ratio 

has a negative impact on strength. But on the contrary, (
𝑁𝑎2𝑂

𝑆𝑖𝑂2
) ratio shows a strong positive correlation. 

Similarly, For Solution/Binder Ratio = 0.5 

𝜎𝑐 = −87.88 + (
−37.41×𝑆𝑆

𝑁𝑎𝑂𝐻
) + 8.11 × 𝑀 + (−348.7) × (

𝑁𝑎2𝑂

𝑆𝑖𝑂2
) + 5.18 × (

𝐻2𝑂

𝑁𝑎2𝑂
)  (4) 

Here, the SP Content has a positive influence on compressive strength, whereas, both (
𝑆𝑆

𝑁𝑎𝑂𝐻
) and 

(
𝑁𝑎2𝑂

𝑆𝑖𝑂2
) ratios negatively affect strength. But just as expected, (

𝐻2𝑂

𝑁𝑎2𝑂
)ratio has a small positive influence. It 

is to be noted that NaOH Molarity positively influences compressive strength. 

The general form of the Higher-Order Polynomial Model is given as below in equation 5. 

𝜎𝑐 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖
𝑛
𝑖=1 +  ∑ 𝛽𝑗𝑋𝑗

2 + ∑ 𝛽𝑘𝑋𝑘
3 + 𝜀𝑛

𝑘=1
𝑛
𝑗=1       (5) 

For S/B =0.4 and S/B = 0.5, the same higher order polynomial model is derived as in equation 6. 
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𝜎𝑐 = 𝛽0 + 𝛽1 (
𝑆𝑆

𝑁𝑎𝑂𝐻
) + 𝛽2(𝑁𝑎𝑂𝐻𝑀) + 𝛽3 (

𝐻2𝑂

𝑁𝑎2𝑂
) + 𝛽4 (

𝑁𝑎2𝑂

𝑆𝑖𝑂2
) + 𝛽5 (

𝑆𝑆

𝑁𝑎𝑂𝐻
)

2

+ 𝛽6(𝑁𝑎𝑂𝐻𝑀)2 + 

+𝛽 7 (
𝐻2𝑂

𝑁𝑎2𝑂
)

2

+ 𝛽8 (
𝑁𝑎2𝑂

𝑆𝑖𝑂2
)

2

+ ⋯ + 𝜀      (6) 

Based on the analysis, following equations – 7, 8 are developed as the higher order polynomial 

equations towards the relationship between H₂O/Na₂O ratio and Compressive Strength (MPa) at 28 Days. 

For, Solution/Binder Ratio = 0.4, 

𝜎𝑐 = 1.0971 × 10−2𝑥4 − 0.4485𝑥3 + 5.6343𝑥2 − 19.5683𝑥 − 2.1185   (7) 

For, Solution/Binder Ratio = 0.5, 

𝜎𝑐 = 6.2628 × 10−3𝑥4 − 0.2316𝑥3 + 2.0264𝑥2 + 5.2474𝑥 − 49.8802   (8) 

Here, 𝑥 represents the (
𝐻2𝑂

𝑁𝑎2𝑂
) ratio. 

The fitted polynomial models show the 
interaction of geopolymer mix design parameters 
with strength evolution more comprehensively.  
They are presented in Fig.9 and Fig.10. The 
polynomial regression graphics for S/B ratios of 0.4 

and 0.5 show a non-linear relationship between the 
water-to-Na2O ratio and 28-day compressive 
strength. In both the cases, it is noticed that initially 
strength goes on increasing, till optimum range is 
achieved, but on increased water-to-Na₂O ratio, 
strength again starts falling[88]. 

 

Fig. 9 Higher Order Polynomial Fit for S/B ratio of 0.4 

 

Fig. 10 Higher Order Polynomial Fit for S/B ratio of 0.5 
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The S/B = 0.4 mixture has a wide strength 
plateau which indicates greater stability before the 
onset of strength reduction. Thus, the compressive 
strength of S/B = 0.5 mixture displays a steep drop 
in value at large water contents due to excessive 
porosity formation. The additional terms in the 
polynomial models indicate it is not a simple input-
output relationship[118]. One can expect properties 
to be influenced by hydration, geopolymerization 
kinetics and microstructural densification. The 
equations derived enable an estimation of 
compressive strength based on mix design 
parameters to be made for geopolymer mortars.  

4.8. Strength Evolution Model (Differential Equation 

Approach) 

The compressive strength evolution of 
geopolymer mortars is a time-dependent process. 
Geopolymerization process involving dissolution, 
gel formation and hardening. A differential equation 
can be used to mathematically describe the 
evolution of time-dependent compressive strength 
of geopolymer mortars. This formulation factors in 
the dependence of strength gain on time, the 
presence of reactive species and curing 
conditions[116]. 

A first-order strength evolution model assumes 
that the rate of strength gain is proportional to the 
remaining potential strength development. Using 
our 3, 7, and 28-day compressive strength values, 
we can derive a strength evolution equation based 
on a differential formulation and is expressed in 
equation 9. 

𝑑𝜎𝑐

𝑑𝑡
= 𝑘 × (𝜎𝑚𝑎𝑥 − 𝜎𝑐) (9) 

where k = rate constant, σmax= ultimate 
compressive strength (value at 28 days) and t = 
curing time (in days). 

 

Fig. 11 Variation of Compressive strength through 
Strength Evaluation model fit 

The key parameters showed that, S/B = 0.4; 
σmax =58.00 MPa and k = 0.0705 day−1 for the 
compressive strength of geopolymer mortar. This 
suggests that the strength developed rapidly at first 
but became constant as it approached the peak 
(Fig. 11). On the other hand, the obtained values 
for the S/B = 0.5 mixture produced a high ultimate 
compressive strength of 90.66 MPa but a lower 
rate constant of 0.0493 day−1. A slower rate of 
strength gain is shown in this case compared to the 
S/B = 0.4 mixture but greater final strength. The 
trend shows that as the solution-to-binder (S/B) 
ratio increases, the long-term strength improves 
but strength gain rate is slightly reduced. The early-
age strength (3-7 days) of the S/B = 0.4 mix is 
lower than that of the S/B = 0.5 mix, reaffirming that 
the activator concentration has an impact on 
geopolymerization[115]. Despite the slower growth 
rate for the S/B = 0.5 mix, this could indicate a 
more extended reaction period that may be 
advantageous for long-term structural stability. 

4. CONCLUSIONS 

The present study systematically investigated 
the influence of alkali activator composition, 
including NaOH molarity, SS/NaOH ratio, solution-
to-binder ratio, and water content, on the 
workability and compressive strength development 
of fly ash–based geopolymer mortars. Based on 
the experimental results and microstructural 
analysis, the following conclusions are drawn: 

 Increasing NaOH molarity from 8M to 16M 
significantly enhanced compressive strength 
due to improved dissolution of aluminosilicate 
precursors and accelerated geopolymerization. 
The highest 28-day compressive strength of 68 
MPa was achieved for the mix containing 16M 
NaOH with SS/NaOH = 1.5. 

 The SS/NaOH ratio strongly influenced 
strength development. Compressive strength 
increased with SS/NaOH ratio up to an 
optimum value of 1.5, beyond which a 
reduction in strength was observed at 
SS/NaOH = 2.5 for both solution-to-binder 
ratios. This indicates that excessive silicate 
content does not contribute to further strength 
gain and may adversely affect polymer network 
formation. 

 The H₂O/Na₂O ratio was found to govern both 
workability and strength development. In this 
study, the H₂O/Na₂O ratio was calculated on a 
mass basis considering the total water present 
in the activating system, including water from 
sodium silicate solution, NaOH solution, and 
any additional mixing water. An optimum range 
of H₂O/Na₂O between 11 and 14 provided the 
best balance between workability and 
compressive strength, while higher values 
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resulted in dilution of the activator and reduced 
mechanical performance. 

 The Na₂O/SiO₂ ratio played a significant role in 
controlling geopolymer matrix formation. 
Optimum strength development was observed 
within the Na₂O/SiO₂ range of 0.15–0.17, while 
deviations from this range resulted in reduced 
strength, likely due to insufficient activation at 
lower ratios or excessive alkali concentration at 
higher ratios. 

 X-ray diffraction analysis indicated the 
presence of zeolite-type aluminosilicate 
phases, including hydroxysodalite, suggesting 
structural reorganization of the geopolymer 
matrix with increasing activator concentration. 
However, since quantitative amorphous phase 
analysis was not performed, the relationship 
between crystalline phase formation and 
degree of geopolymerization is interpreted 
qualitatively. 

 The influence of activator composition on 
compressive strength development was further 
represented using higher-order polynomial 
relationships and differential strength growth 
models, indicating non-linear strength 
progression with curing time and supporting the 
identification of optimum activator proportions. 

Overall, the study demonstrates that careful 
control of activator composition and water content 
enables the production of high-strength 
geopolymer mortars with improved mechanical 
performance, highlighting the potential of fly ash–
based geopolymer binders for high-performance 
and sustainable construction applications. 
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IZVOD 

OPTIMIZACIJA GEOPOLIMERNOG MALTERA NA BAZI LETEĆEG PEPELA 
AKTIVIRANOG ALKALIJAMA: UTICAJ SASTAVA AKTIVATORA NA ČVRSTOĆU 
I OBRADIVOST 

U ovoj studiji istražuje se uticaj sastava alkalijskog aktivatora, sadržaja vode i proporcija mešavine 
na obradivost u svežem stanju, mehanička svojstva i mikrostrukturu geopolimernih maltera na 
bazi letećeg pepela. Pripremljeno je ukupno 40 mešavina geopolimernih maltera, a za svaku 
mešavinu su testirana tri ponovljena uzorka. Sve mešavine su proizvedene sa konstantnim 
odnosom peska i letećeg pepela od 2:1, dok je molarnost natrijum hidroksida (NaOH) varirala na 8 
M, 12 M, 14 M i 16 M, a odnos natrijum silikata i NaOH (SS/NaOH) kretao se od 0,1 do 2,5. 
Sadržaj vode varirao je od 1 do 8% po težini letećeg pepela za fiksne odnose rastvora i veziva od 
0,4 i 0,5. Uzorci su očvršćeni na 85°C tokom 24 sata u peći radi olakšavanja geopolimerizacije. 
Obradivost je procenjena pomoću testa tečnosti, a vrednosti tečenja su se kretale između 120% i 
140%. Čvrstoća na pritisak je određena u starosti očvršćavanja od 3, 7 i 28 dana. Maksimalna 
čvrstoća na pritisak od 68 MPa dobijena je pri koncentraciji NaOH od 16 M i odnosu SS/NaOH od 
1,5. Ovaj optimalni sastav odgovara odnosu Na₂O/SiO₂ u opsegu od 0,15–0,17, što ukazuje da 
oba parametra opisuju istu optimalnu hemiju aktivatora izraženu korišćenjem različitih formata 
odnosa. Analiza rendgenske difrakcije (XRD) otkrila je formiranje zeolitnih faza tipa 
hidroksisodalita pri višim odnosima SS/NaOH, što doprinosi poboljšanom razvoju čvrstoće. 
Povećanje odnosa H₂O/Na₂O iznad 0,22 rezultiralo je smanjenjem čvrstoće zbog povećane 
poroznosti. Rezultati identifikuju kritične opsege sadržaja aktivatora i vode koji omogućavaju 
efikasnu ravnotežu između obradivosti i čvrstoće na pritisak, pružajući kvantitativnu osnovu za 
optimizaciju proporcija mešavine maltera na bazi letećeg pepela aktiviranih alkalijama. 
Ključne reči: Geopolimerni malter. alkalna aktivacija, čvrstoća na pritisak, reologija i obradivost. 
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