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Abstract 

Recent advancements in the research for OPC-free cement have highlighted the need to develop alternative 

binding agents that are environmentally conscious. One promising alternative is geopolymer, which 

typically consists of fly ash, sodium silicate, and sodium or potassium hydroxide (NaOH or KOH). As 

many coal-based power plants in India are transitioning towards cleaner energy production, the 

availability of fly ash might decrease in the future. This situation has led to increased production of 

Ordinary Portland cement and heightened demand for natural river sand in the construction industry. 

Unfortunately, the production of cement contributes to CO2 emissions, and the availability of river sand 

has become scarcer and costlier due to unauthorized sand mining. This research aims to identify 

environmentally friendly substitutes for both cement and river sand. The current study involves 

experimental investigations into fly ash-based geopolymer cement, focusing on evaluating its properties 

and strength characteristics, including the incorporation of steel fibers. The characteristic evaluation of 

geopolymer concrete by using steel fibers involves a comprehensive assessment of mechanical properties, 

durability, and other relevant factors. The goal is to determine how steel fibers enhance the performance 

of geopolymer concrete. 0.2 %, 0.4 %, 0.6%, 0.8 %, and 1 % steel fibers were added. Optimum average 

compressive strength of the concrete was found to be 51.26 % for addition of 0.8% steel fibers. 
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1. Introduction 
 

Concrete is a widely used construction material, with Portland cement being a primary ingredient in its 

production [1]. The demand for concrete has been increasing steadily over time. However, cement 

production is energy-intensive and contributes to CO2 emissions, a major factor in global warming. Global 

warming is a significant environmental concern caused by greenhouse gas emissions, particularly CO2 [2]. 

The cement industry is responsible for about 6% of all CO2 emissions due to the CO2 emitted during 

cement production [3]. To address the environmental impact, efforts have been made to replace or partially 

replace Portland cement in concrete production. Geopolymer, an inorganic alumino-silicate material, has 

emerged as a promising alternative [4]. It offers similar strength, appearance, and properties to traditional 

cement, but with lower greenhouse gas emissions. Geopolymer cement is produced through the activation 

of materials rich in Si and Al, such as fly ash, slag, rice husk, and clays. Geopolymers have good 

mechanical properties, fire resistance, and acid resistance. The use of geopolymer helps reduce CO2 

emissions associated with cement production. Fly ash, a byproduct of thermal power plants, is commonly 

used in geopolymer production. It contains SiO2 and Al2O3, which are essential components for 

geopolymerization. Fly ash is divided into Class F (low-calcium) and Class C (high-calcium), with both 

types being explored for geopolymer cement production [5-6]. The Government of India, have initiated 

programs to increase the utilization of fly ash in various applications, including concrete production. Fly 
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ash reacts with calcium hydroxide during hydration to form a binding C-S-H gel, making it suitable for 

partial replacement of ordinary Portland cement (OPC) in concrete. While fly ash can replace a significant 

portion of OPC in concrete, complete replacement has been an ongoing research area. Fly ash's content of 

SiO2 and Al2O3 makes it useful for developing special cement, which is an area of ongoing exploration 

[7]. 

High-calcium fly ash, typically containing 12-25% calcium oxide, has been investigated for its 

potential use in geopolymer production. Research has shown that geopolymer paste and mortar produced 

from high-calcium fly ash exhibit good strength and durability [8-10]. The exploration of geopolymer and 

increased utilization of fly ash are aimed at reducing CO2 emissions associated with cement production 

and addressing the environmental impact of construction materials [11-15]. Geopolymer concrete is made 

using several key materials. Fine aggregate: Small-sized particles that fill the gaps between larger 

aggregates. Larger particles that provide strength and stability to the concrete. Materials like fly ash, silica 

fume, slag, etc., rich in alumino-silicates that react with alkaline activators to form the geopolymer binder. 

A solution that triggers the reaction between pozzolanic materials and helps in forming the geopolymer 

binder. Various materials can be used as a source of alumino-silicates pozzolanic powder in GPC 

production. Fly ash is a commonly used material due to its availability, but alternatives like silica fume, 

slag, rice-husk ash, and red mud can also be considered. 

The durability of GPC refers to its ability to withstand weathering, chemical attacks, abrasion, and 

other deterioration processes. While strength is important, durability ensures that the concrete can 

maintain its structural integrity and performance over time, even in challenging conditions. Durability of 

GPC is assessed through various tests that measure its resistance to different types of deterioration: The 

ability of the concrete to resist the penetration of water and other liquids. The capacity to withstand wear 

and tear caused by friction or rubbing. The resistance to damage caused by repeated freezing and thawing 

cycles. The ability to endure high temperatures without significant loss of strength or structural integrity. 

Resistance to degradation caused by sulfate-containing compounds. The ability to maintain strength and 

mass over time. The durability of GPC can be affected by various factors, including: Type of pozzolanic 

material used. Composition and properties of the alkaline activator solution. Curing temperature and 

duration. Molarity of the alkaline solution used. Properties of the aggregates utilized. The performance of 

GPC in different exposure conditions can vary over the short and long term. Different combinations of 

materials and curing conditions can impact how well GPC maintains its durability characteristics over 

time. 

II. Materials  

The dry fly ash, specifically Pozzo Crete 63, is being used as a base material in your experimental work. 

Depending on the context of your experiment, the pozzolanic properties of the fly ash could be utilized to 

enhance the properties of a cementitious mixture, like concrete. It's commonly used as a supplementary 

cementitious material to improve strength, durability, and other engineering properties of construction 

materials. An experimental work that involves using low calcium, Class F dry fly ash as a base material. 

This fly ash, named "Pozzo Crete 63," is a high-efficiency Class F pozzolanic material. Pozzo Crete 63 is 

obtained through the selection and processing of fly ashes generated from the combustion of pulverized 

coal in power stations. The purpose of using this material in your experiment could be related to its 

pozzolanic properties. Fly ash is a fine powder that is a byproduct of burning pulverized coal in electric 

power generating plants. It's typically categorized into two main classes: Class F and Class C. Class F fly 

ash is obtained from burning coal with a low calcium content and is known for its pozzolanic properties, 

meaning it can react with lime to form cementitious compounds. This makes it suitable for use in concrete 

and other construction materials. Pozzo Crete 63 is a specific brand or trade name for a high-efficiency 
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Class F pozzolanic material. It's produced by selecting and processing fly ashes resulting from the 

combustion of pulverized coal in power stations. The "63" might refer to a specific grade, specification, 

or quality control parameter of this pozzolanic material. Chemical composition of Pozzo Crete 63 as 

obtained from dirk India Private Limited. 

Table 1 General Information 

Properties Specifications 

Colour Light grey 

Bulk Weight Approx. 0.90 metric ton per cubic meter 

Specific density Approx. 2.30 metric ton per cubic meter 

Size 90% < 45 micron 

Particle shape Spherical 

Package 30 kg paper bags, 1 metric ton big-bags and bulk tankers 

 

Steel Fibers: Size of the fibers in SFRC varies between 0.25 mm to 1 mm in diameter & from 12mm to 

60mm in length, and the fiber content ranges from 0.3 to 2.5 percent by volume. Steel fibers used in SFRC 

are Straight, Hooked, Crimped, Paddled, and Enlarged ends.A combination of sodium silicate solution 

and sodium hydroxide solution was used as the alkaline liquid. Sodium-based solutions were chosen 

because they were cheaper than Potassium-based solutions. The sodium hydroxide solids were either 

technical grade in flakes form (3 mm) with a specific gravity of 2.130, 97 % purity. The sodium hydroxide 

(NaOH) solution was be prepared by dissolving either the flakes or the pellets in water. The mass of NaOH 

solids in a solution varied depending on the concentration of the solution expressed in terms of molarity 

M. For instance, NaOH solution with a concentration of 8M consisted of 8x40 = 320 grams of NaOH 

solids (in flake or pellet form) per liter of the solution, where 40 is the molecular weight of NaOH. The 

mass of NaOH solids was measured as 262 grams per kg of NaOH solution of 8M concentration. Similarly, 

the mass of NaOH solids per kg of the solution for other concentrations were measured as 10M: 314 

grams, 12M: 361grams, 14M: 404 grams, and 16M: 444 grams. Note that the mass of NaOH solids was 

only a fraction of the mass of the NaOH solution and water is the major component. The chemical 

composition of the sodium silicate solution was Na2O=14.05- 16.05%, SiO2=32.14-34.01% and water 

=50.93-52.92% by mass. The other characteristics of the sodium silicate solution were specific 

gravity=1.53 g/cc and viscosity at 20℃=400 cp. The ratio of sodium silicate to sodium hydroxide is kept 

2, 2.5, 3.  

Methodology 

Water holds paramount importance in both geopolymer concrete and conventional concrete. In 

geopolymer concrete, water serves to enhance workability and permeability, allowing for proper 

solidification through the evaporation of liquids during the curing process at elevated temperatures. The 

concentration of sodium hydroxide and sodium silicate influences the flow characteristics of concrete; 

higher concentrations reduce flow while simultaneously promoting compressive strength in geopolymer 

concrete. Adjusting the workability of concrete can be achieved by adding superplasticizer or extra water. 

However, the introduction of superplasticizer to enhance workability by more than 4% adversely impacts 

the strength of geopolymer concrete. In this regard, the addition of extra water results in greater strength 

compared to the use of superplasticizer. Strength refers to a material's ability to withstand external forces 

or loads without deformation or failure. The mechanical strength of a chosen engineering material is a 

crucial criterion for it to effectively endure varying mechanical forces. Toughness, on the other hand, 
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pertains to a material's capacity to absorb energy and deform plastically without fracturing. It is quantified 

by the energy absorbed per unit volume (measured in Joules per cubic meter). The toughness value is 

derived from the material's stress-strain behavior. An ideal tough material exhibits both significant 

strength and ductility. Materials that possess high strength but limited ductility lack sufficient toughness, 

just as materials with ample ductility but low strength are also insufficiently tough. Thus, true toughness 

necessitates the ability to withstand high stress and strain. Hardness signifies a material's resistance to 

permanent shape alteration due to external stress. Several measures of hardness exist, including Scratch 

Hardness, Indentation Hardness, and Rebound Hardness. Scratch Hardness evaluates a material's 

resistance to surface scratches from external forces. Indentation Hardness gauges a material's resistance 

to dents caused by external pointed objects. Rebound Hardness, also known as dynamic hardness, is 

determined by the bounce height of a diamond-tipped hammer dropped onto a material from a fixed height. 

Hardenability refers to a material's capacity to attain hardness through heat treatment processes. It's 

quantified by the depth to which the material achieves hardness. Brittleness signifies how prone a material 

is to fracturing under the influence of force or load. Brittle materials exhibit minimal energy absorption 

and fracture without significant strain. Brittleness and ductility are opposing traits in materials. 

Temperature also impacts a material's brittleness; some normally ductile metals become brittle at low 

temperatures. 

Results and Discussion  

Compressive strength refers to the ability of a material to withstand axial loads or forces that tend to 

squeeze or crush the material. It is usually tested by applying a compressive load to a standard specimen 

until the specimen fails or fractures. Compressive strength is an essential property for materials like 

concrete, where the ability to withstand compression is crucial in supporting structural loads. Compressive 

strength is often reported in units of pressure, such as megapascals (MPa) or pounds per square inch (psi). 

Split tensile strength, also known as indirect tensile strength, is a measure of a material's ability to resist 

tensile (pulling) forces. This property is particularly relevant for brittle materials like concrete. In a split 

tensile strength test, a cylindrical or prismatic specimen is subjected to a diametrical compressive load, 

causing the specimen to split along the applied load. Flexural strength, also known as modulus of rupture, 

measures a material's ability to resist bending or flexural stresses. This property is crucial for materials 

used in beams, slabs, and other structural components subjected to bending loads. A flexural strength test 

involves applying a load to the center of a beam-shaped specimen until it breaks or develops visible cracks. 

The maximum load that the specimen can withstand before failure is used to calculate the flexural strength. 

The specimen weight and compressive strength are mentioned in table 2.  

Table 2. Specimen weight in gram for Na2Sio3/NaOH=1.0 

 

%volume of steel Fibers 

in G.S 

(SiO2/Na20) =2.0 (SiO2/Na20) =2.5 

0.0 8.12 8.40 

0.0 8.52 8.56 

0.0 8.48 8.50 

0.1 8.50 8.60 

0.1 9.10 8.90 

0.1 8.80 8.50 

0.2 7.90 9.10 

0.2 8.20 8.90 

0.2 8.40 8.80 
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0.3 8.56 8.48 

0.3 8.40 8.50 

0.3 8.90 8.70 

0.4 8.70 8.90 

0.4 8.52 8.80 

0.4 8.48 8.78 

0.5 8.70 8.54 

0.5 9.0 8.85 

0.5 8.90 8.50 

 

Table 3. 7- Day Compressive strength specimen weight in gram for   Na2Sio3/NaOH=2.0 

 

% Volu me 

of steel 
Fiber 

Crushing 

load  (x103) N 

Compressive 
strength 

(n/mm2) 

Avg comp 

strength (n/m 

M2) 
0.0 760.00 33.78 34.22 
0.0 770.00 34.22 

0.0 780.00 34.67 

0.2 840.00 37.33 36.59 
0.2 820.00 36.44 

0.2 810.00 36.00 

0.4 820.00 36.44 37.18 
0.4 840.00 37.33 

0.4 850.00 37.78 

0.6 910.00 40.44 41.18 
0.6 920.00 40.88 

0.6 950.00 42.22 

0.8 850.00 37.78 38.96 
0.8 900.00 40.00 

0.8 880.00 39.11 

1.0 860.00 38.22 37.78 

Table 4. 28-day Compressive strength specimen weight in gram for Na2Sio3/NaOH=2.0 

 

% Volu me of 

steel 

Fiber 

Crushing 

load  (x103) 

N 

Compressi ve 

strength 

(n/mm2) 

Avg comp 

strength (n/m 

M2) 

0.0 1090.00 48.44 48.44 
0.0 1080.00 48.00 

0.0 1100.00 48.89 

0.2 1100.00 48.89 48.30 
0.2 1070.00 47.56 

0.2 1090.00 48.44 

0.4 1090.00 48.44 48.74 
0.4 1080.00 48.00 
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0.4 1120.00 49.78 

0.6 1130.00 50.22 51.26 
0.6 1150.00 51.11 

0.6 1180.00 52.44 

0.8 1160.00 51.56 50.67 
0.8 1120.00 49.78 

0.8 1140.00 50.67 

1.0 1120.00 49.78 48.59 

 

 
Fig. 1. Compresive strength of Concrete enhnaced by adding steel fibers 

Split tensile strength, also known as indirect tensile strength or Brazilian tensile strength, is a mechanical 

property of concrete that measures its resistance to tensile stress. It is determined by subjecting a 

cylindrical or disk-shaped concrete specimen to diametral compression, causing the specimen to fail in 

tension along a plane perpendicular to the applied load. This property is particularly relevant for assessing 

the performance of concrete under indirect tensile loading conditions. Split tensile strength testing 

provides valuable information about a concrete mix's ability to withstand tensile forces. When evaluating 

geopolymer concrete with steel fibers, this test helps assess the effectiveness of the fibers in enhancing 

the concrete's resistance to cracking and improving its overall mechanical behavior. 
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Fig. 2. Split Tensile strength of Concrete enhnaced by adding steel fibers 

Flexural strength, also known as modulus of rupture, is a measure of a material's ability to resist bending 

or flexural stresses. In the context of concrete, it reflects the material's capacity to withstand applied loads 

that cause bending. Geopolymer concrete with steel fibers can exhibit improved flexural strength 

compared to traditional concrete due to the reinforcing effects of the fibers. Flexural strength testing 

provides insight into the concrete's ability to withstand bending and structural loads. It helps assess the 

impact of steel fibers on the concrete's resistance to cracking and its overall flexural behavior, which is 

crucial for applications like beams, slabs, and other structural elements subjected to bending forces. 

 
Fig. 3. Flextural strength of Concrete enhnaced by adding steel fibers 

Conclusion: 

Based on the results obtained from the experimental investigations, the following conclusions can be 

drawn: 

1. Use of Silica and Alumina-rich Fly Ash: The study utilized fly ash that is rich in silica and alumina 

to create geopolymer concrete. This process involves using sodium hydroxide and sodium silicate 

chemicals. The geopolymer concrete can be prepared through conventional mixing techniques, but 

extra care is required during handling and mixing due to the involvement of chemicals.  

2. Replacement of Cement with Industrial Waste: In geopolymer concrete, traditional cement was 

entirely substituted with industrial waste, specifically fly ash. Since geopolymer concrete utilizes 
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industrial waste as its binding material, it is considered an eco-friendly material, as it contributes 

to waste reduction and minimizes environmental impact.  

3. Environmental Benefits: Geopolymer concrete not only reduces greenhouse gas emissions 

compared to traditional concrete but also addresses the issue of industrial waste disposal costs. 

This highlights the potential environmental benefits of using geopolymer concrete in construction 

projects. Additionally, the average density of geopolymer concrete is similar to that of ordinary 

Portland cement-based concrete. 

4. Compressive Strength Enhancement: The addition of steel fibers to geopolymer concrete resulted 

in increased compressive strength compared to plain geopolymer concrete. The maximum 

compressive strength was achieved when incorporating 0.6% volume of steel fibers in geopolymer 

concrete, with a specific Na2O/SiO2 ratio of 0.20. 

5. Split Tensile Strength Improvement: Similar to compressive strength, the introduction of steel 

fibers in geopolymer concrete led to enhanced split tensile strength compared to plain geopolymer 

concrete. The optimal split tensile strength was observed when including 0.6% volume of steel 

fibers in geopolymer concrete. 

6. Optimal Fiber Content: The study determined that the ideal fiber content for achieving maximum 

values of various strength properties in geopolymer concrete was 0.6% by volume. This specific 

volume of steel fibers contributed to improved compressive and split tensile strength. 

In summary, the experimental results suggest that using silica and alumina-rich fly ash to create 

geopolymer concrete with steel fiber reinforcement can lead to improved mechanical properties. This eco-

friendly alternative not only addresses environmental concerns associated with traditional concrete but 

also utilizes industrial waste effectively. The findings provide insights into the optimal parameters for 

achieving enhanced strength characteristics in geopolymer concrete. 
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