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ABSTRACT 

The increasing global demand for Ordinary Portland Cement (OPC)-based concrete, driven by rapid urbanization 

and infrastructure development, poses significant environmental challenges, including high CO₂ emissions, depletion of 

natural aggregates, and reduced structural durability in aggressive environments. This study investigates an eco-sustainable 

alternative, ambient-cured geopolymer concrete (GPC), produced by partially replacing ultrafine fly ash (UFFA) with 

ultrafine ground granulated blast furnace slag (UFGGBS) in proportions ranging from 0% to 50% in 10% increments, with 

a total binder content fixed at 400 kg/m³ and activated with 10-molar sodium hydroxide and a sodium silicate-to-sodium 

hydroxide ratio of 2:1. This study distinguishes itself by utilizing ultrafine variants of industrial by-products to enhance 

reactivity and performance, representing a key advancement over conventional geopolymer mixes. Mechanical properties 

(compressive, flexural, and split-tensile strength) and durability indicators (water absorption and sorptivity) were evaluated. 

Results show that replacing UFFA with UFGGBS significantly enhanced early and long-term mechanical performance, with 

the F50G50 mix (50% UFFA and 50% UFGGBS) achieving the highest 28-day compressive strength (58.20 MPa), flexural 

strength (8.73 MPa), and split-tensile strength (6.54 MPa). Durability improved through reduced water absorption (28.74% 

lower than control) and sorptivity (57% reduction), attributed to the refined pore structure and denser aluminosilicate gel 

formation. This research supports the adoption of geopolymer technology as a viable pathway toward resource conservation, 

CO₂ emission reduction, and sustainable infrastructure development. 

Keywords: Geopolymer concrete; Ultrafine fly ash; Ultrafine GGBS; Sustainable construction; Carbon footprint reduction; 

Waste utilization. 

 

1. INTRODUCTION 

Concrete construction plays a vital role in the 

growth of nations, irrespective of their stage of 

development. Developing nations prioritize new 

infrastructure for rapid urbanization, while developed 

nations focus on maintaining existing structures, 

highlighting diverse approaches (DeAzevedo et al. 

2021). Concrete, the world's second most consumed 

material after water (Rihan and Abdalla, 2024), with 30 

billion tonnes used annually (Monteiro et al. 2017), relies 

heavily on Ordinary Portland Cement (OPC) (Jalal et al. 

2025b). Global OPC demand grows at ~3% annually 

(Imtiaz et al. 2020), reaching 4.1 billion tons in 2022 

(IEA, 2024), and is projected to increase by 50% by 2050 

(Monteiro et al. 2017). A world without concrete and 

OPC is hard to imagine (Imbabi et al. 2012). However, 

OPC production faces significant environmental 

challenges (Nilimaa, 2023). Manufacturing involves 

high-temperature limestone calcination, consuming vast 

energy (second only to steel/aluminum production 

(Rashad, 2020), using 7% of global industrial energy 

(Gopalakrishnan and Kaveri, 2021), and releasing 

substantial CO₂. The cement industry accounts for 5-9% 

of global CO₂ emissions (Kermeli et al. 2019; Benhelal 

et al. 2021), contributing to climate change. Excessive 

production also links to cardio-respiratory diseases 

(Bildirici, 2020). Furthermore, concrete production 

consumes natural aggregates, causing resource depletion 

and unsustainable sand extraction (Schneider et al. 2011). 

OPC concrete durability is also concerning, often 

deteriorating significantly before its design life in 

corrosive environments (Mehta and Burrows, 2001; 

Thirukumaran et al. 2023; Yadav et al. 2025). 

Rising cement demand, especially in countries 

with limited limestone reserves, necessitates alternatives 

like fly ash (FA) and ground granulated blast furnace slag 

(GGBS) to conserve resources (Jalal et al. 2025a). 

Recycled aggregates and waste materials can substitute 

for natural sand and gravel. Geopolymer concrete (GPC), 

utilizing industrial by-products (FA, GGBS, metakaolin) 

activated by alkalis (Chiranjeevi et al. 2023), offers a 

sustainable, clinker-less solution (Meskhi et al. 2023). 

Described as revolutionary (Nagaraju et al. 2023), GPC 

significantly reduces CO₂ emissions, utilizes waste, 

enhances durability, and provides excellent mechanical 

properties (such as higher compressive strength), lower 

water absorption, and chemical resistance (Verma et al. 

2022; Philip and Nidhi, 2023; Rihan et al. 2024). Its 
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dense microstructure minimizes porosity and 

permeability (Alehyen et al. 2017), reducing carbon 

footprints by using industrial waste (Shilar et al. 2022). 

Geopolymer chemistry involves the 

polymerization of aluminosilicate materials in alkaline 

activators (Almutairi et al. 2021), which fundamentally 

differs from the hydration of OPC (Raj et al. 2024). 

Geopolymers are amorphous aluminosilicate inorganic 

polymers with a tetrahedral SiO₂ and AlO₂ framework 

(Davidovits, 1991). The synthesis mechanism involves 

dissolution of aluminosilicate materials in alkali 

activators (e.g., NaOH, Na₂SiO₃) at room or elevated 

temperatures, forming an amorphous 3D silico-aluminate 

network (Cong and Cheng, 2021). This is followed by 

condensation and polycondensation, forming a 3D 

network of N-A-S-H (sodium aluminosilicate hydrate) 

gel (Amran et al. 2021), which is analogous to OPC's C-

S-H gel. 

While the benefits of conventional FA and 

GGBS in GPC are well-documented, research on the 

synergistic effects of their ultrafine counterparts (UFFA 

and UFGGBS) remains limited. This study aims to 

address this gap by systematically evaluating the 

mechanical and durability properties of ambient-cured 

GPC incorporating UFFA and UFGGBS. The novelty of 

this work lies in the utilization of these ultrafine materials 

to enhance reactivity, microstructure, and overall 

performance, providing a significant advancement 

towards high-strength, durable, and sustainable concrete 

alternatives. 

2. MATERIALS AND METHODS 

This study utilized the following materials: 

• Natural Fine Aggregate (NFA) from the Yamuna 
River, India, conforming to Grading Zone II per 
IS:383-1970. It had a fineness modulus of 2.86, 
specific gravity of 2.55, and water absorption of 
1.4%. 

• Natural Coarse Aggregate (NCA) was locally 
sourced crushed stone in 12.5 mm and 20 mm 
sizes. The 12.5 mm aggregate had a fineness 
modulus of 7.80, specific gravity of 2.63, and 
absorption of 0.42%. The 20 mm aggregate had a 
fineness modulus of 8.21, specific gravity of 2.78, 
and absorption of 0.56%. 

• A sulphonated naphthalene formaldehyde-based 
superplasticizer (conforming to IS:9103--
1999/ASTM C494 Type G) was used, enabling 
25-30% water reduction. 

• Potable water conforming to IS:3025--
1986/IS:456--2000 was used for mixing and 
curing. 

• Supplementary cementitious 
materials included UFFA (specific surface area 
526 m²/kg; specific gravity 2.34; conforming to IS 
3812:2013) and UFGGBS (D50 3.90 µm; specific 
surface area 1822 m²/kg; specific gravity 2.82; 
conforming to IS:16715-2018). 

• The alkaline activator consisted of NaOH flakes 
(98.8% purity) dissolved in water and a sodium 
silicate solution (Na₂O, 14.70%; SiO₂, 29.40%; 
specific gravity 1.27). 

2.1 Mix Proportion 

The concrete mix design was developed by the 

provisions of IS 10262:2009 for conventional concrete. 

The proportioning was finalized at 1:1.42:3.14 (binder: 

fine aggregate: coarse aggregate) with a water-to-binder 

ratio of 0.45. The total binder content was maintained 

constant at 400 kg/m³ for all mixes, with only the 

proportions of UFFA and UFGGBS varied.  The 

calculated material quantities and corresponding mix 

proportions obtained from the design process are 

presented in Table 1. In the mix notation, F denotes UFFA 

and G denotes UFGGBS, where, for example, F100G0 

represents a binder comprising 100% UFFA and 0% 

UFGGBS, F90G10 represents 90% UFFA and 10% 

UFGGBS, and so forth up to F50G50. The coarse 

aggregate fraction comprised 20 mm and 12.5 mm 

aggregates in a blend of 60% and 40%, respectively.  

Table 1. Mix proportions for 1 kg/m3 for different blends of 
geopolymer concrete 

Geopolyme

r Mixture 

Fine 

Aggregate 

Coarse 

Aggregate 

Ultrafine 

Fly Ash 

Ultrafine 

GGBS 

NaOH 

Solutio

n 

SiO

2 

F100G0 568 1256 400 0 60 120 

F90G10 568 1256 360 40 60 120 

F80G20 568 1256 320 80 60 120 

F70G30 568 1256 280 120 60 120 

F60G40 568 1256 240 160 60 120 

F50G50 568 1256 200 200 60 120 

All geopolymer mixes were prepared using 

10 M sodium hydroxide solution, with a constant sodium 

silicate-to-sodium hydroxide ratio of 2:1. 

3. RESULTS AND DISCUSSION  

3.1 Workability of Geopolymer Concrete 

Workability refers to how readily fresh concrete 

can be mixed, transported, and placed into formwork 

while maintaining uniform composition (Shetty and Jain, 

2019). The slump results, representing the workability of 

geopolymer concrete optimized with varying proportions 

of ultrafine fly ash (UFFA, F) and ultrafine GGBS 

(UFGGBS, G), demonstrate a clear trend relative to the 

control mix F100G0 (100% UFFA).  
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Fig. 1: Workability of different geopolymer mixtures 

The control mix F100G0 exhibited a slump of 

91 mm. As the proportion of UFGGBS increased from 

10% to 50%, replacing UFFA, a progressive reduction in 

slump was observed: F90G10 (86 mm), F80G20 (77 

mm), F70G30 (71 mm), F60G40 (65 mm), and F50G50 

(60 mm). This consistent decrease in workability with 

increasing UFGGBS content is attributed to the intrinsic 

characteristics of UFGGBS. Compared to UFFA, 

UFGGBS possesses a lower plasticity and higher water 

demand due to its finer particle size and larger specific 

surface area. This is quantitatively supported by the 

larger specific surface area of UFGGBS (1822 m²/kg) 

compared to UFFA (526 m²/kg), necessitating additional 

water for lubrication to achieve consistency, 

consequently reducing slump. 

In contrast, fly ash enhances workability due to 

its spherical particle shape and lower surface area, which 

promotes fluidity and reduces water demand. This 

observed trend of reduced workability with higher 

UFGGBS proportions aligns with findings reported by 

(Nath and Sarker, 2014; Bellum et al. 2020), reinforcing 

the relationship between increasing GGBS content and a 

decrease in slump in geopolymer concrete. Consequently, 

balancing the proportions of UFFA and UFGGBS is 

crucial to achieving the target workability while 

optimizing the mechanical and durability properties for 

specific applications. 

3.2 Compressive Strength 

The compressive strength development of 

geopolymer concrete incorporating UFFA and UFGGBS 

slag was evaluated over curing periods of 3, 7, 14, 28, 56, 

and 90 days under ambient conditions, using an alkaline 

activator solution (10 M NaOH, SS: SH = 2) for mixing, 

irrespective of water in conventional concrete. 

Compressive strength tests were performed on 100 mm 

cube specimens compliant with IS: 516-1959, and the 

resultant data are illustrated in Fig. 2. The control mix, 

F100G0, exhibited poor early-age strength due to the 

inherently slower reaction kinetics of UFFA under 

ambient curing, achieving only 8.22 MPa at 3 days. 

While strength improved progressively over time 

(reaching 31.51 MPa at 90 days), F100G0 consistently 

demonstrated the lowest strength across all ages. The 

introduction of UFGGBS significantly enhanced the 

performance. The F90G10 mix showed marked 

improvement (12.24 MPa at 3 days, 41.40 MPa at 90 

days), a trend that continued with increasing GGBS 

content: F80G20 (14.70 MPa at 3 days, 47.46 MPa at 90 

days), F70G30 (19.78 MPa at 3 days, 54.84 MPa at 90 

days), and F60G40 (22.08 MPa at 3 days, 57.24 MPa at 

90 days). The balanced F50G50 mix demonstrated 

notably high early strength (23.28 MPa at 3 days) and 

achieved the highest strength within this defined range, 

reaching 58.20 MPa at 28 days and 61.11 MPa at 56 and 

90 days. 

 

Fig. 2: Compressive strengths of geopolymer mixes  

The results demonstrate a systematic increase in 

compressive strength across all curing ages, with 

increasing proportions of UFGGBS relative to UFFA, 

from F100G0 up to F50G50. This enhancement is 

attributed to the higher calcium content in GGBS, which 

accelerates the geopolymerization reaction under 

ambient conditions (Jalal and Srivastava, 2025). It 

contributes to the formation of calcium-aluminate-

silicate-hydrate (C-A-S-H) gels alongside the sodium-

aluminosilicate-hydrate (N-A-S-H) gel, leading to a 

denser and stronger microstructure (Jalal et al. 2025). 

Consequently, mixes with higher GGBS content 
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exhibited more significant early strength gains. All mixes 

showed progressive strength development with extended 

curing, highlighting the importance of curing duration for 

ongoing geopolymerization. The superior performance of 

mixes like F50G50 aligns with observations by (Ahamed 

et al. 2024; Bellum et al. 2020; Rajini and Rao, 2014) 

regarding the positive correlation between GGBS content 

and compressive strength in geopolymer systems. 

However, the use of ultrafine materials in this study 

(UFFA and UFGGBS) likely enhances reactivity 

compared to coarser materials used in some referenced 

works, potentially contributing to the strong performance 

observed, particularly in the F50G50 mix, and 

underscoring the critical role of material fineness. This 

observation also highlights the complexity of the 

relationship where factors like precursor fineness 

significantly influence the geopolymerization process 

and resultant strength. 

3.3 Flexural Strength 

Flexural strength of ambient-cured geopolymer 

concrete (incorporating UFFA and GGBS blends from 

F100G0 to F50G50) was evaluated using 100 × 100 × 

500 mm beams tested via three-point bending per IS:516-

1959 at 14 and 28 days. Using the fly ash-dominant mix 

F100G0 as the control (2.98 MPa at 14 days; 3.72 MPa 

at 28 days), a significant progressive enhancement in 

flexural strength was observed with increasing UFGGBS 

content. This control mix exhibited the lowest strength, 

attributable to the slower reaction kinetics of fly ash 

under ambient curing conditions. Introducing 10% 

GGBS (F90G10) substantially improved strength to 4.20 

MPa (14 days) and 5.04 MPa (28 days). Further 

increments in GGBS proportion yielded consistent gains: 

F80G20 reached 4.88 MPa (14 days) and 5.88 MPa (28 

days), F70G30 achieved 5.92 MPa (14 days) and 7.27 

MPa (28 days), and F60G40 attained 6.30 MPa (14 days) 

and 7.6 MPa (28 days). The balanced mix F50G50 

demonstrated the highest strength within this evaluated 

range, achieving 7.42 MPa at 14 days and 8.73 MPa at 28 

days. 

These results reinforced that increasing the 

proportion of ultrafine GGBS within the ultrafine fly ash-

ultrafine GGBS binder matrix significantly enhances 

flexural strength. This trend aligns with findings reported 

by (Nath and Sarker, 2017; Ahamed et al. 2024) for 

geopolymers using conventional fly ash and GGBS, 

underscoring the beneficial impact of higher GGBS 

content, particularly in its ultrafine form, on the 

mechanical performance of GPC. The optimal 

performance of the F50G50 mix highlights its potential 

as a favorable formulation for general construction 

applications requiring reliable strength under ambient 

curing. 

 

Fig. 3: Flexural strengths of geopolymer mixes 

3.4 Split-tensile Strength 

 

Fig. 4: Split-tensile strengths of UFFA-UFGGBS geopolymer 
concrete mixtures 

Split-tensile strength was tested on 100 × 

200 mm cylinders according to IS:5816 (1999) at 14 and 

28 days of curing. The control mixture (F100G0) 
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demonstrated the lowest split-tensile strength of 2.46 

MPa at 28 days, due to the slow pozzolanic reactivity of 

UFFA in the absence of UFGGBS. Incremental 

replacement of UFFA with UFGGBS significantly 

improved strength, with F90G10 (10% UFGGBS) 

showing a 32% increase to 3.24 MPa, F80G20 (20% 

UFGGBS) achieving a 48% rise to 3.64 MPa, and 

F70G30 (30% UFGGBS) exhibiting an 84% surge to 

4.52 MPa, exceeding the control by 1.84 times. These 

results demonstrate a strong positive correlation between 

UFGGBS content and split-tensile strength (Figure 4). 

The acceleration in geopolymerization kinetics and 

refined microstructure due to UFGGBS’s high reactivity 

(Ahamed et al. 2024) underpins this trend. Notably, 

mixtures with ≥ 30% UFGGBS (F70G30–F50G50) 

outperformed the control by ≥ 84%, highlighting 

UFGGBS’s critical role in optimizing tensile properties. 

The findings align with a study linking slag 

content to strength augmentation in geopolymer systems 

(Rajini and Rao, 2014). However, this study specifically 

establishes the efficacy of ultrafine precursors (UFFA-

UFGGBS) in enhancing tensile performance, with 

F50G50 emerging as the optimal blend. 

3.5 Water Absorption  

This study evaluated the 24-hour water 

absorption of geopolymer concrete blends incorporating 

ultrafine binders. ASTM C 642-13 guidelines were 

followed for the water absorption test. Concrete cubes 

(100 mm) were oven-dried, cooled to room temperature, 

and submerged in water for 24 hours. Results 

demonstrate a systematic reduction in water absorption 

with increasing GGBS content relative to the fly ash-

based control mix (F100G0). 

The control mix (F100G0) exhibited 4.28% 

water absorption. Progressive substitution of fly ash with 

ultrafine GGBS significantly reduced absorption, with 

F50G50 achieving the lowest value (3.05%), 

representing a 28.74% reduction vs. the control. This 

inverse relationship between GGBS content and water 

absorption is visually consolidated in Figure 5. 

The enhanced impermeability correlates with 

microstructural refinement from ultrafine GGBS. Its 

particles efficiently fill capillary pores, reducing matrix 

permeability (Niyazuddin and Umesh, 2023). The denser 

geopolymer matrix results from GGBS-driven 

pozzolanic reactions, yielding superior microstructural 

refinement compared to fly ash-dominated systems 

(Nagajothi and Elavenil, 2021). These findings align with 

(Ahamed et al. 2024), who reported reduced absorption 

in GGBS-incorporated geopolymers, though material 

fineness and mix designs differ. 

 

Fig. 5: Water absorption of UFFA-UFGGBS geopolymer 
blends 

3.6 Sorptivity 

Cylindrical specimens (100 mm × 50 mm) were 

preconditioned by oven-drying at 50 °C for 7 days. 

Electrician’s tape sealed the circumferential surfaces, 

while the two end faces remained unsealed for suction 

testing. Sorptivity analysis revealed distinct water 

absorption behaviors between the control mix (F100G0) 

and slag-modified geopolymer concretes (F90G10–

F50G50). Cumulative water absorption (I) in cm and 

sorptivity coefficients in (mm/min⁰·⁵) decreased 

progressively with increasing slag substitution (Figure 

6). 

The control mix (F100G0) exhibited the highest 

absorption (I = 0.175 cm at 120 min) and sorptivity 

(0.149 mm/min⁰·⁵). A marked reduction occurred with 

incremental slag addition: F50G50 showed 43% lower 

absorption and 57% lower sorptivity vs. F100G0. This 

inverse relationship between slag content and water 

ingress is further illustrated in Figure 7, which integrates 

all sorptivity data. 

The enhanced impermeability with slag content 

is attributed to microstructural refinement, where finer 

slag particles reduce pore connectivity more effectively 

than fly ash (Yilmazoglu et al. 2024), and reaction 

chemistry, where slag-rich geopolymers form denser 

aluminosilicate gels compared to the porous C-S-H 

phases in OPC systems (Hossain et al. 2020). These 

results demonstrate that slag content critically governs 

sorptivity by densifying the matrix, highlighting 

geopolymer concretes’ suitability for durability-critical 

applications such as marine infrastructure. 

0

5

10

15

20

25

30

35

P
e

rc
e

n
ta

ge
 o

f 
W

at
e

r 
A

b
so

p
rt

io
n

Water Absorption after 24 hours of 
immersion 

Water Absorption (%)

Reduction vs. F100G0 (%)



Parah Salsabeel Jalal et al. / J. Environ. Nanotechnol., Vol. 14(4), 176-184 (2025) 

181 

 

Fig. 6: Cumulative absorption/area (I) at various time 
intervals 

 

Fig. 7: Sorptivity of different geopolymer concrete mixtures  

4. CORRELATION OF MECHANICAL 
PROPERTIES 

4.1 Relationship Between Compressive and 
Flexural Strength 

The 28-day compressive and flexural strengths 

of geopolymer concrete mixes were experimentally 

evaluated. Results demonstrate a consistent increase in 

both properties with compositional changes (e.g., higher 

compressive/flexural strength in F50G50 vs. F100G0). 

A predictive model for flexural strength was 

evaluated against experimental results. The percentage 

error was calculated using the formula:  

Error (%) = [(Predicted Value - Experimental Value) /       

Experimental Value] × 100                                               … (1) 

 

Fig. 8: Relationship between compressive and flexural 
strengths 

The results show very low deviations for all 

mixes, with errors remaining within ±2.1%. The 

maximum error was observed for the control mix 

(F100G0) at 1.88%, while the minimum occurred for 

F70G30 at –0.14%, indicating excellent predictive 

accuracy across the range of compositions under study. 

Both compressive and flexural strengths 

demonstrated consistent growth with increasing 

UFGGBS content, rising from 27.40 MPa to 58.20 MPa 

for compressive strength and from 3.72 MPa to 8.73 MPa 

for flexural strength between the lowest and highest 

grades. The predicted values closely matched the 

experimental data for all mixes (errors ≤ ±2.1%), 

confirming the reliability of the model. The marginally 

higher errors in the control and high-strength extremes 

suggest slight compositional sensitivity, but the overall 

strong correlation between compressive and flexural 

strength supports the robustness of the model for 

intermediate to high-strength geopolymer concretes. This 

confirms a strong correlation between compressive and 

flexural strength in geopolymer concrete, with the 

predictive model being robust for intermediate to high-

strength formulations. Further refinement is 

recommended for low-strength mixes. 

4.2 Relationship Between Compressive and 
Split-tensile Strengths 

Experimental results for 28-day compressive 

and split-tensile strengths of geopolymer concrete blends 

show a clear ascending trend in both properties with 

increasing GGBS content. Compressive 

strength increased from 27.40 MPa for F100G0 to 

58.20 MPa for F50G50, indicating an enhancement of 
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112%. Split-tensile strength increased from 2.46 MPa for 

F100G0 to 6.54 MPa for F50G50, registering a 166% 

improvement. 

 

Fig. 9: Observed and predicted flexural strengths and % 
errors 

 

Fig. 10: Relationship between compressive and split-tensile 
strengths 

Predictions of split-tensile strength were 

derived from empirical models based on compressive 

strength. Error analysis revealed that predictions for 

mixes F90G10 (1.54% error) and F100G0 (28% error) 

were the least and most deviant, respectively. Moderate 

under-prediction occurred for F80G20 

(−7.14%), F70G30 (−7.52%), and F60G40 (−8.99%), 

while F50G50 was over-predicted (11.31%). 

Split-tensile strength exhibited a near-linear 

relationship with compressive strength (R2 = 0.93), 

following the trend. GGBS incorporation significantly 

enhanced both compressive and tensile properties due to 

improved microstructure and binding phases. The steep 

rise in split-tensile strength (166%) relative to 

compressive strength (112%) suggests GGBS 

disproportionately improves tensile resistance, likely due 

to refined interfacial transition zones. Empirical models 

underestimated the tensile strength for mid-range blends 

(F60G40–F80G20) by 7–9% but overestimated fly-ash-

dominant mixes (F100G0). This highlights the need for 

mix-specific calibration when predicting tensile strength 

from compressive strength in geopolymer systems. These 

results underscore the importance of binder composition 

in optimizing the mechanical synergy between 

compressive and tensile properties in geopolymer 

concrete. 

 

Fig. 11: Observed and predicted split-tensile strengths and % 
errors 

5. CONCLUSION 

This study demonstrates that ultrafine fly ash–

ultrafine GGBS–based geopolymer concrete, cured 

under ambient conditions, is a high-strength, durable, and 

eco-efficient alternative to OPC, with the potential for 

substantial CO₂ reduction and resource conservation. 

Compared to ultrafine fly ash–only mixes, the inclusion 

of ultrafine GGBS significantly enhanced performance, 

with a balanced 50:50 UFFA–UFGGBS blend achieving 

the highest 28-day compressive, flexural, and split-

tensile strengths and lowering water absorption and 

sorptivity markedly. These improvements are attributed 

to refined pore structure and the formation of dense N-A-

S-H and C-A-S-H gels. Strong correlations among 

compressive, flexural, and tensile strengths underscore 

the mechanical synergy attainable through optimized 

binder composition, confirming ultrafine precursor–

based GPC as a viable solution for sustainable, high-
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performance construction. Future research could explore 

the long-term durability under various aggressive 

environments, the economic feasibility of large-scale 

production, and the use of other ultrafine industrial 

wastes. 
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