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Abstract: This study introduces a novel approach by entirely 

substituting commercial Sodium Silicate (Na₂SiO₃) with silica fume 

(SF), an industrial by-product, to create economical and eco-friendly 

GC. Fly ash (FA) was partially substituted with SF at proportions of 

20%, 25%, 30%, and 35% of the total binder weight to assess its impact 

on mechanical performance. The alkaline activator solution was 

employed at 30%, 35%, and 40% of binder weight, with different 

SF/NaOH ratios (0.75, 1.5, and 2.0) to enhance the activation process. 

Treated rubber fibers (0.3% by binder weight) were included to improve 

ductility. The workability and mechanical properties were assessed 

using slump, compressive strength, splitting tensile strength, flexural 

strength, and modulus of elasticity tests. Test results indicated that 

higher SF replacements diminished workability and strength, with a 

25% substitution yielding optimal results. The SF-based activator 

demonstrated comparable strength to traditional methods, attaining 

optimal performance at an SF/NaOH ratio of 1.5. The inclusion of 

rubber fibers enhanced the elastic modulus by 10.8%. Microstructural 

analysis using SEM and EDX confirmed the formation of a denser 

matrix with fewer cracks and improved bonding. This research presents 

a viable alternative to commercial activators and proposes a sustainable 

GC mix design utilizing industrial by-products, contributing to more 

eco-friendly construction materials 
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1. Introduction  

 

Geopolymer concrete (GC) is a novel form of zero-cement concrete created by the alkali 

activation of aluminosilicate-rich material [1]. Several natural and industrial wastes, 

comprising fly ash (FA) [2-4], pulverized granulated blast furnace slag [5-6], met kaolin [7], 

red mud [8], and mining wastes [9], can be used to produce GC. FA is a preferred raw 

material for the production of GC as a result of its different sustainability benefits [10]. 

Using FA in GC not only reduces the ecological contamination generated by the cement 
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production but also repurposes industrial waste from thermal power plants, thereby 

addressing major FA disposal challenges [11]. Apart from its environmental benefits, FA-

based GC offers acceptable mechanical properties [12] and has demonstrated high 

compressive strengths. FA-based GC also demonstrates notable durability and resistance to 

elevated temperatures. Pavithra et al. [13] reported that this material achieved a compressive 

strength (fcomp.) of 54 MPa following 28 days of curing. The research indicates that the 

mechanical performance of FA-based GC is generally similar to that of conventional 

ordinary Portland cement (OPC) concrete [14]. Hassan A. et al. [15] noticed that the elastic 

modulus (Ec) of GC correlates with its compressive strength and aligns closely with values 

observed in OPC concrete. Similarly, Verma M. et al. [16] reported that, although GC 

typically exhibits a slightly lower Ec, its remaining mechanical characteristics are 

satisfactory and broadly equivalent to those of OPC concrete. 

"Silica fume (SF), commonly referred to as microsilica or condensed SF, is a by-product 

generated during the manufacture of silicon or ferrosilicon metals through the reduction of 

quartz with coal in an electric arc furnace. Recently, there has been increased demand for 

the use of SF in concrete applications [17]. All grades of silica fume (SF) are applicable in 

geopolymer technology, presenting a valuable opportunity to reduce accumulated SF waste. 

Composed primarily of amorphous silicon dioxide (SiO₂ > 90%), SF plays a critical role in 

enhancing the geopolymerization process, particularly when combined with fly ash (FA). 

While FA—especially Class F—is rich in aluminosilicate, it generally contains low levels 

of calcium and reactive silica. Adding SF to the alkaline activator enhances the 

concentration of reactive silica, which accelerates the dissolution of aluminosilicate species 

from FA particles. This leads to a higher availability of silicon and aluminium ions for gel 

formation [18]. As a result, SF supports the development of a denser and more 

interconnected N-A-S-H (sodium aluminosilicate hydrate) gel structure and, in calcium-rich 

environments, may also contribute to the development of a hybrid C-A-S-H gel, therefore 

improving the overall binding strength of the material [19]. 

Adding SF to GC improves strength, but with optimum values [20, 21]. Chindaprasirt et al. 

[20] stated that substituting FA with 3.75% SF led to increased strength and durability after 

28 days. Correspondingly, Lee et al. [21] found that mixing FA with slag and SF improves 

the overall reactivity of the GC system. Ergeshov, Örklemez, Ketema et al. 22[21] recently 

investigated fly ash–based geopolymer mortars containing 2–10% silica fume, assessing 

their mechanical capabilities, microstructural attributes, and thermal resistance when 

exposed to temperatures between 300 °C and 900 °C. Their findings suggest that a 2–4% 

substitution of silica fume yields optimal performance. This is reliable with the findings of 

Adak, D. et al. [23], who detected the improved mechanical performance when 6% of the 

FA was replaced with SF. Their results suggest that SF interacts synergistically with FA, 

contributing to matrix densification and enhancing the bond strength between gel phases. 

A.N. Sadiq et al. [24] employed response surface methodology to limit the substitution 

levels of FA and SF for enhancing the mechanical strength of geopolymer mortar. The study 

examined SF replacement ratios up to 40% and indicated that a composition of 90% FA and 

10% SF led to improved mechanical strength.  
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The majority of studies have utilized FA Class F in the production of GC, as the type of FA 

significantly influences GC properties. FA is typically classified into low-calcium (Class F) 

and high-calcium (Class C) categories based on its calcium content. Due to the higher 

calcium content in the glassy phase, geopolymers made with Class C-FA tend to set more 

rapidly than those produced with Class F-FA [25, 26]. Calcium facilitates the dissolution of 

aluminosilicate from FA particles, which progressively increases the concentration of 

tetrahedral silicate and aluminate monomers in the GC matrix as calcium content rises. This 

effect corresponds with observed improvements in compressive strength. Additionally, 

incorporating SF into a low-calcium FA-based geopolymer enhances the microstructure and 

leads to higher strength development [27]. SF also significantly reduces porosity and 

permeability [28]. In addition to using SF as a partial replacement material in GC, further 

investigations have explored its application as a component of the activating solution. Due 

to its high silicon content and significant early-stage reactivity, SF-resultant activators 

produce reaction products with properties comparable to those generated by conventional 

commercial silicate solutions. B. Tempest et al. [29] studied both the result of different 

curing methods and the performance of NaOH/SF activation systems in comparison to 

traditional NaOH/Na₂SiO₃ solutions. 

The use of an SF-based activating solution caused fcomp of approximately 105.1 MPa. Compared 

to mortars activated with Na₂SiO₃, the addition of SF improved initial and final setting times, 

flowability, porosity, and shrinkage; however, it resulted in a slight reduction in fcomp... Overall, 

activators formulated with olivine-based nano-SF outperformed those made with commercial 

Na₂SiO₃, particularly in mixtures with higher SiO₂/Na₂O ratios [30]. The combination of FA and 

SF solutions as an alternative activator presents a promising research direction, as it not only 

lowers the energy demand associated with the high-temperature and high-pressure production of 

Na₂SiO₃ but also maximizes the utilization of SF derived from industrial waste. Although 

substantial research has been conducted on FA/SF geopolymer blends, limited attention has 

been given to the use of SF as part of the activating solution rather than solely as a binder 

component. Most studies rely on conventional alkaline activators such as NaOH and 

Na₂SiO₃; however, incorporating SF into the activating medium offers the potential for 

improved control over geopolymer gel formation and matrix densification during early 

stages of reaction. This gap in the literature represents a significant research deficiency that 

the current study aims to address. 

Geopolymer concrete (GC) generally exhibits lower fracture toughness and tensile strength 

compared to OPC concrete, leading to more brittle failure modes [31]. This brittleness can 

be mitigated through the incorporation of various fibbers such as steel, polyvinyl alcohol, 

sweet sorghum, or cotton. The addition of rubber particles to GC addresses mechanical 

performance and offers environmental benefits by reducing rubber waste, which is a 

significant pollutant due to its non-biodegradable nature and accumulation in landfills [31]. 

However, incorporating rubber into GC tends to reduce its mechanical strength. This 

decrease is mainly due to the inadequate bonding among the rubber particles and the 

geopolymer binder [32]. Joker et al. [33] demonstrated that surface treatment of rubber 

particles with a 1M NaOH solution enhances the adhesion between the rubber and the 

binder matrix. 
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2. Research significance  

 

This study introduces a novel, sustainable approach to geopolymer concrete (GC) 

production by air-curing and enhancing its mechanical properties through the substitution of 

silica fume (SF) in both binder and activator solution. The SF served two distinct roles: (1) 

as a partial substitute for fly ash at replacement levels of up to 35% and (2) as an element of 

the alkaline activator solution, substituting for commercial sodium silicate (Na₂SiO₃). The 

research explores and compares both approaches to assess the effectiveness of SF in 

improving GC performance. Treated rubber fibbers were integrated into GC mixtures to 

enhance ductility. The research methodically investigates various critical factors, 

encompassing the SF-to-binder ratio, the alkaline solution-to-binder ratio, the Na₂SiO₃-to-

NaOH ratio, the effect of utilizing SF as an activator, and the ideal rubber fibber content. 

This research advances the creation of eco-friendlier and mechanically resilient geopolymer 

concrete by advocating for the incorporation of industrial by-products in the binder and 

activator systems. 

 

3. Experimental study 

 

The prime aim of the experimental study is to examine the effects of partially substituting 

high-calcium FA with SF. The substitution ratios were 20%, 25%, 30%, and 35% of the 

total binder weight. The overall binder weight in this study was 450 kg/m³. The AL 

solution's solid components were Na₂SiO₃ and NaOH in a 1:1 ratio. A preliminary study 

was performed to determine the dose of AL solution, which included two additional binder 

ratios: 30% and 40%. To explore the effect of mixing ratios of the alkaline solution's solid 

components, silicate fume and NaOH ratios were further adjusted to 0.75%, 1.5%, and 

2.0%. Fig. 1 illustrates the flowchart methodology for determining the optimum components 

of GC. 

 

3.1 Materials 

Fly ash: The used FA is categorized as type C-FA in compliance with ASTM C618-19 [34]. 

FA has a specific gravity of 2.0 and less than 10% retention on a sieve of 45 microns. The 

chemical composition and ASTM C618-19 specification requirements are illustrated in 

Table 1. 

Silica fume: It is a light grey by residual material from the ferrosilicon alloys industry. The 

specific surface area was 16700 m²/kg, and the specific gravity was 2.2. The constituent 

oxide elements (SiO₂ + Al₂O₃ + Fe₂O₃) were 94.6, and the loss of ignition value was 2.0%. 

Table 1 shows that the fly ash (FA) meets ASTM C618-19 requirements, with a combined SiO₂, Fe₂O₃, 

and Al₂O₃ content of 62.8%, indicating good pozzolanic activity. Its high CaO content (24.1%) 

suggests partial Class C characteristics, enhancing early strength. Silica fume (SF) contains 89% SiO₂, 

confirming its role as a highly reactive silicate source. Both materials are chemically suitable for 

geopolymer production, with FA supplying aluminosilicate and SF enhancing matrix densification. 
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Table 1: Chemical composition of FA and SF (%) 

Item% SiO2, Fe2O3 AL2O3 K2O CaO MgO Na2O L.O.I. 

Fly Ash 40.6 4.7 17.5 0.5 24.1 9.4 1.1 1.6 

ASTM C618-19[41] (SiO2+ Fe2O3+ AL2O3) >50.0 - >18.0 - - <6.0 

Silica Fume 89.0 4.0 1.6 2.2 0.5 0.9 - 2.0 

 
Fig. 1: Flowchart methodology for the study 

 

Alkali activators: FA was activated using alkali-activated solutions prepared by two 

methods. During the first method, the alkali-activated solution was a mix of two materials: 

Na₂SiO₃ solution and NaOH solution. A Na₂SiO₃ solution was prepared by dissolving the 

silica under pressure with an intensive caustic soda solution in the wet procedure, which 

produces Na₂SiO₃ directly in the solution. Na₂SiO₃ contained 14.7 percent Na₂O and a 

percentage of 29.4 SiO₂ (SiO₂/Na₂O = 2.00), while the density of the activator was 1.5 

g/cm³. A NaOH solution with a molarity of 16 was formulated based on earlier studies [35] 

through the dissolution of NaOH pellets of 97% purity in deionized water (640 grams are 

dispersed in 1 liter of water). The NaOH solution was prepared a day before it was mixed 

with Na₂SiO₃ to ensure cooling. 

In the second activation method, Na₂SiO₃ was entirely substituted with silica fume (SF) 

powder. The SF was incorporated into the NaOH solution. Initially, NaOH flakes were 
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dissolved in tap water with continuous stirring for three minutes. Subsequently, the SF 

powder was added to the solution, which was then stirred for an additional five minutes to 

promote homogeneity. The resulting activating solution was placed in an oven and heated 

overnight at 75 °C to ensure complete dissolution and interaction between NaOH and SF. 

Prior to use, the solution was allowed to cool and was maintained at ambient temperature 

for 24 hours. 

Aggregate: Natural siliceous sand with a fineness modulus of 2.85 was employed as the 

fine aggregate. Crushed dolomite was utilized as coarse aggregate, which complies with the 

requirement of ASTM C33-07 [36] with a specific gravity of 2.65 and a fineness modulus of 

7.87. The size of dolomite particles ranges from 5 to 20 mm. 

Rubber fibers: The rubber was collected from waste tires and then prepared manually by 

cutting it into the required dimensions. The rubber's diameter (D) and length (L) were 

approximately 2 and 20 mm, respectively; the aspect ratio (L/D) was 10. Rubber's specific 

gravity was found to be 1.1. The surface of the rubber fibers was chemically treated to 

increase the adhesion between the GC paste and the rubber surface. The rubber fibers were 

treated by immersion in a 1-molar NaOH solution for 24 hours [33]. Laterally, particles 

were extensively rinsed with water multiple times. The rubber particles that had been treated 

were then allowed to air dry. Figure 2 depicts the used rubber fibers in GC mixes and all of 

the gradients utilized in the GC mixes. 

 
Aggregate 

 
SF            FA 

 
Na2SiO3 

 
NaOH 

Pellets 

 
Rubber 

fibers 

Fig. 2: The used materials in GC mixes.  

 

3.2. Mix proportions 

The parameters of this study were the curing regime, ratios of SF as a partial replacement of 

FA, ratios of alkaline solution to the binder weight, ratios of Na₂SiO₃ to NaOH activators, 

the effect of using SF as a silicate activator, and the optimum ratio of rubber fibers to 

enhance the ductility. To investigate these parameters, 16 concrete mixes were performed. 

For all mixes, the total binder weight was constant and equaled 450 kg/m³. There isn't a 

unique mix design method for GCs. The coarse and fine aggregates were used as 75–80% of 

the total mass in the design of the GC mix for this experiment, which is like OPC concrete. 

The density of wet GC is taken as 2528 kg/m³ [37]. Solid particles in the Na₂SiO₃ solution 

account for 50.32% of the entire solution, and water accounts for 49.68%. Fine aggregate 

accounts for 35% of the total aggregate. The total ratio of water taken is 0.25 of the binder 

weights [37]. A superplasticizer (SP) was applied to enhance and sustain improved 

workability for all mixes. Table 2 shows the mix design ratios for different mixes. 

Five mixes were prepared to evaluate the effect of partially substituting FA with SF with 

ratios of 0%, 20%, 25%, 30%, and 35% by weight. In these mixes, the activation alkaline 

solution in the ratio of 35% of the binder was used, along with Na₂SiO₃ and NaOH solutions 
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in a ratio of 1:1. Other AL solution ratios of 30% and 40% were examined in two GC 

mixtures to guarantee the proper use of the AL solution ratio. To explore the effect of using 

a silicate fume-based activating solution, three mixtures were used by completely 

substituting Na₂SiO₃ with SF and using an AL solution with ratios of 30%, 35%, and 40%. 

Laterally, three mixes were used to investigate the impact of the activator component ratio 

(silicate fume/NaOH) on the mechanical properties of GC; the silicate fume and NaOH 

ratios were adjusted to 0.75%, 1.5%, and 2.0%, respectively. Finally, three mixtures were 

prepared to investigate the effect of adding rubber in ratios of 0.1, 0.2, and 0.3% based on the 

total binder material. 

 

Table 2: Mix proportions (kg/m3) 
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FA 450-A0.35 450.0 - - 78.75 78.75 0.35 87.6 23.2 664 1,233 - 2.85 

SF 0.20-A0.35 360.0 90.0 - 78.75 78.75 0.35 87.6 23.2 664 1,233 - 3.98 

SF 0.25-A0.35 337.5 112.5 - 78.75 78.75 0.35 87.6 23.2 664 1,233 - 4.43 

SF 0.30-A0.35 315.0 135.0 - 78.75 78.75 0.35 87.6 23.2 664 1,233 - 4.67 

SF 0.35-A0.35 292.5 157.5 - 78.75 78.75 0.35 87.6 23.2 664 1,233 - 5.5 

SF 0.25-A0.30 337.5 112.5 - 67.50 67.50 0.30 75.0 35.8 668 1,240 - 4.29 

NSF 0.25-A0.30 337.5 112.5 34.0 67.50 - 0.30 41.5 69.3 668 1,240 - 4.29 

SF 0.25-A0.40 337.5 112.5 - 90.00 90.00 0.40 100.1 10.8 661 1,227 - 4.5 

NSF 0.25-A0.40 337.5 112.5 45.3 90.00 - 0.40 55.4 55.5 661 1,227 - 4.5 

NSF 0.25-A0.35 337.5 112.5 39.6 78.75 - 0.35 46.8 64.0 664 1,233 - 4.43 

SN0.75 337.5 112.5 34.0 90.00 - 0.35 55.4 55.5 665 1,234 - 4.29 

SN1.5 337.5 112.5 47.6 63.00 - 0.35 38.7 72.1 663 1,232 - 4.53 

SN2.0 337.5 112.5 52.8 52.50 - 0.35 32.3 78.5 663 1,231 - 4.59 

SF 025-R 0.10 337.5 112.5 39.6 78.75 - 0.35 46.8 64.0 664 1,233 4.5 4.43 

SF 0.25-R 0.20 337.5 112.5 39.6 78.75 - 0.35 46.8 64.0 664 1,233 9.0 4.43 

SF 0.25- R 0.30 337.5 112.5 39.6 78.75 - 0.35 46.8 64.0 664 1,233 13.5 4.43 

 

Table 2 presents detailed mix proportions for various GC formulations. The reference mix 

(FA 450-A0.35) used 450 kg/m³ of FA without SF or rubber. Increasing SF substitution 

(from 20% to 35%) elevated the Si/Al ratio (from 3.98 to 5.5), enhancing mix reactivity. AL 

ratios ranged from 0.30 to 0.40 to evaluate activator content influence. Substitution of 

Na₂SiO₃ with silica fume powder (NSF series) maintained the Si/Al ratio while increasing 

excess water. Rubberized mixes (R series) had constant binder content but increasing rubber 

proportions (0.10–0.30) to assess ductility effects. Overall, the table enables a 

comprehensive comparison of mix design parameters influencing the strength, workability, 

and durability of geopolymer concrete. 

 

3.3. Mixing and casting  

The laboratory manufacturing procedure for GC mixtures is illustrated in Fig. 3. Aggregates 

were fed into the drum mixer, then FA and SF were added and mixed for five minutes. 

Then, the activating solutions and the calculated excess water were gradually added and 

mixed for five minutes. Finally, rubber fibers were added to the mix. To make concrete 

workable, superplasticizer is added to GC mixes, and the dosages are adjusted to achieve 
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acceptable workability. The testing samples were cast. Thereafter, all of the samples were 

vibrated for two minutes. 

 
Fig. 3: Preparation process chart. 

3.4. Test procedures 

The intended slump of concrete was 100 mm. The fcomp. was determined using cubic samples 

100 x 100 x 100 mm prepared as per EN 12390 3:2002 [38], and the tensile strength (ften.) 

was determined using cylinders 100 x 200 mm prepared as per ASTM C 496-90 [39]. 

Prisms of 100 x 100 x 500 mm were used to measure the flexural strength (fflex). In 

compliance with ASTM C 78-02 [40]. The modulus of elasticity (Ec) was determined using 

cylinders 150 x 300 mm according to ASTM 469 -02 [41]. All samples were kept in molds 

for 24 hours at room temperature. After demolding, GC samples were left in the air at 

ambient temperature (25°C) until testing. Test set up for assessing the mechanical properties 

is presented in Fig. 4. 

 

 
Compressive 

strength 

 
Splitting tensile 

strength 

 
Flexural strength 

 
Modulus of elasticity 

Fig. 4: Test setup for assessing the mechanical properties 

 

To explore the efficiency of GC air curing, part of the GC samples–mixes FA 450-A0.35, 

SF 0.20-A0.35, SF 0.25-A0.35, SF 0.30-A0.35, and SF 0.35-A0.30 – were cured by heating 

up to a constant temperature of 60°C for 24 hours; this temperature was chosen according to 

the previous studies [42]. In these studies, the authors found that GC samples cured at 60°C 
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for 24 hours exhibited greater strength compared to those cured at other heating 

temperatures and durations.  

 

 

4. Results and discussion 

 

The mixture containing 100% FA exhibited the highest slump value of 120 mm, indicating 

excellent workability. However, workability decreased markedly with the partial 

replacement of FA by SF. Slump values corresponding to 25% and 35% SF substitution 

were recorded at 100 mm and 80 mm, respectively. The mix with 35% SF exhibited rapid 

setting and hardening, which hindered proper molding of the specimens. This reduction in 

workability is likely attributed to the high surface area of SF. These results suggest that 

incorporating SF into FA-based geopolymer concrete significantly diminishes workability. 

Nonetheless, despite the decline, the workability remained within acceptable limits, as the 

concrete maintained a plastic consistency, confirmed by a compaction factor of 0.9. The 

slump value for the SF 0.25–R 0.30 mix was comparatively low (60 mm), which was 

expected due to the irregular shape of the rubber particles used. Consequently, the 

superplasticizer content was gradually increased in the GC mixes to achieve the target 

slump value of 100 mm. Figure 5 illustrates the results of the slump tests. 

 

  

FA 450-A0.35 SF 0.25- R 0.30 

Fig.5: Slump test 

 

4.2 Effect of curing regime on strength 

Extensive research has indicated the importance of heat curing in enhancing the 

performance of GC. However, the reliance on elevated-temperature curing is often 

considered a limitation to the broader application of FA-based GC in conventional cast-in-

place construction. Despite growing interest, limited data is available on the structural 

viability of GC mixtures cured under ambient conditions. Therefore, it is essential to 

examine the behaviour of GC cured without heat, particularly when SF is used to partially 

replace FA. In this study, selected GC specimens underwent thermal curing at a consistent 

temperature of 60 °C for 24 hours, while others were subjected to ambient air curing. The 

compressive strength values for both curing methods, evaluated at 3, 7, and 28 days, are 

presented in Table 3. 

According to the results presented in Table 3, the heat-cured specimens of mix FA 450-

A0.35 (containing 0% silica fume) exhibited higher compressive strengths by 79.0%, 

23.0%, and 2.0% at 3, 7, and 28 days, respectively, compared to their air-cured counterparts. 
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For the mix containing 25% SF (SF 0.25-A0.35), the corresponding strength increases due 

to heat curing were 75.0%, 19.8%, and 0.01%, while for the mix with 35% SF (SF 0.35-

A0.35), the gains were 68.1%, 19.8%, and 0.00% at the same respective ages. These 

findings suggest that by 7 and 28 days, air curing provided comparable strength 

development to heat curing across all mix compositions. 

 

Table 3: Compressive strength of GC samples under heat exposure and air curing (N/mm2) 

 

Mix ID 

Heat Curing Air Curing 

3 7 28 3 7 28 

FA 450-A0.35 37.2 41.3 47.2 20.7 33.5 46.3 

SF 0.20-A0.35 37.2 40.6 43.0 21.0 33.3 43.0 

SF 0.25-A0.35 36.9 39.3 42.1 21.0 32.8 41.7 

SF 0.30-A0.35 31.0 33.0 37.3 18.2 27.2 35.7 

SF 0.35-A0.35 30.0 31.0 34.0 17.8 25.9 33.9 

 

As shown in Table 3, the incorporation of Class C fly ash as the primary binder contributed 

to improved compressive strength under ambient curing conditions across all mixes. This 

behaviour is attributed to the high calcium content in FA Type C, which enables strength 

development without the need for elevated temperatures. The formation of a crystalline 

calcium silicate hydrate (C–S–H) phase at higher calcium levels facilitates hardening even 

under air curing [43]. Although increasing the SF content led to a reduction in compressive 

strength at 28 days, mixes containing up to 25% SF retained or slightly enhanced their 

early-age strength (at 3 and 7 days). This may be attributed to the formation of a denser 

microstructure [44]. The ultra-fine particles of silica fume act as micro-fillers through a 

packing mechanism, dispersing uniformly within the geopolymer matrix and filling voids in 

the GC paste microstructure [45]. 

 

4.3 Impact of partial substitution of FA with SF on strength 

To assess the effect of SF substitution on the strength development of GC, five substitution levels were 

examined: 0%, 20%, 25%, 30%, and 35%. All mixtures were prepared using a constant alkaline 

solution-to-binder ratio (A/L) of 0.35 and a fixed Na₂SiO₃/NaOH ratio of 1.0. The outcomes of fcomp. 

ften., fflex. Tests conducted at 7 and 28 days are presented in Figures 6, 7, and 8, respectively. 

 

 
Fig. 6: Compressive strength (N/mm2) 
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Fig. 7: Splitting tensile strength (N/mm2) 

 

 
)2Fig. 8: Flexural strength (N/mm 

 

Referring to the GC mixes in the above figures, it is obvious that GC strengths were reduced 

by increasing the SF substitution ratio. At the SF 0.20-A0.35 mix, the fcomp. Was reduced by 

7.1% at 28 days when compared with FA 450-0.35. Similar trends were observed for tensile 

and flexural strengths. They were reduced by 6.3% and 5.5%, respectively. When increasing 

the replacement ratio to 25%, the corresponding reduction was increased to 9.9%, 7.9%, and 

8.4%, respectively. Over the 25% substitution ratio, a sharp reduction in strength was 

observed. At the SF 0.30-A0.35 mix, the fcomp. ften., fflex were reduced by 22.9%, 18.4%, and 

17.6%, respectively. 

Based on the results illustrated in the aforementioned figures, it is evident that increasing 

the SF substitution ratio led to a reduction in the mechanical strengths of the GC mixes. For 

the SF 0.20–A0.35 mix, the compressive strength at 28 days decreased by 7.1% compared 

to the control mix (FA 450–A0.35). Similar decreasing trends were recorded for the 

splitting tensile and flexural strengths, which declined by 6.3% and 5.5%, respectively. 

When the SF replacement ratio was increased to 25%, the corresponding reductions in 

compressive, tensile, and flexural strengths rose to 9.9%, 7.9%, and 8.4%, respectively. 

Beyond the 25% substitution level, the decline in strength became significantly more 

pronounced. At the SF 0.30–A0.35 mix, reductions of 22.9%, 18.4%, and 17.6% were 

observed for fcomp. ften., fflex, respectively. 

According to the findings, the replacement ratio of 25% was the most beneficial. GC 

preserves 90% of its fcomp. At this proportion compared to FA 450-0.35, so with only 5% 

additional SF substitution in the SF 0.30-A0.35 mix, the ratio is reduced to 77.1%. The high 
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strength reduction was obviously guaranteed at mix SF 0.35–A0.35. The fcomp. ften., and fflex. 

Were reduced by 26.7%, 21.8%, and 21.7%, respectively. Based on these results, the SF 

substitution ratio of 25% was then employed in all research mixtures. 

The observed reduction in strength with increasing SF content can be attributed to the 

extremely fine, spherical nature of SF particles. At lower substitution levels, these particles 

contribute to a denser and more compact microstructure by effectively filling internal voids. 

However, beyond a certain threshold, the excess SF tends to agglomerate within localized 

regions, disrupting the matrix continuity and leading to strength deterioration [46]. To 

mitigate the negative impact of silica congestion, it is essential to optimize the SF dosage 

and maintain an appropriate balance with the alkaline activators to preserve the geopolymer 

concrete’s reactivity and mechanical performance. In this study, SF was directly mixed with 

the alkaline solution to form the activated slurry [47]. 

 

4.4 Effect of AL ratios on strength 

At this stage of the investigation, A/L ratios of 0.30, 0.35, and 0.40 were examined, with the 

SF substitution ratio fixed at 25%. The ratios of Na₂SiO₃/NaOH and SF/NaOH were 

maintained at 1.0 across all mixes. The total water content was kept constant at 112.5 kg/m³ 

in each mixture. Figures 9, 10, and 11 present the fcomp. ften., fflex results, respectively, for 

evaluating the influence of the A/L ratio at 7 and 28 days. 

 
Fig. 9: Compressive strength for the effect of AL ratio (N/mm2) 

 
Fig. 10: Splitting tensile strength for the effect of AL ratio (N/mm2) 
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Fig. 11: Flexural strength for the effect of AL ratio (N/mm2) 

 

At 7 days, the fcomp. Of mixes SF 0.25–0.30 and SF 0.25–0.35—corresponding to A/L ratios 

of 0.30 and 0.35—increased from 28.2 MPa to 32.8 MPa. Further increasing the A/L ratio to 

0.40 resulted in an fcomp. Of 33.80 MPa. This enhancement continued through to 28 days, 

with fcomp. Rising from 36.30 MPa to 41.70 MPa as the A/L ratio increased from 0.30 to 

0.35. A further increase in the A/L ratio from 0.35 to 0.40 led to a modest strength gain, 

reaching 43.49 MPa at 28 days. These findings demonstrate that increasing AL from 0.35 to 

0.40 exhibits a lower strength development rate than increasing AL from 0.30 to 0.40. 

Similar trends have been observed for splitting and flexural strength. 

The geopolymerization process is often separated into two steps: dissolution-hydrolysis and 

hydrolysis-polycondensation. When the AL ratio increases, silicon species, sodium ions, 

and base water increase. All of these variables influence the geopolymerization process and 

strength. At the dissolution-hydrolysis step, SiO2 and Al2O3 species occur [48]. Increasing 

silicon species formed more Si-O-Si bonds and increased the SiO2/Al2O3 ratio, which 

improved geopolymer strength [49]. Base water plays a critical role in the 

geopolymerization process, as highlighted by previous studies [49]. An increase in base 

water content facilitates the enhanced dissolution of SiO₂ and Al₂O₃ species, thereby 

generating a greater concentration of hydrolysed ions during the second stage of the 

reaction. This leads to an accelerated geopolymerization rate, ultimately contributing to the 

development of a higher-strength geopolymer matrix. 

 

4.5 Effect of using silicate fume as an activator on strength 

To evaluate the effect of using silicate fume as an activator, a portion of SF is mixed with 

NaOH solution; the weight of SF is equal to the solids in the Na₂SiO₃ activator. The 

activator ratios used were 0.30, 0.35, and 0.40, whereas the Na₂SiO₃/NaOH ratio remained 

constant at 1.0. The mix proportions for these geopolymer mixes are detailed in Table 2. 

The study evaluated the fcomp. ften., and fflex. Of the resulting geopolymer specimens at ages 7 

and 28 days, and the outcomes are displayed in Figs. 12, 13, and 14. As illustrated in Figs. 

12, 13, and 14, substituting silicate fume (SF) as an activator instead of Na₂SiO₃ in 

geopolymer mixes with AL ratios of 0.30, 0.35, and 0.40 (mixes NSF 0.25-0.30, NSF 0.25-

0.35, and NSF 0.25-0.40) led to slight enhancements in compressive strength at 28 days. 
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These enhancement ratios were 7.5%, 5.5%, and 2.0%, respectively. Splitting and flexural 

strength showed similar trends. 

Referring to the above results, the strength results for all mixes after using silicate fume 

activators are comparable with those after using Na₂SiO₃ activators. The silica fume-based 

activators produce reaction products closely resembling those formed with sodium silicate, 

owing to the high reactivity of silica fume, which supplies a significant amount of soluble 

silica from the early stages of geopolymerization [50]. As a result, it has been demonstrated 

that using SF as an activator is effective, even with low alkaline ratios in GC mixtures. 

The incorporation of Na2SiO3 into the NaOH-based activator does not lead to the formation 

of any new crystalline phases within the geopolymer matrix, but it considerably enhances 

silicate and aluminate dissolution from the source material [51]. Soluble silicate species in 

Na2SiO3 solution are employed for the condensation of alkali-activated binders [52]. Extra 

silicates in the solution, on the other hand, impede the structural development of 

geopolymers [53]. Excess OH in the GC mix is formed by the creation of a two-dimensional 

network with linearly connected polymeric structures [54]. This results in a decline in its 

characteristics [1]. In contrast, NaOH has typically been used to dissolve Si 4+ and Al 3+ ions 

from FA in order to produce aluminosilicate materials. NaOH exhibits a superior ability to 

liberate silicate and aluminate monomers due to its stronger zeolitization capacity, and 

sodium cations are more crucial for the creation of the GC structure [55]. On the other hand, 

other scientists argued that a higher salt concentration would lead to the production of 

sodium carbonate through air carbonation, which would obstruct the polymerization process 

and reduce compressive strength [56]. To investigate the impact of the silicate fume/NaOH 

ratio on GC strength, Mix NSF 0.25-0.35 was chosen as a reference. In this mix, the silicate 

fume/NaOH ratio equals 1.0. Three other silicate fume/NaOH ratios of 0.75, 1.5, and 2.0 were 

compared. The AL ratio examined in these mixes was 0.35. The output of tests for fcomp., ften., fflex 

at ages 7 and 28 days is displayed in Figs. 12, 13, and 14. 

 

 
Fig. 12: Compressive strength for the impact of silicate 

)2Ratio (N/mm fume /NaOH 

 
Fig. 13: Splitting tensile strength for the impact of 

silicate fume /NaOH Ratio (N/mm2) 

 

The results illustrated in the figures indicate that increasing the silicate fume/NaOH ratio led 

to an improvement in the mechanical properties of GC up to an optimal ratio of 1.5. Beyond 

this value, a decline in strength was observed. Specifically, increasing the silicate 

fume/NaOH ratio from 0.75 to 1.0 resulted in enhancements of 19.1%, 17.2%, and 22.0% in 

compressive, tensile, and flexural strengths at 28 days, respectively. Further increasing the 
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ratio to 1.5 led to maximum strength gains of 28.0% for fcomp. 26.9% for ften., and 29.8% for 

fflex. 

 
Fig. 14: Flexural strength for the impact of silicate fume /NaOH Ratio (N/mm2) 

 

The enhancement in the intensity of GC is due to the elevated concentration of soluble 

silicate in the activator solution. Soluble silicates facilitate geopolymer polycondensation 

[57]. Nonetheless, elevated concentrations of soluble Na₂SiO₃ impede the 

geopolymerization process. This is due to the inclusion of additional silicates in the mixture, 

which impede the formation of geopolymeric structures, leading to a reduction in strength 

[56]. The strength drop may be attributed to the Na₂SiO₃/NaOH ratio above 1.5. 

It is reasonable to assume that the behavior of silica fume in geopolymer concrete (GC) is 

comparable to that of Na₂SiO₃, given their similar chemical contributions. The observed 

strength enhancement can be linked to the intricate nature of the geopolymerization process. 

One plausible explanation for this improvement is the increase in the Na₂SiO₃/NaOH mass 

ratio, which leads to a higher availability of SiO₂ species. This, in turn, elevates the 

SiO₂/Al₂O₃ ratio, promoting the formation of a greater number of Si–O–Si bonds. Since Si–

O–Si linkages are stronger than Si–O–Al bonds, the resulting geopolymer matrix exhibits 

improved mechanical strength. 

 

4.6 Effect of incorporating rubber fibers on strength 

Rubber ratios of 0.10, 0.20, and 0.30% were investigated. The AL ratio was 0.35. Silicate 

fume activator was used. Figs. 15, 16, and 17 show the results of fcomp. ften., and fflex. Tests for 

concrete mixtures at ages 7 and 28 days. 

 

 
Fig. 15: Compressive strength for the effect of rubber (N/mm2) 
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Fig. 16: Splitting tensile strength for the effect of rubber (N/mm2) 

 
Fig. 17: Flexural strength for the effect of rubber (N/mm2) 

 

Referring to the above figures, it is obvious that when the proportion of rubber fibers 

increased, the fcomp. Gradually improved. Adding the rubber up to a ratio of 0.30% improved 

the fcomp. ften., and fflex. At 28 days by 25.7%, 44.5%, and 47.8%, respectively. In fact, adding 

rubber was expected to improve the splitting and flexural strength and reduce the 

compressive strength; increasing the fcomp. Is owed to the effective treatment process of the 

rubber surface using NaOH solution, which enhances the bond between the binder and 

rubber surface. In addition, the rubber was used in a low portion (up to 0.30%). 

 
a. Compression for FA 

450-A0.35 samples 

 
b. Compression for SF 

0.25-R0.30 samples 

 
c. Splitting for FA 450-

A0.35 samples 

 
d. Splitting for SF 

0.25-R 0.30 samples 

 

 
e. Flexural for SF 0.25-R 

0.30 samples 

  

Fig. 18: Mode of failure  

 

The failure modes observed during the fcomp. ften., and fflex tests for both FA 450-A0.35 and 

rubberized specimens (SF 0.25–R 0.30) are presented in Fig. 18. As shown, the failure 
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patterns are largely comparable across both mixes, suggesting that the inclusion of rubber 

had a minimal effect on altering the overall mode of failure. However, the slight variations 

observed indicate a reduction in brittleness and a marginal enhancement in the ductility of 

the GC due to rubber incorporation. 

The effect of rubber inclusion on the modulus of elasticity (Ec) was observed by evaluating 

GC specimens at 28 days. The assessment was conducted for three mix designs: FA 450-

A0.35, NSF 0.25-A0.35, and SF 0.25-R0.30. The Ec values obtained after 28 days are 

illustrated in Fig. 19. 

 

 
Fig. 19: Modulus of elasticity (Ec) of GC mixes after 28 days of curing. 

 

The modulus of elasticity (Ec) is a key parameter for assessing the structural performance of 

concrete under service loads. For geopolymer concrete, Ec has been reported to reach 

approximately 89% of that of OPC concrete with similar fcomp., and the stress–strain 

behavior in compression was similarly aligned when the same aggregate type was used [16]. 

In a related study, Olivia and Nikraz [58] reported that the Ec of 100% fly ash-based 

geopolymer concrete was 14.9–28.8% lower than that of the OPC control mix. 

Although alkali-activated natural pozzolan mixes exhibited lower Ec values compared to 

OPC mixtures during the initial 14 days, Bondar et al. [59] reported that, over extended 

curing periods, the Ec values surpassed those of OPC mixes by approximately 5–20%. 

Consequently, the Ec of geopolymer concrete (GC) has shown considerable variability 

across different studies. It is noteworthy that most of these findings were derived from experiments 

conducted on heat-cured GC specimens. 

According to Fig. 19, while the compressive strength of the 0.30% rubber mix SF 0.25-R 

0.30 is 25.7% higher than that of the NSF 0.25-A0.35 mix, the elastic modulus increased 

only by 10.8 with the addition of rubber, indicating that the rubber enhances the ductility of 

GC. By replacing 25% of FA with SF, the modulus of elasticity was lowered by 12.6%. 

Considering the significance of figuring out Ec for evaluating how efficiently a structure 

performs in service, numerous attempts have been made to develop straightforward 

formulas that could predict Ec for OPC [60-62] and GC concrete [63]. The applied models 

include: The American Concrete Institute Committee 318 equation [61]:    

   

  Ec = 4700 √ fcomp.               (N/mm2)                            (1) 

 



JES, Vol. 53, No. 6, Pp. 248-273, Nov 2025            DOI: 10.21608/JESAUN.2025.383265.1506 Part A: Civil Engineering 

 

265 

This equation is commonly employed in traditional OPC concrete designs and presumes a 

robust link between compressive strength and elastic modulus. 

 

Iravani [64]:  Ec = 3800 √ fcomp.                 (N/mm2)                           (2) 

 

This model, designed for alternate cementitious materials, reduces the coefficient in relation 

to ACI to more accurately represent the reduced stiffness typically observed in GC systems. 

 

Nath et al. [63]:      Ec = 4100 √ fcomp.                  (N/mm2)                            (3) 

 

This equation is specifically designed for FA-GC, considering the nonlinear stiffness-gain 

behavior characteristic of GC materials. 

 

AS 3600 [62]:      Ec = ρ 1.5 (0.024 √ fcomp. + 0.12)   (N/mm2)              (4) 

 

This Australian standard uniquely incorporates the influence of concrete density, which is 

especially pertinent for rubberized GC due to its significantly diminished material density. 

Where: 

Ec: The modulus of elasticity (N/mm2)                     

fcomp. The compressive strength at 28 days (N/mm2)                                             

ρ : The density (kg/cm3) 

In this investigation, the values for Ec were predicted based on the above models. The calculated 

modulus of elasticity values was compared with the corresponding experimental results, as indicated 

in Table 4. 

 

Table 4: Comparison between experimental and predicted values of modulus of elasticity (Ec) for GC mixes. 

Mix ID 
fcomp. 

(N/mm2) 

ρ 

(kg/cm3) 

Exp. Ec 

(GPa) 

ACI 

[91] 

Iravani 

[86] 

Nath et 

al. [93] 

AS 3600  

[92 ] 

FA 450 -A 0.35 46.29 2120 24.65 31.98 25.85 27.90 27.65 

NSF 0.25-A0.35 43.99 2100 22.55 31.17 25.20 27.19 26.89 

SF 0.25- R 0.30 51.86 1980 23.88 33.85 27.37 29.53 25.78 

 

ACI 318 [61] substantially overestimated Ec for all GC combinations. The variances were 

29.7%, 38.2%, and 41.8%, respectively. This overestimation underscores its restricted 

application for GC, especially those cured in ambient temperatures, as it was first designed 

for OPC. Relying on ACI forecasts in structural design could lead to an underestimation of 

deflections and an overestimation of stiffness. This situation may result in serviceability 

issues, including inaccurate evaluations of mid-span crack widths in GC elements. Iravani’s 

model [64] had the most accurate correlation with experimental data for the non-rubberized 

mixtures. The discrepancies were 4.9% for FA 450 - A 0.35 and 11.8% for NSF 0.25 - A 

0.35. This statistic signifies its superior precision in depicting the elastic behavior of GC 

during ambient curing conditions. 

The AS 3600 model [62] provided the most precise prediction for the rubberized mix (SF 

0.25 - R 0.30), exhibiting a variance of merely 7.96%. The enhanced performance is likely 
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attributable to the model's incorporation of density (ρ), a crucial element, as the introduction 

of rubber diminishes density and hence stiffness. AS 3600 is a more appropriate framework 

for redesigned GC utilizing lightweight or recycled materials. Finally, the equation 

proposed by Nath et al. [63], although tailored for FA-based GC, yielded moderate 

overestimations with deviations of 13.2%, 20.6%, and 23.7%, respectively. Although this 

model surpassed ACI 318, its precision remained inferior to the Iravani and AS 3600 

models, particularly for high-strength or changed GC compositions. Consequently, the 

research emphasizes the necessity of employing mix-specific Ec models for geopolymer 

concrete. The findings confirm the appropriateness of the Iravani model for conventional 

GC and the AS 3600 model for rubberized GC, indicating that typical OPC-based models 

require recalibration for GC systems to provide dependable structural analysis. 

 

 

5. Microstructural and EDX Spectrum Analysis:  

 

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) spectroscopy 

were employed to investigate the microstructural characteristics of FA-based GC at 28 days 

of curing. Figure 20 displays SEM images for three different mixes: SF 0.25-A0.35, NSF 

0.25-A0.35, and SN2.0. The SF 0.25-A0.35 mix was prepared using an NaOH to Na₂SiO₃ 

ratio of 1:1, while the mixes NSF 0.25-A0.35 and SN2.0 were designed to examine the 

influence of partially replacing Na₂SiO₃ with silicate fume at substitution levels of 1% and 

2.0%, respectively. 

 

 

  
(a) SF 0.25-A0.35 
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(b) NSF 0.25-A0.35 

 

  
(c) SN2.0 

Fig. 20: SEM Image and EDX spectrum analysis for FA-based GC samples 

 

The geopolymer specimen without silicate fume (Figure 20.a) exhibited a relatively smooth 

matrix accompanied by the presence of large pores, microcracks, and partially reacted FA 

particles. In contrast, the NSF 0.25-A0.35 mix, activated using a 1:1 ratio of NaOH to 

silicate fume, displayed a significantly denser microstructure, as shown in Figure 20.b. 

According to Kang-Wei et al. [65], the presence of unreacted silica fume contributes to pore 

refinement by filling voids within the binder phase, thereby reducing overall porosity. 

Moreover, the incorporation of SF promoted the formation of additional gel phases, 
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contributing to a more compact microstructure and improved mechanical performance. 

Elemental analysis through EDX confirmed that silicon, aluminum, calcium, sodium, and 

iron were the predominant constituents in the geopolymer matrix. However, in the SN2.0 

mix (Figure 20.c), which contained a NaOH-to-silicate fume ratio of 1:2, the microstructure 

appeared less cohesive. This may be attributed to the excessive silicate content, which, as 

reported in previous studies [56, 57], can hinder the geopolymerization process. Excessive 

soluble silicates may interfere with the formation of the geopolymeric gel network, thereby 

reducing the mechanical strength, as observed in sample SN2.0. 

Microstructural analysis indicates that the incorporation of silica fume promotes 

densification and diminishes porosity, correlating with enhanced mechanical strength. In 

contrast, samples containing lower silica fume or modified sodium concentration 

demonstrate increased porosity or cracking in their microstructures, which may result in 

diminished performance. Elemental investigations corroborate these findings, indicating 

elevated Si and Al concentrations and advantageous Si/Al ratios linked to denser, more 

cohesive geopolymer matrices. The presence and ratios of calcium and sodium affect the 

formation of different binding phases, hence influencing durability and strength. 

 

 

6. Conclusions  

This study proposed a novel, sustainable method for formulating GC by employing SF in 

two capacities: as a partial replacement for FA and as a substitute for commercial Na2SiO3 

in the activator solution. The incorporation of treated rubber fibers effectively fulfills the 

dual objectives of mechanical improvement and waste material valorization. Collectively, 

these developments significantly advance the creation of ambient-cured, high-performance 

geopolymer concretes that are environmentally sustainable and structurally proficient. This 

study yields the following findings based on the experimental results: 

• The direct dissolution of SF in NaOH has demonstrated efficacy as a sustainable 

alternative to traditional Na₂SiO₃ as an activator. At a 25% SF replacement level, this 

innovative approach resulted in a significant improvement in the fcomp. Of the GC mix.  

• Increasing the substitution ratio of FA with SF resulted in diminished workability. At a 

35% SF replacement level, fast setting and hardening were noted, requiring a gradual 

increase in superplasticizer dosage to sustain acceptable consistency. 

• The utilization of type C FA as the principal binder in all GC mixtures facilitated 

strength enhancement under ambient curing conditions. Enhanced strength 

improvements were observed when FA was partially substituted with SF.  

• The mechanical performance of GC is enhanced with higher alkaline solution-to-binder 

(AL/binder) ratios, achieving optimal strength at a ratio of 0.4.  

• Strength increase was attained by augmenting the SF-to-NaOH ratio, with an optimal peak 

identified at a ratio of 1.5. Beyond this juncture, more increments yielded diminishing 

returns. 

• At an SF/NaOH ratio of 1.5, compressive, tensile, and flexural strengths increased by 

28.0%, 26.9%, and 29.8%, respectively, demonstrating a significant relationship 

between activator composition and mechanical performance. 
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•  The addition of treated rubber fibers at a volume of up to 0.30% led to substantial 

enhancements in 28-day strengths: fcomp. Increased by 25.7%, splitting tensile strength by 

44.5%, and flexural strength by 47.8%. 

• A 25% substitution of SF for FA resulted in a 12.6% decrease in the modulus of 

elasticity; however, the incorporation of 0.3% rubber fibers partially mitigated this 

effect, yielding a 10.8% gain in modulus compared to control specimens.  

• The experimental elastic modulus of GC closely matched predictions from the Iravani 

model (within 11%), while OPC values were more aligned with ACI estimations, and 

rubberized GC exhibited superior conformity with AS 3600 standards.  

• Microstructural analyses employing SEM and EDX demonstrated a significant presence 

of amorphous gel phases in SF-based GC matrices, corroborating the noted 

enhancements in mechanical performance. 

 

 

7. Research limitation and recommendations for further studies 

This study focused on providing valuable insights into the mechanical behavior of GC 

incorporating SF in both binder and activator solution; however, several limitations should 

be acknowledged, and directions for future research are proposed: 

• The experiment predominantly concentrated on short-term mechanical properties. The 

long-term durability performance, including resistance to harsh climatic conditions, 

freeze-thaw cycles, and chloride infiltration, has not been well addressed and requires 

additional investigation.  

• The fire resistance characteristics of silica fume-enhanced geopolymer concretes were 

not evaluated in this work. Future studies must encompass thorough fire performance 

assessments to ascertain their appropriateness for applications necessitating fire safety 

considerations. 

• Microstructural investigations using SEM and EDX are essential for comprehending 

internal bonding mechanisms; nevertheless, such analyses were restricted to specific 

mixtures. A comprehensive microstructural investigation using all silica fume ratios is 

advised to clarify the impact of differing silica fume concentrations on the material's 

interior structure.  

• The possible impact of various fiber kinds and doses on the mechanical and durability 

properties of SF-based GC was not investigated. Subsequent research should integrate 

these aspects to enhance composite performance.  

• Future research should incorporate comprehensive elemental analysis.  

 

Abbreviation  

FA, Fly ash; GC, Geopolymer concrete; SF, Silica fume; AL, Alkaline activator solution; 

Na2SiO3, Sodium silicate; NaOH, sodium hydroxide; OPC, Ordinary Portland concrete; 

fcomp., Compressive strength; ften, Tensile strength; fflex; Flexural strength; Ec, Modulus of 

elasticity of concrete 
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