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Abstract: This study investigates the mechanical strength and acid resistance of geopolymer concrete (GPC) produced by partially replacing 
fly ash with Rice Husk Ash (RHA) and Pumicite. Geopolymer concrete, which eliminates Ordinary Portland Cement (OPC) entirely, offers a 
sustainable alternative with significantly lower CO₂ emissions. Low-calcium fly ash (Class F) was used as the primary binder activated by a 
combination of sodium hydroxide (NaOH) and sodium silicate (Na₂SiO₃). RHA and Pumicite were incorporated at replacement levels of 0%, 
2.5%, 5%, 7.5%, and 10% by weight of fly ash. Compressive strength was evaluated at 28 and 90 days, while acid resistance was assessed by 

immersing specimens in 5% H₂SO₄ solution for 30, 60, and 90 days, monitoring weight loss and residual compressive strength. Results show 
that 10% RHA replacement yielded the highest compressive strength (53 N/mm² at 28 days; 56 N/mm² at 90 days), whereas 7.5% Pumicite 
replacement was optimal for Pumicite blends (49 N/mm² at 28 days). In acid resistance tests, 7.5% RHA and 5% Pumicite blended mixes 
exhibited the best residual compressive strength. The study demonstrates that partial replacement of fly ash with RHA and Pumicite enhances 
both the mechanical and durability properties of geopolymer concrete. 
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I. INTRODUCTION 

Concrete is the most widely used construction material globally, second only to water in consumption. Its primary binding 

ingredient, Ordinary Portland Cement (OPC), is responsible for significant environmental degradation. The production of one 

tonne of OPC releases approximately one tonne of CO₂ into the atmosphere and consumes nearly 1.5 tonnes of raw earth minerals 
[1]. With world cement production projected to rise dramatically to meet growing infrastructure demands, the urgency to identify 

sustainable alternatives to OPC has never been greater. 

Geopolymer concrete (GPC) is one such promising alternative. It completely eliminates OPC by utilizing industrial by-

products rich in silica and aluminium — such as fly ash — activated by alkaline solutions like sodium hydroxide (NaOH) and 

sodium silicate (Na₂SiO₃). Fly ash, produced in enormous quantities at coal-fired thermal power plants, is a low-calcium Class F 

pozzolanic material that serves as an ideal source material for geopolymer synthesis. In India alone, over 40 million tonnes of fly 

ash are generated annually from more than 70 thermal power stations, much of which is disposed in landfills, creating severe 

ecological hazards [2]. 

Further enhancement of GPC properties can be achieved by incorporating supplementary pozzolanic materials. Rice Husk 

Ash (RHA), an agricultural by-product rich in reactive silica, and Pumicite, a naturally occurring volcanic pozzolan, are two such 

materials. Their inclusion as partial replacements of fly ash in GPC has the potential to improve mechanical strength and 
durability characteristics, while simultaneously solving the disposal problem of these waste materials [3, 4]. 

The present study investigates the effect of partially replacing fly ash with RHA and Pumicite at levels of 0%, 2.5%, 5%, 

7.5%, and 10% on the compressive strength and acid resistance of heat-cured fly ash-based geopolymer concrete. 

 

II.LITERATURE REVIEW 

The concept of geopolymerization was first introduced by Davidovits (1978), who proposed the synthesis of binders 

through the reaction of aluminosilicate source materials with alkaline activators to form polymeric Si-O-Al networks — 

fundamentally different from the calcium silicate hydrate (C-S-H) gel formed in OPC hydration [5]. This family of binders was 

termed ‘geopolymers’ and found to exhibit properties similar to zeolites but with an amorphous microstructure. 

Palomo et al. (1999) demonstrated that fly ash activated with sodium hydroxide and sodium silicate produced binders 

with compressive strengths up to 60 MPa when cured at 85°C for five hours, establishing the viability of fly ash as a geopolymer 
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source material [6]. Van Jaarsveld et al. (2002) reported that the calcium content of fly ash significantly influences strength 

development: higher CaO content reduces porosity and increases compressive strength. They also identified curing temperature 
and duration as critical parameters, with optimal strength achieved at 70°C for 24 hours [7]. 

Hardjito and Rangan (2004, 2005) conducted extensive research on low-calcium fly ash-based GPC and established that 

compressive strength increases with higher NaOH molarity and a higher sodium silicate-to-NaOH ratio. They reported 

compressive strengths exceeding 40 MPa for heat-cured specimens and confirmed excellent sulfate resistance and low drying 

shrinkage [1, 8]. 

The resistance of GPC to acid attack has been reported to be significantly superior to OPC concrete. Bakharev (2005) 

showed that GPC specimens immersed in sulfuric acid solutions demonstrated far lower weight loss and strength degradation 

compared to Portland cement specimens, because GPC does not rely on lime-based phases that dissolve readily in acid 

environments [9]. Song et al. (2005) also confirmed through exposure tests in H₂SO₄ solutions that geopolymer concretes exhibit 

substantially better acid resistance than conventional concrete [10]. 

Research into supplementary materials for GPC has grown steadily. Toutanji and El-Korchi (1995) reported that the 
inclusion of Rice Husk Ash improved compressive strength in cementitious systems due to the high reactive silica content of 

RHA [11]. Manjit Singh and Mridul Garg (2002) investigated the use of beneficiated Pumicite as a cement replacement and 

confirmed its pozzolanic reactivity and suitability in concrete systems [12]. 

 

III. MATERIALS AND METHODOLOGY 

3.1 Materials 
The following materials were used in this study: 

• Fly Ash (Class F): Low-calcium fly ash conforming to ASTM C 618 was sourced from a local thermal power station. It is 

rich in SiO₂ and Al₂O₃ and serves as the primary binder. 

• Rice Husk Ash (RHA): Obtained as an agricultural by-product from rice mills. It contains highly reactive amorphous silica 

and acts as a supplementary aluminosilicate material. 
• Pumicite: A natural volcanic pozzolan used as a partial replacement for fly ash. It is known for its latent pozzolanic reactivity 

and contributes to binder improvement. 

• Alkaline Activator: A combination of sodium hydroxide (NaOH) solution at 10 Molar concentration and sodium silicate 

(Na₂SiO₃) solution in a ratio of 2.5:1 (Na₂SiO₃:NaOH) by mass. 

• Aggregates: Locally available river sand as fine aggregate and crushed granite as coarse aggregate (20 mm and 10 mm) 

conforming to Indian Standards. 

• Superplasticizer: Naphthalene sulphonate-based superplasticizer added at 3% by mass of fly ash to improve workability. 

 

3.2 Mix Design 
The mix design was based on an assumed unit weight of 2400 kg/m³ for geopolymer concrete. Aggregates comprised 

77% of the total concrete mass: 70% coarse aggregate (split 70/30 between 20 mm and 10 mm) and 30% fine aggregate. The 

binder-to-alkaline activator ratio was fixed at 0.40. The nominal mix proportions (Fly Ash : Fine Aggregate : Coarse Aggregate) 
were 1 : 1.405 : 3.28. Mix quantities per cubic metre are presented in Table 1. 

 

Material Quantity (kg/m³) 

Fly Ash 394.3 

Coarse Aggregate (20mm) 906 

Coarse Aggregate (10mm) 388 

Fine Aggregate 554 

NaOH Solids 14.14 

Na₂SiO₃ Solution 112.64 

Superplasticizer 11.83 

Table 1: Material Quantities for One Cubic Metre of Geopolymer Concrete 
 

3.3 Specimen Preparation and Curing 
Dry materials (fly ash, RHA or Pumicite, fine and coarse aggregates) were blended in a drum mixer for 3 minutes. The 

alkaline activator solution (prepared 24 hours in advance and allowed to cool to ambient temperature) was then added gradually 

and mixed for an additional 4 minutes. Superplasticizer was added to improve workability. Cube specimens of 150×150×150 

mm were cast for compressive strength testing. The fresh concrete was compacted using a vibrating table. After 24 hours, the 
specimens were demoulded and heat-cured in an oven at 60°C for 24 hours before ambient storage until the respective test ages. 

 

3.4 Testing Methods 
Workability was assessed by the standard slump test as per IS: 1199. Compressive strength tests were conducted at 28 

and 90 days using a 2000 kN capacity compression testing machine as per IS: 516-1959. For acid resistance evaluation, cubes 
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were immersed in 5% H₂SO₄ solution at room temperature for 30, 60, and 90 days following the initial curing period. The acid 

solution was stirred regularly. Weight loss (%) and residual compressive strength (N/mm²) were measured at each interval. 
 

IV.RESULTS AND DISCUSSION 

4.1 Workability 
The slump values of GPC increased progressively with increasing replacement of fly ash with both RHA and Pumicite. 

For RHA blends, slump increased from 5 mm (0% replacement) to 20 mm (10% replacement). Similarly, Pumicite blends showed 

slump values rising from 5 mm to 14 mm. The finer particle size of RHA contributed to higher water demand and improved 

workability at higher replacement levels. 

 

% Replacement RHA Slump (mm) Pumicite Slump (mm) 

0 5 5 

2.5 8 7 

5 14 10 

7.5 18 12 

10 20 14 

Table 2: Workability (Slump Values) of GPC with RHA and Pumicite Replacement 

 

 
Graph 1: Workability (Slump Values) of GPC with RHA and Pumicite Replacement 

 

4.2 Compressive Strength 
Compressive strength results at 28 and 90 days for RHA and Pumicite blended GPC are presented in Tables 3 and 4. For 

RHA blends, compressive strength increased steadily from 44 N/mm² (0%) to 53 N/mm² (10%) at 28 days, and from 48 N/mm² 

to 56 N/mm² at 90 days. This monotonic increase is attributed to the high reactive silica content of RHA, which participates in 

the geopolymerization reaction and densifies the microstructure. 

For Pumicite blends, strength increased up to 7.5% replacement (49 N/mm² at 28 days; 52 N/mm² at 90 days) and then 

declined at 10% replacement (45 N/mm² at 28 days), suggesting that beyond a threshold, excessive Pumicite dilutes the reactive 

fly ash fraction without proportionally contributing to geopolymerization, leading to a less dense binder network. 

 

% RHA Replacement 28 Days (N/mm²) 90 Days (N/mm²) 

0 44 48 

2.5 45 49 

5 48 51 

7.5 50 54 

10 53 56 

Table 3: Compressive Strength of GPC with RHA Replacement of Fly Ash (N/mm²) 
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Graph 2: Compressive Strength of GPC with RHA Replacement of Fly Ash (N/mm²) 

 

% Pumicite Replacement 28 Days (N/mm²) 90 Days (N/mm²) 

0 44 48 

2.5 45 49 

5 48 50 

7.5 49 52 

10 45 49 

Table 4: Compressive Strength of GPC with Pumicite Replacement of Fly Ash (N/mm²) 
 

 
Graph 3: Compressive Strength of GPC with Pumicite Replacement of Fly Ash (N/mm²) 

 

4.3 Acid Resistance 

4.3.1 Visual Inspection 

Specimens immersed in 5% H₂SO₄ showed no significant change in colour. Slight surface deterioration was visible after 

30 days and increased progressively at 60 and 90 days for both RHA and Pumicite blended specimens. However, the degree of 

surface damage was not always clearly distinguishable between the three exposure intervals through visual inspection alone, 
demonstrating the inherent durability of the geopolymer binder system against sulfuric acid. 

 

4.3.2 Weight Loss 

Weight loss increased gradually with both exposure duration and percentage replacement (Tables 5 and 6). The maximum 

weight loss for RHA-blended specimens was 7.2% at 10% replacement after 90 days, while for Pumicite-blended specimens it 

was 7.4% at 10% replacement after 90 days. Notably, lower replacement levels (0–2.5%) exhibited relatively lower weight loss, 

suggesting that the geopolymer matrix without excessive dilution of fly ash better resists acid attack. 
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% RHA 30 Days (%) 60 Days (%) 90 Days (%) 

0 1.1 3.2 5.1 

2.5 1.8 3.7 5.6 

5 2.3 4.1 6.1 

7.5 3.2 4.8 6.4 

10 4.1 5.5 7.2 

Table 5: % Weight Loss of GPC with RHA Replacement in 5% H₂SO₄ 

 

4.3.3 Residual Compressive Strength after Acid Exposure 

Tables 6 and 7 present the residual compressive strength of GPC specimens after acid exposure. For RHA blended 

specimens, residual strength increased up to 7.5% replacement (40 N/mm² at 90 days) and then declined at 10% replacement (34 

N/mm² at 90 days). For Pumicite blended specimens, optimal acid resistance was observed at 5% replacement (41 N/mm² at 90 

days), with strength decreasing beyond this level. 

The superior acid resistance of GPC compared to OPC concrete is well established in literature, since GPC relies on 

alumino-silicate polymeric bonds rather than lime-based compounds that are susceptible to acid dissolution [9, 10]. The results 

confirm that blending with RHA and Pumicite retains this inherent acid resistance while improving baseline compressive strength. 

 

% RHA 30 Days (N/mm²) 60 Days (N/mm²) 90 Days (N/mm²) 

0 40 38 35 

2.5 42 40 37 

5 44 41 38 

7.5 47 44 40 

10 41 38 34 

Table 6: Residual Compressive Strength of GPC with RHA Replacement in H₂SO₄ (N/mm²) 

 

% Pumicite 30 Days (N/mm²) 60 Days (N/mm²) 90 Days (N/mm²) 

0 40 38 35 

2.5 43 41 39 

5 46 43 41 

7.5 44 41 38 

10 42 39 36 

Table 7: Residual Compressive Strength of GPC with Pumicite Replacement in H₂SO₄ (N/mm²) 

 

V.CONCLUSIONS 

Based on the experimental investigation carried out on geopolymer concrete incorporating Rice Husk Ash and Pumicite 

as partial replacements for fly ash, the following conclusions are drawn: 

• Geopolymer concrete can be successfully produced using Class F fly ash partially replaced with RHA and Pumicite without 

any degradation in binding performance. 

• Compressive strength of fly ash-based GPC increased gradually from 0% to 10% replacement when RHA was used, reaching 

a peak of 53 N/mm² (28 days) and 56 N/mm² (90 days) at 10% RHA. This confirms the high silica reactivity of RHA within 

the geopolymer system. 
• For Pumicite blends, compressive strength peaked at 7.5% replacement (49 N/mm² at 28 days; 52 N/mm² at 90 days) and then 

declined at 10%, indicating a threshold beyond which Pumicite dilutes reactivity. 

• Both RHA and Pumicite blended specimens retained substantial residual compressive strength after prolonged acid exposure, 

confirming the inherent superiority of GPC over OPC concrete in acidic environments. 

• The maximum weight loss after 90 days of H₂SO₄ exposure was 7.2% (RHA, 10%) and 7.4% (Pumicite, 10%), both of which 

are well within acceptable limits compared to conventional concrete. 

• Optimal acid resistance was achieved at 7.5% RHA and 5% Pumicite replacement levels, balancing both strength gain and 

durability retention. 

• The utilisation of RHA and Pumicite in GPC promotes environmental sustainability by valorising agricultural and geological 

wastes while reducing dependence on OPC. 
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