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Abstract 
 

Concrete is one of the most widely used building materials worldwide and the demand for Portland cement 

continues to rise. However, the cement industry significantly contributes to global CO₂ emissions, as producing 

one ton of Portland cement releases approximately one ton of CO₂ into the atmosphere. This environmental 

impact has raised concerns regarding global warming and climate change. To reduce the carbon footprint of 

concrete production one effective approach is the partial replacement of cement with supplementary cementitious 

materials such as fly ash, silica fume, granulated blast furnace slag, and rice husk ash. Among these, fly ash is 

commonly used, with replacement levels reaching up to 50% by mass of ordinary Portland cement (OPC). In this 

study, fly ash was used to replace OPC at different percentages: 0%, 10%, 20%, 30%, and 50%. Increasing fly 

ash content moderately affects the strength of concrete. To enhance strength further, admixtures are added to the 

concrete mix along with water, improving its overall performance. Experimental tests were conducted to evaluate 

both fresh and hardened properties of the concrete. These included compressive strength tests, water absorption 

tests at 7, 14, and 28 days, and permeability tests (Rapid Chloride Permeability Test - RCPT) at 28 days of 

curing.The research aims to optimize fly ash usage in cement production to develop more sustainable and eco-

friendly construction practices, thereby reducing the environmental impact of the cement industry. 
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1 Introduction 

 

As infrastructure demands grow, particularly in countries like Bangladesh and China, concrete use is increasing. 

However, Portland cement, the primary binder in concrete, is a major contributor to global greenhouse gas 

emissions (~1.35 billion tons annually, or 7% of global total) and ranks third in energy consumption among 

construction materials. 
 

Fly ash, a byproduct of coal combustion, presents a sustainable alternative. Despite the global production 

exceeding hundreds of millions of tons annually, only a small percentage is reused most is landfilled. Fly ash 

contains silicon and aluminum, making it a viable binder in concrete when activated with alkaline solutions. This 

study focuses on developing an optimized Geopolymer Concrete (GPC) mix using low-calcium fly ash, sodium 

hydroxide, and sodium silicate, targeting cost-effective high compressive strength (up to 54 MPa at 28 days). 

 

Objectives: 

 

1. Determine GPC properties. 

 

2. Measure compressive strength with varying fly ash content. 

 

3. Identify optimal replacement levels of water with alkaline solutions. 

 

4. Determine the best cement replacement percentage using fly ash. 

 

5. Measure RCPT (Rapid Chloride Permeability Test) for durability. 

 

Scope: 

 

1. Evaluation of physical material properties. 

 

2. Workability changes in fly ash-modified concrete. 
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3. Limits of fly ash as aggregate substitute. 

 

4. Compressive strength trends based on varying replacements. 
 

2 Literature review 
 

Usha et al. (2016) – Use of Metakaolin in Concrete 

This study highlights the sharp rise in global cement consumption from 1926 to 2015, estimating production to 

reach 3.5 billion tonnes annually by 2015 due to factors such as population growth and infrastructural expansion. 

To address performance and sustainability concerns, Usha et al. investigate the use of locally calcined kaolin 

(metakaolin) as a pozzolanic additive to improve concrete. The study concludes that incorporating 7%–15% 

metakaolin into cement significantly enhances strength and reduces permeability, with 10% or more being the 

most effective. The research also establishes standardized procedures for destructive and non-destructive testing 

(NDT) of in-situ concrete specimens. 

 

🔹 Mustafa et al. (2010) – Fly Ash-Based Geopolymer Concrete 

Mustafa et al. explore the development of geopolymer concrete using fly ash as a full replacement for OPC. Fly 

ash, rich in alumina and silica, reacts with alkaline activators to form a durable alumino-silicate gel. The study 

finds that increasing fly ash fineness reduces porosity and improves compressive strength. Fly ash-based 

geopolymer concrete demonstrates superior durability, high-temperature resistance, and workability compared to 

OPC-based concrete, making it an environmentally and economically viable alternative. Several parameters such 

as material fineness and alkaline concentration—are shown to affect performance. 

 

🔹 Raj and Sundar (2017) – Use of E-Waste in Geopolymer Concrete 

This study examines the partial replacement of fine aggregates with e-waste (10%, 20%, and 30%) in 

geopolymer concrete composed of 90% fly ash and 10% GGBS. Alkaline activators used include 12M NaOH 

and Na₂SiO₃. The findings reveal that 20% e-waste substitution yields the best mechanical properties for M40-

grade geopolymer concrete, particularly in compressive and tensile strength. This approach contributes to 

sustainability by recycling e-waste and reducing natural aggregate consumption, while still achieving high-

performance concrete. 

 

🔹 Rangan and Lloyd (2010) – Engineering Properties of Geopolymer Concrete 

Rangan and Lloyd provide a comprehensive study of geopolymer concrete as a total replacement for OPC, 

focusing on its structural and environmental advantages. Their research at Curtin University investigates mix 

design, curing regimes, aggregate grading, and moisture content, aiming to improve strength and workability. 

The study shows geopolymer concrete has strong engineering performance, low carbon emissions, and long-term 

durability, offering significant promise for commercial-scale applications in civil infrastructure. 

 

3 Methodology 

 

The laboratory investigation was divided into the following phases: 

1. In this research work, methodology adopted to check the durability properties (slump test, water 

absorption, compressive strength, rapid chloride penetration test, permeability ) of concrete by replacement of 

cement with fly ash.  

2. For this reason, two types of standard specimens as 50 mm×50mm mortar cubes and concrete cylinders, 

100 mm diameter and 200 mm height were cast.  

3. Total 80 concrete cylinders and 160 cubes were cast at 1:1.5:3 mix ratio with various proportions of fly ash 

like 0%, 10%, 20%, 30%,50%.  Various types of specimens are cured at 7,14,28 days curing period. 
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Table 3.1 Mixing proportion 

No of 

mix 

Dosage of 

NaOH and 

Na2SiO3 

Percentage of water 

replaced by NaOH and 

Na2SiO3 

Percentage of fly ash Using super 

plasticizer 

(yes or no) 

Mix-1 Single 5 0, 10, 20, 30 & 50 Yes 

Mix-2 Double 10 0, 10, 20, 30 & 50 No 

Mix-3 Single 5 0, 10, 20, 30 & 50 Yes 

Mix-4 Double 10 0, 10, 20, 30 & 50 No 

 

 

3.2 Rapid Chloride Permeability Test (RCPT) 

 

The RCPT is used to assess the resistance of concrete to chloride ion penetration, which is a major cause of steel 

reinforcement corrosion. The test involves applying a 60V electrical potential across a concrete specimen placed 

between two cells—one containing NaOH and the other NaCl solution. The current flow is measured over 6 

hours, and the total charge passed (in Coulombs) indicates the concrete’s permeability. Lower charge values 

signify better resistance to chloride ingress. 

There are two methods to calculate the total charge: 

1. Linear Variation Method: Assumes linear change in current between 30-minute intervals and uses a 

numerical formula to calculate the charge. 

2. Graphical Integration Method: Involves plotting a current-time curve and integrating the curve (using 

Excel) to compute the total charge. 

 

3.3 Permeability test of concrete 

 

This test evaluates the durability of concrete by measuring the depth of water penetration under pressure. A 

cylindrical concrete specimen (100 mm diameter, 200 mm height) is placed in a water penetration cell, and 5 

kg/cm² pressure is applied for 2 hours. 

After testing, the specimen is split, and the maximum depth of water penetration is marked and measured. A 

greater penetration depth indicates lower durability. 

The results are used to compare the relative durability of different concrete mixes based on their resistance to 

water penetration. 

 

4 Results and Discussions 

 

4.1 Water Absorption Test Result of Mortar for Different Percentages of Fly Ash Replacing OPC 

 

Water absorption increases with higher fly ash content in both Mix-1 and Mix-2 due to the porous nature and 

fine particles of fly ash-based geopolymer concrete. When fly ash exceeds 30%, water absorption significantly 

rises, increasing the risk of moisture-related issues like efflorescence and spalling. 

The use of superplasticizers reduces water absorption in both mixes. When the dosage of superplasticizer is 

doubled relative to sodium silicate and sodium hydroxide, water absorption decreases slightly more. This is 

because superplasticizers allow up to 30% water reduction without compromising workability, typically at 0.2–

0.8% dosage by cement weight. 

 

 
 

 

 

 
 

 

Fig 1(a) Percentages of water absorption for mix-1              Fig 1(b) Percentages of water absorption for mix-2 
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Fig 1(c) Percentages of water absorption for mix-3                   Fig 1(d) Percentages of water absorption for mix-4 

4.2 Result of Compressive Strength of Mortar (7,14 Days) and Concrete (28 Days) for Different 

Percentages of Fly Ash Replacing OPC 

 
 

 

 

 

 

 

 

 

 

 

 

Fig 2(a) Compressive strength at 7 days for                           Fig 2(b) Compressive strength at 14 days for  

different percentage of fly ash replacing OPC                       different percentage of fly ash replacing OPC 
 

The fig 2(a) indicates that compressive strength decreases with increasing fly ash content in both Mix-1 and Mix-2, although 

Mix-2 consistently shows higher strength values. This is due to the slow reaction of sodium hydroxide, sodium silicate, and 

water within 7 days of curing. When superplasticizer is used (Mix-3 and Mix-4), compressive strength increases at 0%, 10%, 

and 20% fly ash replacement but declines at 30% and 50%. Superplasticizers enhance strength by reducing water demand 

(12–25%) without compromising workability. However, overall compressive strength remains below 20 N/mm², which, 

according to BNBC 2020, is unsatisfactory for structural reinforced concrete—except for buildings up to 4 stories, where the 

minimum strength requirement may be reduced to 17 N/mm². 

 

The fig 2(b) shows that compressive strength increases with fly ash replacement up to 20%, after which it declines with 

further replacement. For all four mixes, strength improves consistently at each corresponding percentage. After 14 days of 

curing, the reaction among sodium hydroxide, sodium silicate, and water accelerates, producing more calcium silicate 

hydrate, which enhances binding. The use of superplasticizers further improves strength by significantly reducing water 

demand (12–25%) without compromising workability, resulting in higher-strength and lower-permeability concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

                     Fig 2(c) Compressive strength at 28 days for different percentage of fly ash replacing OPC 

 

The compressive strength increases with fly ash replacement up to 20%, then decreases with higher percentages. 

This trend is consistent across all four mix types. After 28 days of curing, the reaction among sodium hydroxide, 

sodium silicate, and water accelerates, forming more calcium silicate hydrate, which enhances binding. The use 

of superplasticizers further improves results by reducing water demand by 12–25% without affecting 

workability, leading to stronger and less permeable concrete. 
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 4.3 Result of Rapid Cholride Penetration Test (RCPT) for Different Percentages of Fly Ash Replacing 

OPC 

 
 

 

 

 

 

 

 

 

 

 

Fig 3(a) Total charge passed in RCPT at 28 days for different      Fig 3(b)Total charge passed in RCPT at 28 days for different            

percentage of fly ash replacing OPC from linear variation            percentage of fly ash replacing OPC from current-time graph 

 

Both graphs show that the total charge passed in the Rapid Chloride Penetration Test (RCPT) decreases with up 

to 20% fly ash replacement, indicating improved resistance to chloride penetration. Beyond 20%, a regular 

variation is still observed. This suggests a clear relationship between fly ash content and chloride resistance. 

Since concrete durability and strength are affected by chloride ingress, reducing chloride penetration is crucial to 

protect the reinforcement steel and ensure long-term structural performance. 

4.4 Result of Permeability of Concrete for Different Percentages of Fly Ash Replacing OPC 

 

 

 

 

 

 

 

 

 

 

Fig 4(a) Permeability of concrete at 28 days for different percentage of fly ash replacing OPC 

 

The permeability of pervious concrete depends on the size of the measured porosity. Generally, the larger the 

porosity is, the greater the permeability coefficient id, and the permeable pore is the communicating pore. Above 

the graph illustrates the value of permeability for various mixture varying with the variation in percentages of fly 

ash. It is noticed that for every item of mixture permeability value decreases according to increasing in fly ash 

content. For 0%,10% & 20% the values of permeability are less than the values having in 30% and 50 %. For the 

four types of mixture there is seen same tendency in permeability value. The best durable concrete can be got 

where 20 % of fly ash replacement is conducted. 

 

5 Conclusions 

 

The study found that increasing the percentage of fly ash in concrete results in reduced workability, leading to a 

lower water-cement ratio. Additionally, the unit weight of concrete decreases with higher fly ash content. Water 

absorption is minimized up to 20% fly ash replacement but increases beyond that level. The average compressive 

strength after 28 days of curing remains above 20 N/mm², meeting the requirements for structural reinforced 

concrete as per BNBC 2020. Chloride penetration, as measured by the Rapid Chloride Penetration Test (RCPT), 

also decreases up to 20% fly ash content, but the charge passed rises with further replacement. Similarly, 

concrete permeability decreases with up to 20% fly ash but increases when the fly ash content is raised beyond 

that point. 
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