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ABSTRACT 

There is a dire need to increase the utilization of variety of industrial wastes as well as reduce 

cement consumption, in view of their potential impact on environment. This can be achieved by 

promoting geopolymer concrete, which is cement-free concrete and can be developed using 

industrial waste rich in aluminosilicates and alkaline activators. It is a well known fact that, fly 

ash contains aluminosilicates in large quantities and employing fly ash as a binder material 

would be a great step towards green revolution. Therefore, efforts are made in this study to 

develop geopolymer concrete by employing fly ash as binder material and sodium hydroxide 

(NaOH) and sodium silicates (Na2SiO3) as alkaline activators. Fly ash based geopolymer 

concrete is developed for various alkaline activator solution (AAS) to binder solids (BS) ratio 

ranging from 0.4 to 0.8. Investigations are carried out to determine the mechanical properties 

such as compressive strength, splitting tensile strength, flexural strength, durability 

characteristics through water absorption, sulphate resistance, acid resistance, alkalinity. From the 

study, it is noticed that the mechanical properties of the fly ash  based geopolymer concretes are 

found to be decreasing with an increase in AAS to BS ratio, similar to normal concrete where 

strength decreases with increase in water to cement ratio. It is also observed from durability 

studies that the binder material composition and AAS content have had an effect on these 

properties, and thus, on overall performance of GPCs developed. Based on the study, it can be 

concluded that all fly ash based geopolymer concrete is suitable for structural applications.   

 

Keywords: Industrial wastes; geopolymer concrete; mechanical properties; durability 
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CHAPTER 1 

INTRODUCTION 

1.1 General  

 Over the last few decades or so, industrial sector and urban population is growing at a 

rapid phase all across the world. Due to these developmental activities the CO2 emissions into 

the atmosphere are tremendously increasing, and especially because of the activities like 

burning the fossil fuels, cement production, deforestation etc. These human created emissions 

have imbalanced the atmosphere by increasing the CO2 levels. About 87% of all the human 

created emissions comes from these manmade sources of emission have upset the natural 

balance of CO2 in the atmosphere. This rapid industrialization and urbanization also has a 

direct influence on the construction sector and thereby on cement consumption. Due to this, 

the cement consumption has been increasing tremendously and in turn leading to the 

emission of large amounts of CO2 into the atmosphere. Production of one ton cement leads to 

emission of approximately 1 ton of CO2 from the reaction of materials and also through fuel 

consumption for producing cement (Neville, 2014). Current cement production across the 

globe is 4.2 billion tonnes per annum and growing at 3-4% annually (USGS Report, 2015). 

According to Intergovernmental Panel on Climate Change (IPCC), cement production 

process is the most important source in non-energy industrial processes of global carbon 

dioxide emissions. Cement production accounts for around 5% of total global industrial and 

energy CO2 emissions as per Cement Sustainability Initiative (CSI). The sources of 

greenhouse gas emission in a cement plant are basically from chemical conversion of the raw 

materials, burning fossil fuels to provide thermal energy required for chemical action, and 

from grinding, transporting activities (CIF, 2015). The percentage contribution of the various 

activities is as shown in Fig. 1. But, the usage of cement cannot be completely avoided in the 

construction because of aestheticism that it gives to the structure compared to the other 

building materials. So, the ideal thing could be to look at the other alternative to OPC 

concrete. In this regards “geopolymer concrete” which can be developed mainly using 

industrial wastes rich in aluminosilicates such as fly ash, red mud, slag, etc., holds good not 

only in reducing the carbon footprint by completely avoiding cement usage but also helps in 

reducing the environmental pollution due to the disposal of these activities.  

 

1.2 Origin of Geopolymer Concrete and Suitable Materials 

http://www.cement.org.au/LinkClick.aspx?link=http%3a%2f%2fwww.wbcsdcement.org%2findex.php%2fkey-issues%2fclimate-protection&tabid=138&portalid=0&mid=570
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  The research on the geopolymer concrete started in 1978 by a French scientist Joseph 

Davidovits (Geopolymer Institute 2010). There was no substantial research happened in the 

first two decades, but from the past decade or so only, considerable research efforts have 

been directed towards the geopolymer concrete development and its performance evaluation. 

This is mainly due to the fact that, geopolymer concrete helps in significant reduction of 

greenhouse gas emissions compare to ordinary concrete; it gives an answer to the peoples 

increasing emphasis on global warming and energy conservation (Silva et al., 2007).  

 

 

Fig. 1: Percentage CO2 emissions from cement production (CIF, 2015) 

 Geopolymer concrete is a green concrete, which can be synthesized by alkali 

activation of source material rich in aluminosilicates, using strong alkali solutions like NaOH 

or KOH and soluble silicates (mostly) such as sodium silicate or potassium silicate, under 

appropriate curing conditions (Torgal et al., 2008). There are a very wide range of industrial 

by-product waste materials and natural raw materials, such as fly ash (Gorhan et al. 2013), 

ground granulated blast furnace slag (Aydin et al., 2012), palm oil fuel ash (Yusuf et al., 

2014), rice husk ash (He et al., 2013), red mud (Vukcevic et al., 2013), copper and hematite 

mine tailings (Ahmari et al., 2012), silica fume (Manjunath et al., 2011), and metakaolin 

(Pelisser et al., 2013), which are all rich in aluminosilicates can be used as source materials. 

The aluminosilicates present in source material(s) in the presence of alkaline medium 

undergoes geopolymerization to form an amorphous to semi-crystalline structure with 

strength similar to or higher than the conventional concrete. The reaction between the source 

material (which basically is of geological origin) and the alkaline activator represents an 

inorganic polymerization process, and hence its mechanism is termed as “geopolymerization” 

(Davidovits, 2008). In this way, geopolymers encourages the effective utilisation of industrial 
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by-products in making concrete which controls the environmental pollution and reduces the 

risk of safe disposal of waste by products.  

 

1.3 Current Scenario of Fly ash Utilization  

1.3.1 Fly ash 

 Fly ash is a principal by-product of coal based thermal power plants. In India, more 

than 70% of the power generation is through coal based thermal power plants and is one of 

the biggest producers of coal fly ash and ranked fourth in the world. The Indian coal is of low 

grade having high ash content of the order of 30 - 45%, thus generates large quantity of fly 

ash (Sahu et al., 2009).  In technical terms (as per ACI Committee 116), Fly ash can be 

defined as a finely divided residue which results from the coal combustion, and is basically 

transported from the boiler by flue gases. The fly ash particles are generally spherical in 

shape and with size ranging from 0.5 to 100 µm.  

 The current annual generation of fly ash in India is about 180 Million Tons, while its 

utilization is 60.77% only (CEA, 2015) and whereas, the current global generation is about 

850 Million Tons per annum, with its utilization being 25 to 30% only (Yao et al., 2015). The 

fly ash generation is very high, but its utilization is only 60.77% through various activities 

such as bricks, ceramic tiles manufacturing, roads & flyovers, distemper making, cement 

making, concrete, mine filling, ash dyke rising, reclamation of low lying areas, agriculture, 

etc. The disposal management of the unutilized fly ash is a huge environmental concern. 

Environmental pollution caused by the coal based thermal power plants with its huge fly ash 

generation is cited to be one of the major pollution which is affecting the beauty of the 

environment through land usage, by creating health hazards, polluting air, soil and water, and 

thus leads to environmental dangers (Ashoka et al., 2005). One possible remedy could be the 

possible replacement of cement based concrete with the fly ash based geopolymer concrete 

(Palamo et al., 1999). The cost of a ton of fly ash is often half the price of Portland cement 

and by employing fly ash instead of cement for making concrete the cost of a concrete in a 

project can be reduced drastically, while improving its overall performance and durability 

(American Coal Ash Association, 2009).  

 Based on the oxide composition, the fly ash has been classified into types such as 

Class C and Class F (ASTM C618).  The principal oxide components in most of the fly ashes 

are SiO2, Al2O3, Fe2O3, and CaO, and it also contains other oxide components such as MgO, 

Na2O, K2O, SO3, MnO, TiO2 and unburnt carbon, in minor traces. The classification of the 

fly ash is done largely based on the amount of the principal oxides present in it. When the 
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sum of the principal oxides such as SiO2, Al2O3, Fe2O3 content is 70% or more and reactive 

CaO is less than 10%, then the fly ash can be categorized as class F fly ash. If the sum of the 

principal oxides content is not less than 50% and reactive CaO is more than 10%, then the fly 

ash can be categorized as class C fly ash. Table 1.1 below gives the chemical characteristics 

of class C and class F fly ashes as per ASTM C618.  

Table 1.1 Chemical characteristic requirements of fly ash as per ASTM C618 

 

Sl. 

No. 

 

Chemical characteristics  

Requirements 

Class F 

(Siliceous 

fly ash) 

Class C 

(Calcareous 

fly ash) 

1 

Silicon dioxide (SiO2) + Aluminium 

oxide (Al2O3) + Iron oxide (Fe2O3), in 

percent by mass, Min. Percentage 

70 50 

2 
Sulphur trioxide (SO3), max. 

percentage 
5 5 

3 Moisture content, max. percentage 3 3 

4 Loss on ignition, max. percentage 6 6 

 

1.3.2 Problems associated with industrial waste and its potential use in geopolymers 

 Huge problems are associated with the disposal of the industrial wastes especially 

fly ash and red mud, whose production is increasing every year at an alarming rate. It requires 

vast usable and fertile lands for storage purpose. Nowadays, the land acquisition is becoming 

increasingly problematic. Also, the storage area construction and its maintenance are highly 

cost-intensive. Moreover, the leaching behaviour of fly ash contaminates the ground water in 

nearby premises. It has been reported that one tonne of fly ash usage conserves enough 

landfill space for 455 days of solid waste produced by an average home (PenneconTalk, 

2009). In such a scenario, one of the promising areas where the industrial wastes such as fly 

ash, granite dust, etc., can be utilized efficiently found to be geopolymers (Oh et al., 2014; 

Lopez et al., 2014). The utilization of fly ash through geopolymers as an environmental 

protection material would be big step towards green revolution. 

 Therefore, in the current study, fly ash, slag, and red mud have been used as the 

source materials for developing geopolymer concrete. In addition, a simple and rational mix 
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design method has been proposed in this study by accounting the specific gravities of the 

materials used, which otherwise the available methods are either complex to employ or does 

not account for specific gravities of the materials used. Using the proposed mix design, 

different geopolymer concretes were developed by using various combinations of the binder 

materials and were then evaluated for its mechanical, durability, and corrosion characteristics. 

Additionally, micro-structure analysis on the geopolymer concrete has been conducted to 

discover the influencing factors for its behaviour.    

 

1.4 Motivation of the Studies 

 Now-a-days the cost of construction materials is increasing alarmingly. In India, the 

cost of cement during 1995 was Rs.1.25/kg and in 2015 the price increased by more than five 

times. In case of bricks the price was 0.66 per brick in 1995 and the present rate is Rs.4 to Rs. 

5 per brick. Similarly, over the past two decades the price of sand has increased ten times. 

Also due to high transportation costs of the raw materials, demand, environmental 

restrictions, it is essential to find functional substitutes for conventional building materials in 

the construction industry. 

By using geopolymer technology, the industrial wastes such as fly ash, waste product 

of the coal-based thermal power stations, can be effectively utilized. The already 

commissioned coal based thermal power plants produces more than 12 tons of fly ash per 

hour, which is a huge amount. The main objective of this research was to develop a 

geopolymer concrete by utilizing fly ash alone, which can be used as a substitution for OPC 

concrete and is much more environmental friendly.  By doing so, the objective of reduction 

of carbon emissions as well as the problem associated with its disposal including the 

environmental problems of the region can be met. Even though much work has been done on 

fly ash based geopolymers, but the fly ash that we come across in India has different oxide 

composition and also the fineness of the particles differ significantly to that of the fly ashes 

across the world. But, no substantial work has been done in the development of fly ash based 

geopolymer concretes.  
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CHAPTER 2 

    LITERATURE REVIEW  

2.1 Introduction 

 This Chapter presents a brief review of the terminology and chemistry of geopolymer, 

and past studies on geopolymer and granite powder. Additional review on geo-polymer 

methodology is also explained here (Hardjito and Rangan, 2005). 

2.2 Geopolymers 

 2.2.1 Terminology and chemistry 

 The term ‘geopolymers’ was first introduced by Davidovits in 1978 to describe a 

family of mineral binders with chemical composition similar to zeolites but with an 

amorphous microstructure. He also suggested the use of the term ‘poly (sialate)’ for the 

chemical designation of geopolymers based on silico-aluminate (Davidovits, 1988; van 

Jaarsveld et. al., 2002a). Sialates is an abbreviation for silicon-oxo-aluminates. Poly(sialates) 

are chain and ring like polymeric structures with Si4+  and Al3+ in IV-fold coordination with 

oxygen and it ranges from amorphous to semi-crystalline in structure. The empirical formula 

of Poly Sialates is;  

Mn(-(Sio2)z-AlO2)n.wH2O 

Where “z” is 1, 2 or 3 or higher up to 32; M is a monovalent cation such as potassium or 

sodium, and “n” is a degree of polycondensation (Davidovits, 1984).  

 

 

Fig. 2: Three basic forms of geopolymer 
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 Davidovits (1988b) has also distinguished 3 types of polysialates, namely the 

Poly(sialate) type (-Si-O-Al-O), the Poly(sialate-siloxo) type (-Si-O-Al-O-Si-O) and the 

Poly(sialate-disiloxo) type (-Si-O-Al-O-Si-O-Si-O). The basic forms of these polysialates and 

polymeric structures are schematized as shown in the Fig.2 and Fig.3, respectively. 

 

 

Fig. 3: Polymeric structures from polymerization of monomers 

 Geo-polymerization involves the chemical reaction of alumina-silicate oxides (SiO2, 

Al2O3) with alkali poly-silicates yielding polymeric Si – O – Al bonds. Poly-silicates are 

generally sodium or potassium silicate supplied by chemical industry or manufactured fine 

silica powder as a by-product of Ferro-silicon metallurgy. Empirical equation shown above 

gives an example of poly-condensation by alkali into poly (sialatesiloxo). 

 Unlike ordinary Portland/pozzolanic cements, geopolymers do not form calcium 

silicate-hydrates (CSHs) matrix bond formation to attain strength, but utilize the 

polycondensation of silica and alumina precursors and a high alkali content to attain 

structural strength. Therefore, geopolymers are sometimes referred to as alkali activated 

alumina silicate binders (Davidovits, 1994a; Palomo et. al., 1999; Roy, 1999; van Jaarsveld 

et. al., 2002a). However, Davidovits (1999) stated that, using the term ‘alkali-activated’ could  

create significant confusion  and generate false granted ideas about geopolymer concrete. For 

example, the use of the term ‘alkali-activated cement’ or ‘alkali-activated fly ash’  can be 

confused with the term ‘Alkali-aggregate reaction (AAR)’ , a harmful property well known in 

concrete. 

 The last term of Equation indicates that, water is released during the chemical reaction 

that occurs during the formation of geopolymers.  This water is expelled from the mixture 

during the oven curing process.    
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 There are two main constituents of geopolymers, namely the source materials and the 

alkaline liquids. The source materials for geopolymers based on alumina-silicate should be 

rich in silicon (Si) and aluminum (Al). These could be natural minerals such as kaolinite, 

clays, micas, and alousite, spinel, etc which chemical composition comprises of mainly Si, 

Al, and oxygen (O) (Davidovits, 1988). Alternatively, by-product materials such as fly ash, 

silica fume, slag, rice-husk ash, red mud, etc could be used as source materials. The choice of 

the source materials for making geopolymers depends on factors such as availability, cost, 

and type of application and specific demand of the end users. The alkaline liquids are from 

soluble alkali metals that are usually Sodium or Potassium based. 

2.2.2 Mechanism of geopolymerization 

Geopolymerization is the process of formation of geopolymers. The process involves 

forming silica and alumina precursor units into monomers which are then polymerise to form 

a solid three dimensional structure called geopolymeric structure. Generally high 

temperatures (60 to 90 °C) are required for faster dissolution of aluminosilicates and for 

enhanced geopolymerization. Heat curing enhances the rate of reaction (Palomo et al. 1999). 

The exact mechanism of setting, hardening and structural formation is still under research; 

however, the most proposed mechanism consists of the following three steps (Xu and Van 

Deventer, 2000): 

1. Upon addition of alkaline activator solution, dissolution of aluminosilicates from 

the binder materials takes place to form Silica and alumina tetrahedral units called 

precursor units.  

2. The precursor units are then transported or reoriented or condensed into 

monomers.    

3. Finally, these monomers upon polycondensation/polymerisation gives three 

dimensional structure called geopolymeric structure (as shown in Fig. 4). 

 

But the sequence of formation of the above mentioned steps is difficult to isolate as 

they can either take place one by one or can overlap with each other making it difficult to find 

out and examine what happens separately (Palomo et al. 1999). 
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Fig. 4: Typical reaction mechanism of geopolymerization (He 2012)  

Duxson et al. (2007) proposed a conceptual model for the geopolymerization 

mechanism which says that the geopolymer mechanism starts with the dissolution process. 

The aluminosilicates present in the raw material(s) gets dissolved by alkaline hydrolysis 

where the aluminosilicates consumes water to produce alumina and silicate precursor units. It 

has also been reported that the surface dissolution mechanism is responsible for the gel 

formation during geopolymerization.   

The aqueous phase consists of a mixture of silicates, aluminates and aluminosilicates 

species which later forms SiO4 and AlO4 tetrahedral units in the gel solution. Condensation of 

aluminium or silicon hydroxide molecules takes place through covalent bonding with the 

oxygen atoms and through release of H2O. The gel formation is immediately followed by 

reorientation and reorganisation of the gel network or monomers which up on hardening 

forms three dimensional aluminosilicates networks. The hardening process is also called 

polycondensation in this case. The process of structural reorganisation/reorientation 

determines the microstructure and pore size distribution of the material which determines 

many physical properties. There are many factors which affect the activation reaction rate and 

chemical composition of the reaction products but the mechanism controlling the general 



Page | 10  
 

activation process are independent of them(Fernandez et al. 2005). Figure 5 shows the 

schematic representation of conceptual model for geopolymerization as proposed by Duxson 

et al. (2007). 

 

Fig. 5: Conceptual model for geopolymerisation (Duxson et al. 2007) 

2.2.3 Factors affecting the properties of geopolymer concrete 

There are several factors which affect the properties of geopolymer concrete like type 

and concentration of alkaline activator, temperature and time of curing, chemical composition 

and type of source material, ratio of alkaline activator solution to source material by mass, 

water content, molar Si to Al ratio in source material and activator solution, extent of 

dissolution of Si, ratio of sodium silicate solution to sodium hydroxide solution by mass, ratio 

of SiO2 to Na2O, mixing time, rest period prior to curing etc.  
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The type of activator used plays a major role in geopolymerization process. Rate of 

reactions is higher for alkaline solutions containing soluble silicates than hydroxides (Palomo 

et al.1999). There was an enhancement in compressive strength as well as the rate of alkali 

activation when combination of NaOH and Na2Sio3 was used as alkaline solution (Oh et 

al.2010). Compressive strength increased with increase in molarity of NaOH solution 

(Hardjito et al.2005, Reddy et al.2010). But it is also reported that excess concentration of 

NaOH decreases compressive strength (Vukcevic et al.2013) due to faster setting rate which 

gives less time for dissolution of alkali metals from source material leading to more un 

reacted particles and strength reduction. When fly ash comes into contact with NaOH, 

leaching of Si, Al and other ions starts from source material. The amount of leaching taking 

place depends upon NaOH concentration and leaching time (Rattanasak and Chindaprasirt, 

2009). Silicon concentration of Sodium silicate solution also influences the compressive 

strength of concrete. Increase in silicon concentration or SiO2 to Na2O ratio by mass in 

aqueous solution leads to increase in compressive strength of geopolymer samples (Vukcevic 

et al.2013). Presence of silicon in sodium silicate solution leads to the increased rate of 

dissolution of alkali ions from source material, but excess silicate present will hinder the 

water evaporation and structural formation of geopolymers leading to decrease in 

compressive strength, increase in porosity and water absorption (Cheng and Chiu, 2003). 

Temperature is a reaction accelerator. Increase in temperature leads to increase in 

mechanical strength (Palomo et al.1999, Hardjito et al.2005). Curing time also has a similar 

effect of curing temperature on mechanical strength of GPC. Curing temperature and curing 

time not only accelerators the chemical reaction but also determine to what extent the 

reaction take place (Davidovits, 1999). However, the increase in strength beyond 24 hours is 

not significant (Hardjito and Rangan 2005). It is also possible to obtain sufficient mechanical 

strength of gpc under normal ambient curing if the geopolymer concrete mixes are 

formulated properly (Manjunath et al. 2011).  

Any material that contains mostly Silicon and Aluminium in amorphous form is a 

possible source material for the manufacture of geopolymers. Generally low calcium fly ash 

is preferred as a source material than high calcium fly ash because the presence of high 

amount of calcium interfere with the polymerisation process and can alter the microstructure 

(Hardjito and Rangan 2005).  
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 In geopolymer concrete water is not used directly as how it is used in Ordinary 

Portland Cement. Water is used in the form of alkaline activator. Water cement relationship is 

given it terms of alkaline activator solution to source material ratio. Alkaline activator 

solution includes water, hydroxides and silicates solutions of alkali metals. Further this 

relation can be extended to water to geopolymer solids ratio. Geopolymer solids refer to the 

binder or source material, solid hydroxide and silicates of alkali metals present in the 

activator solution. As the water to geopolymer solid ratio increases the compressive strength 

of concrete decreases (Hardjito et al. 2005).  Van Jaarsveld et al. (2003) stated that the 

properties of geopolymer depend upon water to fly ash ratio, source material. In another 

study, Xu and Deventer (2000) reported that factors such as percentage of CaO, K2O and the 

ratio of Si to Al present in source material and in solution, type of alkali liquid and extent of 

dissolution of Si significantly influenced the compressive strength of geopolymers. 

 Based on the acid resistance test conducted on fly ash based geopolymer mortars with 

different percentages of Na2O content, Thokchom et al. (2009) concluded that loss of 

alkalinity depended on alkali content in geopolymers samples. Further they also reported that 

samples with lesser Na2O percentage lost their alkalinity faster than those with higher Na2O 

percent.  

 Hardjito et al. (2005) investigated the effect of mixing time and longer rest periods on 

the compressive strength of fly ash based geopolymers concrete, based on the observation 

made authors reported that longer mixing time yielded lower slump value, higher 

compressive strength and higher density of hardened concrete.  They also inferred that 

compressive strength of specimens increased with rest period of one day or more after 

casting. 

2.3 Source Materials of Geopolymer 

 2.3.1 Alkaline solutions       

 Since 1972, Davidovits (1988c) worked with kaolinite source material with alkalis 

(NaOH, KOH) to produce geopolymers. The technology for making the geopolymers has 

been discussed in various patents issued on the applications of the so called “SILIFACE-

Process”. Later, Davidovits (1999) himself introduced a pure calcined kaolinite called 

KANDOXI (KAolinite, Nacrite, Dickite OXIde) which was calcined for 6 hours at 750oC. 
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This calcined kaolinite like other calcined materials performed better in making geopolymers 

compared to the natural ones. 

 Xu and Van Deventer (1999; 2000) have also studied a wide range of alumina 

silicate minerals to make geopolymers. Their study involved sixteen natural Si-Al minerals 

which covered the ring, chain, sheet, and framework crystal structure groups, as well as the 

garnet, mica, clay, feldspar, sodalite and zeolite mineral groups. It was found that a wide 

range of natural alumina-silicate minerals provided potential sources for synthesis of 

geopolymers. For alkaline solutions, they used sodium or potassium hydroxide. The test 

results have shown that potassium hydroxide (KOH) gave better results in terms of the 

compressive strength and the extent of dissolution. 

 Madheswaran (2003) has also carried out a wide range of studies on the strength 

properties of various grades of geopolymer concrete under varying molarity. The alkaline 

liquids used in this study for the geo-polymerization were sodium hydroxide (NaOH) and 

sodium silicate (Na2SiO3). Different molarities of sodium hydroxide solution (3M, 5M and 

7M) were taken to prepare different mixes. The geo-polymer concrete specimens prepared 

were then tested for their 7 & 28 days compressive strength. Likewise, GPC mix formulations 

for compressive strength ranging from 15 to 52 MPa have been developed. 

2.3.2 Fly ash 

 Among the waste or by-product materials, fly ash and slag are the most potential 

sources of geopolymers. Several studies have been reported relating to the use of these source 

materials. Cheng and Chiu (2003) reported the study of making fire-resistant geopolymer 

using granulated blast furnace slag combined with metakaolinite. The combination of 

potassium hydroxide and sodium silicate was used as alkaline liquids. 

 Malhotra (1990) presented data on the durability of structural concrete incorporating 

high volumes of low-calcium fly ash which have been under study in CANMET since 1985. 

The durability aspects considered were freezing and thawing, resistance to chloride ion 

permeability and the expansion of concrete specimens when highly reactive aggregates were 

used in the concrete. He indicated that concrete incorporating high volumes of fly ash had 

excellent durability with regard to frost action, had very low permeability to chloride ions and 

showed no adverse expansion when highly reactive aggregates were incorporated into the 

concrete. 
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 Van Jaarsveld et al., (1997; 1999) identified the potential use of waste materials 

such as fly ash, contaminated soil, mine tailings and building waste to immobilize toxic 

metals. Palomo et al., (1999) reported the study of fly ash-based geopolymers. They used 

combinations of sodium hydroxide with sodium silicate and Potassium hydroxide with 

potassium silicate as alkaline liquids. It was found that the type of alkaline liquid is a 

significant factor affecting the mechanical strength, and that the combination of sodium 

silicate and sodium hydroxide gave the highest compressive strength.  

 Van Jaarsveld et al. (2003) reported that the particle size, calcium content, alkali 

metal content, amorphous content, morphology and origin of the fly ash affected the 

properties of geopolymers. They also reported that the calcium content in fly ash played a 

significant role in strength development and final compressive strength, as the higher the 

calcium content resulted in faster strength development and higher compressive strength.  

 Gourley (2003) also stated that the presence of calcium in fly ash in significant 

quantities could interfere with the polymerization setting rate and alters the microstructure. 

Therefore, it appears that the use of Low Calcium (ASTM Class F) fly ash is more preferable 

than High Calcium (ASTM Class C) fly ash as a source material to make geopolymers.  

 Hardjito (2005) have also done a wide range of studies on fly ash-based geopolymer 

concrete. He studied the stress-strain behaviour of the concrete having compressive strength 

in the range of 40 to 65 MPa. Test results show that a good agreement exists between the 

measured stress-strain relations of fly ash based geopolymer concrete and those predicted by 

a model developed originally for Portland cement concrete. 

Lloyd and Rangan (2010) have reported their mix design for fly ash-based 

geopolymer concrete. A simple method to design geopolymer concrete mixtures has been 

described and illustrated by an example. Geopolymer concrete has excellent properties and is 

well-suited to manufacture precast concrete products that are needed in rehabilitation and 

retrofitting of structures after a disaster. They focused mainly on the durability of geopolymer 

in aggressive soil conditions and marine environments.        

 Al Bakr (2011) also stated that Fly ash-based geopolymer is better than normal 

concrete in many aspects such as compressive strength, resistance to aggressive environment 

exposure, workability and high thermal resistance.      
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 Anuradha (2012) have also studied with the generic information available on 

geopolymers, a rigorous trial-and-error method was adopted to develop a process of 

manufacturing fly ash-based geopolymer concrete. After some failures in the beginning, the 

trail-and-error method yielded successful results with regard to manufacture of low-calcium 

(ASTM Class F) fly ash based geopolymer concrete. Geopolymer concrete is an excellent 

alternative solution to the CO2 producing Portland cement concrete.   

 Motorwala (2013) also stated the feasibility of alkali activated geo-polymer concrete 

as a future construction materials. It was observed that compressive strength increases with 

the increase in the Molarity.            

2.4 Geopolymer Concrete 

Lee et al., (2004) have experimented and reported the micro structure and the 

bonding strength of the interface between natural siliceous aggregates and fly ash based 

Geopolymers. It was found that when the activating solution that contained no or little 

soluble silicates, the compressive strength of the Geopolymeric binders, mortars and 

concretes were significantly weaker than those activated with high dosage of soluble silicates. 

The presence of soluble silicates in the initial activating solution was also effective in 

reducing alkali saturation in the concrete pore solution even when a highly alkali-

concentrated activating solution was used. They subsequently promoted greater inter-particle 

bonding within the Geopolymeric binders as well as to the aggregate surfaces.  

Hardjito et al., (2005) conducted experiments to study the materials and the mixture 

proportions, the manufacturing process and the influence of various parameters on the 

properties of fresh and hardened Geopolymer concrete. They have found out that fly ash-

based geopolymer concrete had excellent compressive strength which might be suitable for 

structural applications. They have found that molar ratio of H2O to Na2O, curing temperature 

and the curing time significantly influenced the compressive strength of fly ash-based 

geopolymer concrete. The fly ash-based geopolymer concrete also showed excellent 

resistance to sulphate attack, underwent low creep, and suffered very little drying shrinkage. 

Peter Duxson et al., (2007) studied the role of inorganic polymer technology in the 

development of “Green Concrete”. They reported the role of free alkali and silicate in poorly-

formulated systems and its deleterious effects on concrete performance, which necessitates a 
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more complete understanding of the chemistry of Geopolymerization for the technology to be 

successfully applied.  

2.5 Application of Geopolymer Concrete 

Geopolymer concrete can be effectively used in the following fields; 

 Manufacturing of precast structural elements such as decks for bridges, pavers and 

slabs for pavements, sewer pipes and other non-structural applications. 

 Because of its high resistance to chemical attack (Reddy et al. 2011), reinforced 

geopolymer concrete can be used in aggressive marine environment and sewer pipes.  

 Geopolymer concrete can act as a suitable alternative in development of acid resistant 

concrete (Palomo et al. 1999) due to their strong resistant to acidic environment when 

compared to OPC concrete.  

 Geopolymer structure and behaviour resembles to that of Zeolites and therefore can 

be used for hazardous waste encapsulation.  

 Geopolymer has the potential to immobilize hazardous wastes within their matrix and 

can convert the semi-solid waste into adhesive solids (Davidovits 1994).  

 Geopolymers were also employed in many civil engineering applications such as 

pavement, retaining wall, water tank, boat ramp and precast decks & beams (Aldred 

and Day, 2012).  

 

2.6 Research Gap 

 Geopolymer concrete, it can be easily produced with fly ash, ggbs, rice husk ash, 

metakaolin, most of them are the by-products from the industries. The main objective of this 

research was to develop a geopolymer concrete by utilizing fly ash, which can be used as a 

substitution for OPC concrete and is much more environmental friendly.  By doing so, the 

objective of reduction of carbon emissions as well as the problem associated with its disposal 

including the environmental problems of the region can be met. Even though much work has 

been done on fly ash based geopolymers, but the fly ash that we come across in India has 

different oxide composition and also the fineness of the particles differ significantly to that of 

the fly ashes across the world. But, no substantial work has been done in the development and 

characteristics study of Indian fly ash based geopolymers.   

The following are the benefits which motivate to do research in this area; 
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 Huge amount of fly ash is available.  

 Unutilized waste poses threat to geo-environment.  

 No standard mix design procedure to rely upon and the existing procedures are based 

on trial and error approach. 

 There is no clear understanding on the factors influencing the mechanical properties, 

durability characteristics of the geopolymer concrete. 

 

2.7 Objectives Derived 

 The following are the major objectives that have been set in this research work;  

 To develop an environmental friendly geopolymer concrete using fly ash 

 To investigate the influence of composition of activator on properties of geopolymer 

concrete.  

 To find optimum ratios of Na2SiO3/NaOH and Na2O/SiO2, ideal curing time, curing 

method and curing temperature. 

 To study the workability of fresh concrete as a function of alkaline solution to binder 

ratio.  

 To study the mechanical properties such as compressive strength, flexural strength 

and splitting tensile strength, durability through water absorption, acid attack and 

sulphate attack. 

 Finally doing comparative studies on the economic and feasibility aspects of the 

geopolymer concrete with respective to ordinary concrete. 
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CHAPTER 3 

MATERIAL CHARACTERIZATION 

 This Chapter describes the experimental materials. This is then followed by 

description of material properties. 

3.1 Materials 

 The materials used for making Geopolymer Concrete specimens are 

Binder Materials: Low-calcium fly ash 

Aggregates: Fine aggregates, Coarse Aggregates – 20mm, 12.5mm, and 6.3mm (passing) 

Alkaline Activator Solution: Sodium Hydroxide, Sodium Silicates, Water (to prepare NaOH     

solution) 

 

3.2 Low Calcium Content Fly ash  

 Fly ash used in this study was low-calcium (ASTM Class F) (Fig. 6) dry fly ash from 

nearest Thermal Power Station, NALCO, Orissa. Class C fly ash normally comes out of coal 

based thermal power plants with higher lime content generally more than 15 % often as high 

as 30 %. Elevated levels of Calcium Oxide (CaO) may give class C unique self-hardening 

characteristics. It is also revealed that the Calcium content in fly ash plays a significant role 

in strength development and final compressive strength. Higher the Calcium content results 

in faster strength development and higher compressive strength. 

 

        Fig. 6: Fly ash 

 However, in order to obtain the optimal binding properties of the material, fly ash as a 

source material should have low Calcium content and other characteristics such as unburned 
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material lower than 5%, Fe2O3 content not higher than 10%.It is also stated that the presence 

of Calcium in fly ash in significant quantities could interfere with the polymerization setting 

rate and alters the microstructure. Therefore, it appears that the use of low Calcium (Class F) 

fly ash is more preferable than high Calcium (Class C) fly ash as a source material to make 

geopolymers. The oxide composition of the fly ash employed in this study is shown in Table 

3.1. 

Table 3.1 Major Oxide composition of fly ash 

 Component              % 

SiO2  61.92 

Al2O3  28.10 

CaO  0.89 

Fe2O3  4.15 

SO3, chlorides, 

Na2O & others 

 4.47 

LOI  1% 

 

3.3 Fine Aggregate  

The sand obtained from nearby river at Bhubaneswar is used as fine aggregate in this project. 

It is free from clay matter, silt and organic impurities etc. The sand is tested for specific gravity and 

fineness modulus in accordance with ASTM standards and is found to be 2. 6. The sieve analysis 

results are as shown in Table 4.1 in the next chapter. The sand conforms to zone II. 

 

 

Fig 7: Fine aggregate 
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3.4 Coarse Aggregate  

 20 mm passing, 12.5 mm passing and 6.3 mm passing are the coarse aggregate used in this 

project in different proportions (refer fig. 8). The coarse aggregate is tested for specific gravity and 

fineness modulus in accordance with ASTM standards and is found to be 2.73. The details are 

represented in Table 4.2 in the next chapter.      

 

Fig. 8:  Coarse aggregate 

3.5 Alkaline Solution 

 It has been identified that the type of alkaline liquid also plays an important role in the 

polymerization process. The most common alkaline liquid used in geo-polymerization is a 

combination of Sodium Hydroxide (NaOH) or Potassium Hydroxide (KOH) along with 

Sodium Silicate (Na2SiO3) or Potassium Silicate (K2SiO3). Generally the NaOH causes a 

higher extent of dissolution of minerals than the KOH while addition of Na2SiO3 to the 

NaOH solution as the alkaline liquid enhances the reaction between the source material and 

the solution (Lee et al. 2004). Therefore, in this study the combination of Na2SiO3 and NaOH 

(Fig. 9) are considered as alkaline solution.  

      

 

 

 

 

Fig. 9: Sodium hydroxide pellets  

Sodium Silicate is also known as Water glass or liquid glass, available in gel form. In 

this present investigation sodium silicate with modular ratio of 2.79 (ratio between Na2O to 

SiO2) is used and is as per the manufacturers report. The Na2SiO3 solution employed in this 
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study contains 9.5% Na2O, 26.5% SiO2, 64% water, and specific gravity between 1.37 and 

1.41. And, NaOH pellets considered are 99% pure, with specific gravity varying from 1.28 to 

1.38 depending on the molarity.     

3.6 Sodium Hydroxide Solution Measurement 

In the mix design, the quantity of sodium hydroxide (NaOH + water) is obtained for 

different alkaline liquids to fly ash ratios. 

The quantity of sodium hydroxide is calculated by following the below procedure: 

First the volume of NaOH is calculated by using the formula, 

Volume = mass of NaOH/Density of NaOH (for corresponding molarity) 

After calculating the volume (in litres), weight of NaOH is calculated using the formula: 

Weight of NaOH = Molarity * Volume (lit) x Molecular weight of NaOH 

Weight of water   =  Quantity of NaOH solution-Weight of NaOH 

Considering 14M molarity 

Volume of NaOH = 96/1.268 = 75.71 lit 

Weight of NaOH = 14 x 75.71 x 40 = 42.397 kg 

Weight of water = 96-42.4 = 53.6 kg 
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CHAPTER 4 

MIX DESIGN DEVELOPMENT  

 Materials selected were tested accordingly based on standard specifications. Various tests 

were conducted on fly ash, fine aggregate, and coarse aggregate as described below. Tests on trial 

mixes of fly ash based geopolymer mortar cubes were carried out. 

4.1 Fineness of Fly ash 

   Table 4.1: Fineness  

Description Trial 1 Trial 2 Average 

Weight of Fly ash (grams) 100 100 100 

Weight of residue in Sieve No.9 (in 

grams) 

2 2 2 

 Fly ash retained (%) 2 2 2 

  

From the fineness tests on the fly ash found that 2% was retained on 90 microns sieve which 

was within the allowable limits.  

4.2 Specific Gravity of Fly ash 

 Specific gravity test on fly ash was carried out by standard Le-Chatlier test.  The results of 

the specific gravity of the fly ash are as tabulated below; 

Table 4.2: Specific gravity of fly ash 

S.No. Weight (W) 

(in grams) 

Volume (V) 

(cc) 

Specific Gravity 

G=(W/V) 

1 46.3 22.7 2.04 

2 45.2 21.9 2.064 

Specific Gravity of the given fly ash sample = 2.052 

4.3 Grain Size Distribution of Fine Aggregate 

Sieve analysis has been carried out on a standard sieve sets and the results obtained are as 

tabulated below. Coarse aggregate passing through 20mm sieve, 12.5mm, and 6.3mm sieve were 

considered in the mix design of the geopolymer concrete. Table 4.3 and Table 4.4 gives the grain 

size distribution of the fine aggregate and coarse aggregate, respectively, employed in this project. 
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                         Table 4.3: Sieve analysis of fine aggregate 

S.No Sieve size Wt. retained 

 in gm 

% Wt. 

 retained 

Cumulative %  

of Wt. retained (F) 

%  passing  

(100-F) 

1 4.75mm 0 0 0 100 

2 2.36mm 17 1.7 1.7 98.3 

3 1.18mm 198 19.8 21.5 78.5 

4 600µm 387 38.7 60.2 39.8 

5 300µm 325 32.5 92.7 14.6 

6 150µm 53 5.3 98 4.2 

 Fineness Modulus =∑F/100 = (274.1/100) = 2.741 

4.4 Grain Size Distribution of Coarse Aggregate 

   Table 4.4: Sieve analysis of coarse aggregate 

Individual Grading 

Sieve Size 

(in mm) 
20 mm 12.5 mm 6.3 mm 

  % Passing 

20 100 100 100 

12.5 11.36 100 100 

10 2.10 76.8 100 

6.3 0.02 5.2 100 

4.75 0 4.3 60 

2.36 0 2.4 6 

1.18 0 1.2 0 

0.6 0 1.2 0 

0.3 0 0 0 

0.15 0 0 0 
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4.5 Combined Grading of Fine aggregate and Coarse aggregate 

 DIN grading curves have been followed in the mix design of the geopolymer concrete. Table 

4.5 below gives the combined grading curve for the fine aggregate and coarse aggregate, and the 

Graph 1 below represents the aggregate combined grading curve employed in the mix design. 

 

Table 4.5: Combined grading as per DIN standards 

Sieve 

Size
20 mm 12.5 mm 6.3 mm    Sand 20 mm 12.5 mm 6.3 mm Sand DIN 'A' DIN 'B'

mm % % % % 28% 32% 20% 20% % %

20 100 100 100 100 100 100

12.5 11.36 100 100 100 72 84

10 2.1 76.8 100 100 61 77

6.3 0.02 5.2 100 100 42 62

4.75 0 4.3 60 100 36 58

2.36 0 2.4 6 98.3 21 42

1.18 0 1.2 0 78.5 13 31

0.6 0 1.2 0 39.8 7 19

0.3 0 0 0 14.6 3 9

0.15 0 0 0 4.2 0.5 30.8

41.7

33.4

21.6

16.1

8.3

2.9

65.2

Individual Grading Combined Grading Limits

100.0

75.2

 

Note: Percentages mentioned are based on the particles passing through the respective sieves  
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Graph 1: Aggregate Combined Grading Curve used in mix design 
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4.6 Proposed Method for Developing Geopolymer Concrete using Industrial Waste  

In this study an attempt has been made to propose mix design methodology for fly ash 

based GPC in a rational way, same methodology can be employed for any type of 

geopolymer concrete where absolute volume method is followed. The activator solution is the 

costliest among the raw materials involved in the production of GPC, and by fixing the 

activator content the cost of the final GPC product can be considerably brought down. 

Therefore, the alkaline activator solution is fixed to 200 kg/m3 in this mix design. Also, by 

doing this, flexibility in the design mixes both on the strength requirement and desired 

activator solution point of view can be rendered. The essential features of the proposed 

method are the flexibility to select activator solution to fly ash ratio required for specific 

strength and to estimate the probable strength that can be achieved for certain activator 

solution to fly ash ratio. Binder content is calculated based on the relationship between 

activator solution content and activator solution to fly ash ratio. 

In the proposed mix design methodology the materials volume and its specific gravity 

is also taken into account. Volume of total aggregates is determined by using absolute 

volume method; it considers the specific gravity of all the ingredients used. Then the 

individual aggregate content is established from combined aggregate grading curve. 

Provision is also made for enhancing the workability of GPC.  
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CHAPTER 5 

EXPERIMENTAL PROCEDURE 

 

5.1 Preparation of Geopolymer Concrete 

 Sodium hydroxide pellets were taken and dissolved in water to make it 14M molar 

concentration. It is strongly recommended that the Sodium hydroxide solution must be prepared 24 

hours before prior to use and also if it exceeds 36 hours it terminate from semi-solid state to liquid 

state. So the prepared solution should be used within the time. 

5.1.1 Molarity calculation 

 The solids must be dissolved in water to make a solution with the required concentration .The 

concentration of Sodium hydroxide solution can vary in different molarity and the mass of NaOH 

solids in the solution varies depending on the concentration of the solution. For instance, NaOH 

solution with a concentration of 14M molar consists of 14x40=560grams of NaOH solids per liter of 

water, where 40 is the molecular weight of NaOH. Water is the major component on both the 

alkaline solution. The density of NaOH solution was measured as 1.268 kg/m3 for 14M 

concentration. 

5.1.2 Alkaline liquid 

 Generally alkaline liquids are prepared by mixing of the Sodium hydroxide solution and 

sodium silicate solution at the room temperature when the solution mixed together the both solution 

start to react that is polymerization take place. it liberate large amount of heat is liberated so it is 

recommended it to leave it for 20 minutes thus the alkaline liquid is ready as binding agent. 

Sodium-based solutions were chosen because they were cheaper than Potassium based 

solutions. The sodium hydroxide solids were either a technical grade in flakes form (3 mm), with a 

specific gravity of 2.130 with 98% purity, the sodium hydroxide (NaOH) solution was prepared by 

dissolving the pellets in water. The mass of NaOH solids in a solution varied depending on the 

concentration of the solution expressed in terms of molar, M. The concentration of NaOH solution 

used in this study was 14M. The weights of NaOH, water and Na2SiO3 used here were calculated 

from the mix design. 

 

5.2 Mix Proportioning  

Based on the limited past research on geopolymer concretes available the mix proportioning 

for various alkaline solution to binder solids ratios has been made, and is as shown in Table 5.1 

(using Fly ash alone). 



Page | 27  
 

Table 5.1: Mix proportions for different AAS/Binder solids (fly ash) ratios 

AAS / 

Binder 

Solids  

NaOH 

Solution 

 

(kg) 

Sodium 

Silicate 

Solution 

(kg) 

Fly ash  

 

 

(kg) 

Coarse Aggregate  passing 

(kg) 

Fine 

Aggregate  

(kg) 20 

mm 

12.5 

mm 

6.3 

 mm 

0.4 76.8 115.2 500 470.4 548.5 322.2 325.6 

0.5 96 144 400 499.9 577.6 341.4 344 

0.6 115.2 172.8 333.1 523.2 604.5 357.3 360.1 

0.7 134.4 201.6 285.7 539.8 623.6 368.6 371.4 

0.8 153.6 230.4 250 552.2 638 377.1 379.9 

 

5.3 Mixing Casting and Curing of Geopolymer Concrete 

5.3.1Mixing 

  It is found that the fresh fly ash based geopolymer concrete was light grey in colour (due to 

the light grey colour of the fly ash). The amount of water in the mixture plays an important role on 

the behaviour of fresh concrete when the mixing time is long. Molarity used in the concrete is 14M 

in which 560 gm of NaOH solids dissolved to 1 litre of the solution by adding potable water. Then 

mix Sodium hydroxide solution and sodium silicate solution together at least one day prior to adding 

to the dry materials. Mix all dry materials in the pan mixture for amount of three minutes. Add the 

liquid compound of the mixture at the end of dry mixing and continue the wet mixing for 2 minutes.  

 For mixing, a rotating pan mixer of 80 litres capacity with fixed blades was used. The solids 

constituents of the fly ash based geopolymer concrete, i.e. the aggregates and the binder solids, were 

dry mixed in the pan mixer for about three minutes. The liquid part of the mixture, i.e. the sodium 

hydroxide solution (Fig. 10), the sodium silicate solution (Fig. 11), added water (Fig. 12) (if any), 

and the super plasticizer (Fig. 13) (if any), were premixed then added to the solids (Fig. 14). 

                                

         Fig. 10: Sodium hydroxide (NaOH)           Fig.11: Sodium silicate (Na2SiO3) 
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          Fig. 12: Water        Fig. 13: Naphthalene based SP  

  

The wet mixing usually continued for another four minutes. The fresh fly ash based 

geopolymer concrete was dark in colour and shiny in appearance (Fig. 15). The mixtures were 

usually cohesive because of the alkaline solution. 

 

Fig. 14: Pan mixer used for manufacturing geopolymer concrete 

 

Fig. 15: Wet mix 

  The workability of the fresh concrete was measured by means of the conventional slump test 

(Fig. 16). Compaction of fresh concrete in the cylinder steel moulds was achieved by applying sixty 
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manual strokes per layer in three equal layers (Fig. 16), followed by compaction on a vibration table 

for ten seconds. After casting, the specimens were covered using vacuum bagging film. 

          

Fig. 16(a): Compacting factor test  Fig. 16(b): Slump test 

 

5.3.2 Casting 

 After mixing the concrete is casted into the moulds in 3 layers in traditional method by 

tamping each layer with 25 blows. During casting the mould should be clean and properly oiled then 

fresh concrete is placed in the moulds in 3 layers and each layer is tamped and vibrated on vibration 

table. Demoulding is done after the setting of geopolymer fresh concrete. Fig. 17 shows the 

specimens after casting. 

     

  

Fig. 17: Cubes after casting 
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5.3.3 Curing 

  After casting, the fly ash alone based geopolymer specimens are kept for heat 

curing at 70 °C for 24 hours and then demoulded the specimens and kept for ambient 

temperature curing till the time of testing. While, similar number of specimens that of fly ash-

ggbs-red mud are kept under ambient temperature curing immediately from the time of 

casting to till the time of testing.    
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CHAPTER 6 

    TESTS ON CONCRETES DEVELOPED 

6.1 Fresh Concrete Properties 

 Workability is an important characteristic of fresh concrete. It can be defined as the 

ease with which the concrete can be worked. Working includes mixing, placing, compacting 

and finishing.  Actually it is a complex rheological property of fresh concrete broadly 

consisting of its stability, compact ability and mobility. These can be assessed by Slump test, 

Compaction factor test, Flow test, Vee bee test etc. For harsh mix, Slump test and 

Compaction factor test are highly suitable to measure workability. The following tests were 

performed on fresh concrete; 

 Slump Test 

 Compaction Factor Test 

6.1.1 Slump Test 

 To assess the workability of given concrete mix by conducting slump test. Vertical 

settlement of a standard cone of fresh concrete (actually frustum of a cone) under its own 

weight is called slump. The cone of concrete in a slump test may sometime fail in shear thus 

casting doubt on the stability of the concrete system. Lack of stability is termed as 

segregation.   

 For very stiff mixes slump test is not to be adopted because it will give very small 

values of slump, which are very difficult to measure accurately. For such concretes, Vee bee 

time test is suitable. For highly workable mixes, slump is of the order of a few inches, which 

can be measured accurately. Hence slump test is to be preferred in such cases. 

6.1.2 Compaction factor Test 

  To assess the workability of given concrete mix by compaction factor test. 

Compaction factor is a measure of the density of concrete to which a fresh concrete mix can 

be compacted for a standard input of energy relative to the theoretical maximum density it 

can have corresponding to zero air content. This theoretical maximum density can be 

estimated in the laboratory as that obtained by full compaction under mechanical vibration.  

Compaction factor is a measure of compatibility of fresh concrete.  
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 The slump value and compaction factor value of the given concrete mixes varies from 

40mm to 160 mm and 0.85 to 0.96, respectively, for fly ash based geopolymer concrete.  

Table 6.1: Compaction and Slump values 

 

 

 

 

 

 

 

6.2 Destructive Tests on Hardened Concrete 

 After casting the cubes, cylinders and beams of respective sizes the following tests 

have been conducted. 

6.2.1 Compressive strength test 

 Compressive strength is the capacity of a material or structure to withstand axially 

directed pushing forces. When the limit of compressive strength is reached, 

materials are crushed. 

 Out of many tests applied to concrete, this is utmost important which gives an idea 

about all characteristics of concrete. 

 By this single test one can judge whether concreting has been done properly or not. 

For most of the works cubical moulds of size 15 cm x 15 cm x 15 cm are 

commonly used. 

 Cubes of size 10 cm x 10 cm x 10 cm are used in the present work. 

 The mould is applied with oil for lubrication. 

 Concrete is laid in the mould in 3 equal layers and then after each layer the moulds 

are kept on the vibration machine to get better compaction. 

 Same procedure as explained above is followed for all mixes with different 

percentages of granite powder to fine aggregate replacement. 

Alkaline to 

Binder Solids  

Ratio 

Compaction 

Factor Value 

Slump      in mm 

0.4 0.85 40 

0.5 0.88 65 

0.6 0.91 90 

0.7 0.93 115 

0.8 0.96 160 
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 These specimens are tested in Compression Testing Machine after 3days, 7 days, 14 

days and 28 days. Load is applied gradually at a rate of 140 kg/cm2 per minute till the 

specimen fails. Load at failure divided by area of specimen gives compressive strength of 

concrete. 

The corresponding strength values are tabulated in the next chapter. 

 

6.2.2 Splitting tensile strength test 

 

 Direct tensile strength tests are not applicable on concrete, so the tensile strength is 

measurement is done by means of the splitting method. 

 Splitting tests are well known indirect tests used for determining the tensile strength 

of concrete.  

 Cylinder of size 10 cm diameter and 15 cm height are used in present work. 

 Concrete is laid in the mould in 3 equal layers; each layer is compacted with tamping 

rod. 

 The next step on vibration on vibrating machine. 

 The above procedure is same for all mixes with different percentages of granite 

powder to fine aggregate replacement. 

These specimens are tested by compression testing machine after 7 days 

The corresponding strength values are tabulated. 

    Split Tensile Strength = 
LD

P



2
 

     Where,        P = Compressive load on the cylinder;    L = Length of the cylinder 

          D = Diameter of the cylinder       

 

6.2.3 Flexural strength test  

 Flexural strength properties were determined as per IS 516-1959 standard. The strength 

properties of the beam specimens were determined at 7 and 28 day age of concrete. For this purpose, 

Flexural Testing Machine having a maximum capacity of 100 kN was enployed. During the testing, 

the concrete beams were placed such that the load acts at middle-third portions (refer Fig. 18) and the 

load at which the concrete fails and the distance of the failure initiation point from the supports was 

recorded for each specimen. The flexural strength of the specimens was then calculated and was 
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reported by taking the average of the total specimens tested. The flexural strength (Fb) of the 

specimen is given by: 

2b
bd

PL
F  , when ‘a’ is greater than 133.3 mm 

or 

2b
bd

3Pa
F  , when ‘a’ is in between 110 mm and 133.3 mm…   

where, a = the distance between the line of fracture and the nearest support, b = measured width in 

cm of the specimen, d = measured depth in cm of the specimen was supported, and P = maximum 

load in kg applied on the specimen. 

     If ‘a’ is less than 110 mm, the test result has to be discarded.  

 

Fig. 18: Flexural strength test loading diagram  

 

6.3 Durability Tests on Hardened Fly ash based Geopolymer Concrete 

6.3.1 Water absorption 

 Water absorption tests give an idea about its ability to absorb water by means of 

capillary action. Tests were carried in accordance with ASTM C642-81 on 28 days age of 

cubes of 100 mm size. Each sample was oven dried at a temperature of 105 °C for 24 hours 

and its dry weights are recorded as W1. Later, the sample was immersed in water and weights 

were taken at rectangular intervals (W2) until difference in weights between two consecutive 

readings is less than 0.2%. 

Percentage of water absorbed can be calculated by: 

 Water absorption (%) = [(W2-W1/W1)] x 100 

  Where, W1 and W2 are saturated weights of the specimen in kg. 

6.3.2 Sulphate attack and acid attack tests  
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Concrete when exposed to severe environment such as exposure to acids and salts can 

lead to deterioration, however, it takes longer time to happen. In order to determine the effect 

of the sulphates and acidic environment on the concrete in short time the deterioration 

process needs to be accelerated in a controlled laboratory. Therefore, in this study, methods 

have been followed to deteriorate the process. For this, the fly ash based geopolymer concrete 

specimens were kept in 5% Sulphuric acid (H2SO4 with 98.04% purity) and in 15% Sodium 

sulfate (Na2SO4, 99% Pure) solution(by weight). After reviewing the extensive study on the 

available test methods targeting on evaluating the deterioration of concrete due to acid and 

sulfate attack, the alternative drying and wetting method was found adopted commonly and 

thus, the same is chosen in the present study.  

 The cyclic experiment study was carried out on the beams of size 10  10  50 cm 

size, which was cast and cured at ambient temperature until 28 days. The study was 

conducted for 10 cycles, which replicates 20 weeks of exposure to high concentration levels 

of sulphates and acidic environment. The deterioration of concrete specimen, at the end of 10 

cycles, due to sulphate attack and acid attack was evaluated through weight change and 

expansion. During the wetting process, the prisms were immersed in the solution at room 

temperature. The volume of the solution was maintained at 5 times the volume of the 

specimens. During drying, the specimens were kept open to the room temperature by keeping 

the minimum clearance of 50 mm between the adjacent specimens to get uniform drying. 

6.3.3 Alkalinity 

 Alkalinity of the concrete was determined (as per EN 12457) by measuring its pH. 

For this purpose, suspension was obtained by immersing the geopolymer concrete in distilled 

for 72 hours. pH is a critical factor that determines the corrosion properties of concrete. 

Higher the pH greater is the potential of the concrete to resist the corrosion attack.  

6.4 Alkaline Activator Solution Calculations 

 The change of molarity of NaOH and Na2SiO3 to NaOH ratio has an effect on the 

compressive strength of geopolymer concrete. Therefore, preliminary study has been 

conducted by keeping the AAS (Alkaline Activator Solution) to BS (binder solids) as 

constant of 0.5, and by changing the NaOH molarity from 8M to 16M for a constant Na2SiO3 

to NaOH ratio first the optimum NaOH molarity has been found. After that, the optimum 

NaOH molarity has been fixed and the Na2SiO3 to NaOH ratio was changed from 0.5 to 2.5 

ratios to find the optimum ratio.  
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Table 6.2: NaOH Molarities and its densities 

 

 

 

 

 

  

 The mixes are prepared for the molarities of 8M, 10M, 12M, 14M and 16M.The 

calculation of quantities (NaOH and Water) for the preparation of 8M molarity is explained 

as follows:  

The quantity of NaOH (flakes + water) = 899.4gms 

                                                   Volume = mass of NaOH/Density of NaOH 

Here the density value is different for different molarities. 

                        For 8M molarity, density = 1.1536 kg/m3 

                                                    Volume = 0.899/1.154 = 0.78 lit 

                                   Quantity of NaOH= Molarity x volume x molecular weight of NaOH 

                                  Quantity of NaOH = 8 x 0.78 x 40=249.48 gms 

                           Quantity of Water  = quantity of NaOH solution - quantity of NaOH (flakes) 

                                                   = 899.9 - 249.48 = 650.30 gms 

After the preparation of mix with different consistencies, curing is done for 28 days 

under ambient temperature conditions. After the curing period is completed, the specimens 

are tested using compression testing machine. The compressive strength is taken as the 

average of the values obtained by testing the 5 cubes. From the study it was found that the 

optimum NaOH molarity is 14M and optimum Na2SiO3 to NaOH ratio is 1.5.  

Molarity Density of NaOH 

(kg/m3) 

8M 1.153 

10M 1.192 

12M 1.231 

14M 1.268 

16M 1.307 
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The compacting factor and slump values are measured to find the workability for 

different molarities. The values of compacting factor and slump value for different molarities 

are as shown in Table 6.1.   

6.4.1 Mix design calculations for 1 Cubic meter for AAS/BS ratio of 0.5  

Sodium hydroxide solution measurement 

In the mix design, the quantity of sodium hydroxide (NaOH + water) is obtained for 

different alkaline liquids to fly ash ratios. Table 6.3 depicts the mix design calculations for 

AAS/BS ratio of 0.5. 

The quantity of sodium hydroxide is calculated by following the below procedure: 

First the volume of NaOH is calculated by using the formula, 

Volume = mass of NaOH/Density of NaOH (for corresponding molarity) 

After calculating the volume (in litres), weight of NaOH is calculated using the formula: 

Weight of NaOH = Molarity * volume (lit) x molecular weight of NaOH 

Weight of water   = Quantity of NaOH solution-weight of NaOH 

Considering 14M molarity,  Volume of NaOH = 96/1.268 = 75.71 lit 

                                              Weight of NaOH = 14 x 75.71 x 40 = 42.397 kg 

                                                Weight of water = 96-42.4 = 53.6 kg 

Table 6.3: Mix design quantities  

S. No Ingredient Quantity 

(kg) 

1 14M NaOH  80 

2 Na2SiO3 120 

3 Fine aggregate 505 

4 Aggregate Passing 20mm 588 

5 Aggregate Passing 12.5mm 349 

6 Aggregate Passing 6.3mm 348 

7 Fly ash  400 
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CHAPTER 7 

RESULTS AND DISCUSSIONS 

             Specimens were cast for fly ash based geopolymer concrete cured at oven curing 

condition. For determining the mechanical properties, for each mix, 15 cube specimens of 

size 10 x 10 x 10 cm (for 3d, 7d, 14d, and 28d compressive strength tests; water absorption), 

9 cylinders of 15cm diameter and 30cm height (for 7d, 14d, and 28d tensile strength tests) 

and 9 beams of size 10 x 10 x 50 cm (for chemical attack tests). Fly ash based geopolymer 

concrete specimens were kept in oven curing for 24 hours from the time of casting and then 

cured at ambient temperature till the time of testing i.e. 3d, 7d, 14d and 28d. After complete 

period of curing, testing is done using appropriate testing methods and equipments.  

7.1 Mechanical Properties 

7.1.1 Compressive strength results 

   Compressive strength of the geopolymer concretes is determined as a function of 

AAS/BS ratios and age of concrete at the time of testing. The results of compressive strength 

tests, split tensile strength tests, and flexural strength, obtained for fly ash based geopolymer 

concretes are tabulated in Table 7.1. The compressive strength vs. AAS to BS ratio relation 

has been plotted in Fig. 19 for Fly ash based geopolymer concrete.  

 

Table 7.1: Mechanical properties of fly ash based geopolymer concrete 

 

AAS/

BS 

Compressive Strength  

(MPa) 

Splitting Tensile 

Strength (MPa) 

Flexural Strength 

(MPa) 

3d 7d 14d 28d 7d 14d 28d 7d 14d 28d 

0.4 40.56 45.42 51.35 53.56 2.90 3.42 3.46 3.87 4.1 4.54 

0.5 36.31 41.18 43.07 45.95 2.72 3.27 3.32 3.58 3.79 4.12 

0.6 27.06 35.48 36.56 37.12 2.51 2.95 3.01 3.31 3.57 3.92 

0.7 22.83 28.99 30.94 33.41 2.21 2.63 2.66 3.01 3.20 3.47 

0.8 16.74 21.05 21.73 23.45 2.05 2.29 2.32 2.83 2.97 3.17 

 

From the Fig. 19, it can be observed that the compressive strength is decreasing with 

the increase in the alkaline activator solution content. The excessive silicate content hinders 

the geopolymerization and this could be the reason why with the increase in the activator 

content the compressive strength is continuously decreasing. It can also be observed that, 
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maximum amount of strength has been attained within 3 days only, as at higher temperatures 

faster dissolution of silica and aluminates takes place which is the backbone of the 

geopolymeric structure and it could be the reason for rapid strength development. 
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Fig. 19: Compressive strength vs. AAS/BS for fly ash based geopolymer concrete at 

different age  

7.1.2 Splitting tensile strength  

 In order to study the effect of AAS/BS ratio on the tensile strength properties of fly 

ash based geopolymer concretes, for each mix, 9 cylinder specimens each of size 15 cm 

diameter and 30 cm height were cast by following the mixing and casting procedure as 

explained earlier. Fly ash based geopolymer cylinder specimens cast were kept under oven or 

heat curing at 70 °C for 24 hours from the time of casting to till the time of testing i.e. 7day, 

14day and 28day. Table 7.1gives the direct/split tensile strength properties of fly ash based 

geopolymer concrete. Also, graphs have been plotted between tensile strength vs. AAS/BS 

ratio at different age of the specimens as shown in the Fig. 20.   

From the Fig. 20, it can be observed that the tensile strength is decreasing with the 

increase in the alkaline activator solution content. Moreover, as compared to the compressive 

strength properties the tensile strength properties of the geopolymer concretes were found to 

be very low. The actual geopolymeric structure which consists of silicate and aluminates tetra 

hydrate chain like structure is brittle in nature as compared to ordinary concrete, and this 

could be the prime reason behind the low tensile strengths for geopolymer concretes. It can 

also be observed that, maximum amount of tensile strength has been attained within 7 days.    
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Fig. 20: Tensile strength vs. AAS/BS for fly ash based geopolymer concrete at different 

age  

7.1.3 Flexural strength  

In order to study the effect of AAS/BS ratio on the flexural strength properties of fly 

ash based geopolymer concretes, for each mix, 9 beams each of size 10 x 10 x 50 cm were 

cast by following the mixing and casting procedure as explained earlier. Fly ash based 

geopolymer specimens cast were kept under oven or heat curing at 70 °C for 24 hours from 

the time of casting to till the time of testing i.e. 7day, 14 day and 28day.  
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Fig. 21: Flexural strength vs. AAS/BS for fly ash based geopolymer concrete at different 

age  
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 Table 7.1 gives the flexural strength properties of fly ash based geopolymer concrete. 

Also, graphs have been plotted between flexural strength vs. AAS/BS ratio at different age of 

the specimens as shown in the Fig. 21.   

   From the Fig. 21, it can be observed that the flexural strength is decreasing with the 

increase in the alkaline activator solution content. Moreover, the flexural strength and 

compressive strength empirical relation is not valid for geopolymer concretes as the 

geopolymeric backbone is brittle in nature as compared to that of normal OPC concretes of 

similar strengths. As compared to the compressive strength properties the flexural strength or 

bending stiffness of the geopolymer concretes were found to be low. It can also be observed 

that, maximum amount of flexural strength has been attained within 7 days only. 

  So, from the mechanical properties of the fly ash based geopolymer concretes, it is 

observed that geopolymer concrete can be successfully developed using the mix design 

method proposed.   

 

7.2 Durability Properties of the Geopolymer Concrete Developed 

7.2.1 Water Absorption 

The water absorption test was carried out on 100 mm concrete cubes, in accordance with 

ASTM C 642 standard, where the specimen is dried at 105 °C till the constant weight was 

attained.  After drying, the samples were cooled to room temperature and weighed.  Then, 

they were immersed in water and weighed at regular intervals till constant weight is attained.  

The increase in weight with respect to the dry weight is taken as the absorption capacity of 

the concrete.  The initial, 30 minutes absorption and the final absorption was measured. A bar 

chart graph has been plotted between the AAS/BS ratio and Water absorption at 28 days for 

both Fly ash based geopolymer concretes as shown in Fig. 22. Table 7.2 gives the assessment 

criteria for absorption as per ASTM standards. 

 

Table 7.2: Assessment criteria for absorption  

30 minutes water 

absorption (%) 

Absorption 

rating 

Concrete 

quality 

< 3.0 low good 

3.0 – 5.0 average average 

> 5.0 high poor 
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From the Fig. 22, it can be observed that presents the results of water absorption tests 

conducted on various geopolymer concrete samples at 30 minutes, and final water absorption 

at saturation state, for different AAS/BS ratios, the absorption values vary from 0.82 to 

2.75% for 30 minutes and 1.61 to 3.11% for final absorption. It can be noticed that water 

absorption values increased significantly at 30 minutes exposure, while the final water 

absorption values decreased marginally with increase in AAS/BS ratio. Further, attempts 

were also made to validate the values of water absorption obtained in the present study with 

the recommendations given by concrete society (CEB 1989), as listed in Table 7.2. From the 

results, the quality of geopolymer concrete can be classified as “good” as the value is less 

than 3% at 30 minutes. Overall, geopolymer concrete samples exhibit lower water absorption 

rate indicating fewer tendencies to absorb water and possess good durability characteristics.   
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Fig. 22: % Water absorption vs. AAS/BS Ratio for fly ash based geopolymer 

concrete 

7.2.2 Sulphate attack  

 Sulfate attack test was conducted on 28 days cured as per the procedure detailed in Chapter 

6. The weight of specimens at saturated surface dry (SSD) condition was taken as the initial 

weight and the length was taken as initial length. Later, these specimens were subjected to 

severe sulfate exposure for 10 cycles, which is considered to simulate the conditions that the 

concretes undergo in their entire life period. The linear expansion and weight change were 

measured at the end of each cycle. Before taking the readings, the excess fluids on the 

specimen surface were wiped-off using a dry cloth, followed by brushing on the surfaces to 

remove loose particles. In this study, the weight of the specimens was recorded in SSD 

condition immediately at the end of the wetting period in each cycle. A graph has been 
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plotted between the weight change i.e. weight gain due to sulfate attack, and a number of 

cycles, as shown in Fig. 23. Additionally, % change in the length of specimens i.e. percent 

expansion due to sulfate attack were plotted against a number of cycles, as shown in Fig. 24.  

 From Fig. 23, it can be observed that there is an increase in the weight of the 

specimen when exposed to concentrated sulphate solution. The rate of weight gain is 

continuously increased upto certain exposure period and thereafter, it became constant. From 

the results, it can be interpreted that, sulfates effect is more during the initial stages only and 

in the later stage even the specimens are remained constant exposure the effect is negligible. 

The weight gain may be due to the reaction of calcium present in the fly ash and the 

magnesium sulphate solution supplied externally (Thokchom et al., 2010). It can also be 

observed that the weight gain is more for specimens with low AAS and is decreased with an 

increase in the AAS. This may be attributed to decrease in the binder solids content, which 

led to decrease in the available calcium for reacting with the sulfates. Further, it can also be 

observed that the sulfate effect on geopolymer concrete is minimal with the maximum weight 

gain being 0.31%, only. 
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Fig. 23: Percentage weight gain due to sulphate attack of fly ash based 

geopolymer concrete  

 

Further, from the Fig. 24, it can be seen that the sulfate attack is causing expansion (in length 

direction) of the specimen. One of the reasons for linear expansion is the formation of 

ettringite (Bondar et al., 2015). From the Fig. 24, it is apparent that expansion is quite 
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insignificant, as the specimens immersed in the Na2SO4solution did not show any visible 

dimensional change or distortions in the geometry.  
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Fig. 24: Percentage expansion in length versus exposure time 

(no. of cycles) of fly ash based geopolymer concrete 

 

 Even after 10 cycles of exposure to 15% Na2SO4 solution, the concretes exhibited 

maximum of 0.03% expansion only. Therefore, geopolymer concrete developed in the 

present study can be classified as high sulfate resistant as per the expansion limits specified 

by ASTM C1012-13 for high sulfates exposure. The excellent performance could be due to 

its lower susceptibility to forming calcium-based products, and it is mainly attributed to the 

formation of a cross-linked polymeric structure consisting of aluminosilicates (Ismail et al., 

2013).  

 

7.2.3 Acid attack 

The acid attack test was conducted as per the procedure detailed in Chapter 6. As per 

the procedure, after 28 days of ambient temperature curing, the specimens were kept in water 

until they attain surface saturated condition. The weight of specimens at saturated surface dry 

(SSD) condition was taken as the initial weight and then kept for severe acid exposure (in 5% 

H2SO4 solution). It can be noted that there is no specific guideline or code provision for 

conducting acid attack tests on geopolymer concrete. However, studies suggest that the 

samples shall be exposed at least for 10 cycles (20 weeks), which is considered to simulating 

the conditions that the concretes undergo in their entire life period. Keeping this in mind, all 

acid attack tests were performed for 10 cycles (20 weeks). The loss in weight was recorded at 
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the end of each cycle. Before the readings are recorded, excess fluids on the specimen 

surfaces were wiped off using a clean dry cloth, following this step the surfaces were brushed 

to remove, if any, loose fragments sticked to the surface. In this study, weights of the 

specimens were recorded in SSD condition immediately at the end of the wetting period in 

each cycle. Using the obtained data, a graph has been plotted between the weight loss due to 

acid attack and a number of cycles as shown in Fig. 25.  

 From Fig. 25, it can be observed that the weight loss due to acid attack is increased 

with an increase in AAS to BS ratio. With an increase in the AAS to BS ratio, the liquid 

content in the mix increased and, this may possibly weaken the microstructure of geopolymer 

concrete by causing a high degree of depolymerization (Gharzouni et al., 2015). In addition, 

from the water absorption results, it was noticed that the porosity increased with an increase 

in the AAS in the mix. Increase in the porosity would allow more sulphuric acid solution 

entering the concrete specimens, which could lead to greater damage. Further, the increase in 

the weight loss with an increase in the AAS to BS ratio could be due to the release of more 

OH- ions. This is possibly weakening the microstructure, intensifying the acid attack on the 

geopolymer concrete (Yusuf et al., 2014). 
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Fig. 25: Percentage weight loss versus number for cycles of fly ash based geopolymer 

concrete 

 The maximum and minimum weight loss due to acid attack in fly ash based 

geopolymer concrete is found to be 2.15% and 1.11%, respectively, for AAS to BS ratios 

ranging from 0.4 to 0.8. Under similar exposure conditions, the weight loss of normal 

concretes was reported to be very high, which lies between 10 to 15% (Attiogbe and Rizkalla 
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1988).  This indicates that all the geopolymer concrete can offer a very good resistance to 

acid media (Thokchom et al., 2009). 

 

7.2.4 Alkalinity Study (pH) 

Fig. 26 shows the pH value measured for powdered followed by oven dried crushed 

pulverised geopolymer concrete samples having various AAS/FA ratios. From the figure it 

can be observed that the pH value lies between 11.84 -12.98 for fly ash alone based 

concretes. It is found that, with the increase in the AAS/BS ratio the alkalinity is found to be 

increasing and this could be due to the increase in the alkaline solution content. However, all 

the observed values are above the threshold value of 9.5 mentioned by Hobbs (1988) for 

depassivation of steel bar to take place in concrete. From the alkalinity results it can be 

believed that the geopolymer concrete gives better depassivation resistance to steel 

reinforcement embedded inside it.  

 

Fig. 26: pH Value (Alkalinity) vs. AAS/BS Ratio for fly ash based geopolymer 

concrete 

 

7.3 Economic Benefits of Geopolymer Concrete 

Fly ash based geopolymer concrete offers several economic benefits over Portland 

cement concrete, in terms of saving lots of energy required for cement manufacturing and 

also in terms of utilization of lots of industrial wastes which avoids cement consumption. The 

price of one ton of fly ash is only a small fraction of the price of one ton of Portland cement. 
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Therefore, after allowing for the price of alkaline liquids needed to the make the geopolymer 

concrete, the price of geopolymer concrete is estimated to be about 10 to 30 percent cheaper 

than that of Portland cement concrete. But, lean mixes are costlier than the medium and rich 

mixes as the major cost component in the geopolymer concrete making is the cost of the 

alkaline activator solutions. Therefore, for rich and medium mixes the geopolymer concretes 

are highly economical and beneficial. In addition, the appropriate usage of one ton of fly ash 

earns approximately one carbon-credit that has a significant redemption value. One ton low-

calcium fly ash can be utilized to manufacture approximately three cubic meters of high 

quality geopolymer concrete, and hence earn monetary benefits through carbon-credit trade.   
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CONCLUSIONS 

In the present study, the industrial waste from thermal power plants, fly ash was used 

to develop geopolymer concrete. NaOH and Na2SiO3 were used as alkaline activators. 

Extensive experimental investigations were conducted with an aim for understanding the 

workability properties (viz., slump cone values and compaction factor), mechanical properties 

(viz., compressive strength, splitting tensile strength and flexural strength), and durability 

properties (viz., water absorption, acid attack resistance and sulphate attack resistance, 

alkalinity) of the geopolymer concrete. Based on the present study, the following conclusions 

were drawn:  

1. The extensive experimental investigations successfully demonstrate that geopolymer 

concrete can be developed employing fly ash. Strengths ranging from 23 to 54 MPa at 

varying AAS to BS ratio were obtained. 

2. Compressive strength, splitting tensile strength and flexural strength of fly ash based 

geopolymer concrete developed at various AAS to BS ratios have been measured in 

the range from 23.45 – 53.56 MPa, 2.32 – 3.46 MPa and 3.17 – 4.54 MPa, 

respectively.  

3. Compressive strength, splitting tensile strength, flexural strength, and elastic modulus 

decreased with an increase in the alkali activator content.   

4. It has been found that properties permeation property i.e. water absorption was found 

to increase with an increase in the AAS content in the mix.  

5. Fly ash based geopolymer concrete showed an excellent resistance to severe acid and 

sulfate attack when exposed to long periods. The difference in loss (maximum of 

2.15%) or gain (0.31%) in the weight noticed to be very small, and the values are 

much lower than that of normal concretes, indicating the least influence of the 

chemical attack on geopolymer concrete. 

6. The alkalinity of geopolymer concrete mixes increased with the increase in AAS to 

BS ratio.  

 From the study, it has been found that fly ash based geopolymer concrete has good 

mechanical, permeation characteristics, superior chemical resistance. These characteristics 

endorse that the geopolymer concrete can become a potential replacement to ordinary 

Portland cement concrete simultaneously becoming a causative factor for effective utilization 

of industrial wastes.  
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Abstract: This paper describes the experimental investigation carried out to develop geopolymer concrete based on alkali activated fly 

ash by Sodium Hydroxide with Sodium Silicate. The granite waste because of its fineness and size it can be effectively used as a 

replacement of sand. The strength of geopolymer concrete increases with the increase in the alkalinity of NaOH. Previous investigations 

on introduction of granite fines into ordinary concrete showed positive results at an optimum replacement of sand at 15 %. An attempt 

was made to introduce granite aggregate into geopolymer concrete as it increases the alkalinity of geopolymer concrete as well as it`s 

grading of sand. Effects of the factors such as method of curing and concentration of NaOH on compressive strength as well as the 

optimum mix proportion of geopolymer concrete were investigated. It was possible to achieve compressive strength
 

38 N/mm2 for the 

geopolymer concrete after 8 days of casting when cured for 48 hours at 950
 

C. Results indicated that the increase of water content of all 

three forms of geopolymer resulted in decrease of the compressive strength. Strength development of geopolymer at room temperature 

was also studied and found that only half of the compressive strength of the heat cured sample was achievable even after 28 days. Most 

of the results were very promising and showed a great potential for this material as a substitute for Ordinary Portland Cement concrete. 

The granite aggregate was replaced in percentages various tests such as split tensile strength, compressive strength and flexural 

strengths were tested and compared with basic mix.  

 

Keywords: Geopolymer, Fly ash, Sodium Hydroxide, Sodium Silicate, Granite saw dust, Compressive strength, split tensile strength, 

flexural strength, Molarity 
 

1. Introduction  
 

Concrete is a widely used material in the construction 

industry. Ordinary Portland Cement (OPC) is generally used 

as the primary binder of the concrete and in addition to that 

coarse aggregates, fine aggregates and water are also used in 

concrete construction. As the requirement for development 

in infrastructure increases the demand for the OPC concrete 

also increases.  

On the other hand, a major emphasis is given for the 

sustainable development in the construction industry. In 

order to comply with sustainable development concept, it is 

very important to minimize the negative environmental 

impacts of all construction works. The negative 

environmental impacts associated with the OPC production 

are much noticeable. During the manufacturing process of 

one ton of OPC, it releases a ton of Carbon Dioxide (CO2) 

gas to the environment due to the process of calcinations of 

limestone and combustion of fossil fuels [1]. On the other 

hand, the amount of energy required for the manufacture of 

OPC is only second to the requirement of energy for 

manufacturing of steel and aluminum. In such a situation, 

these negative impacts will lead us to think of better 

alternatives and substitutes for OPC concrete.  

 

One of the alternatives which have been discussed as a 

substitute for OPC concrete is the geopolymer concrete. It 

can be easily produced with fly ash, which is a waste 

product of the coal-fired power stations. The main objective 

of this research was to develop a fly ash based geopolymer 

concrete which can be used as a substitution for OPC 

concrete and is much more environmental friendly. 

 

Granite industry generates different types of -wastes such as 

solid waste and stone slurry. The semi liquid substance 

released from the polishing operations was termed as stone 

slurry. About 18.8 million tones of solid granite waste and 

out of which 12.2 million tones will be rejects at the 

industrial sites, 5.2 million tonnes granite slurry at 

processing and polishing units. Leaving the  waste  materials  

to  the  environment directly can cause environmental 

problem. Hence the reuse of waste material has been 

emphasized. Waste can be used to produce new products or 

can be used as admixtures so that natural resources are  used  

more  efficiently  and  the environment is protected from 

waste deposits. Marble stone industry generates both solid 

waste and stone slurry.  Solid waste results from the rejects 

at the mine sites or at the processing units. There are several 

reuse and recycling solutions for this industrial by- product, 

both at an  experimental  phase  and  in  practical 

applications.  These  industrial  wastes  are  dumped  in  the 

nearby land and the natural fertility of the soil is spoiled [9] 

The  reduction  in  waste  generation  by manufacturing 

value-added products from the granite stone waste  will  

boost  up  the  economy  of  the  granite  stone industry. 

Granite industry has grown significantly in the last decades 

with the privatization trend in the early 1990s as the 

flourishing construction industry in the World.  Accordingly, 

the amount of mining and processing waste has increased. 

Granite reserves in India are estimated at 1200 million 

tonnes. Granite industries in India  produce  more  than  

3500  metric  tonnes  of  Granite saw dust  slurry  per  day  

as  waste  product.  Granite tiles manufacturing industries 

are also producing  tonnes  of granite dust/slurry during the 

manufacturing process.  

 

 

Paper ID: SUB158162 733



International Journal of Science and Research (IJSR) 
ISSN (Online): 2319-7064 

Index Copernicus Value (2013): 6.14 | Impact Factor (2013): 4.438 

Volume 4 Issue 9, September 2015 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

2. Literature Review  
 

2.1 Geopolymer  
 

The term „geopolymer‟ was first introduced by Davidovits, 

to describe a family of mineral binders with chemical 

composition similar to zeolites but with an amorphous 

microstructure. Davidovits suggested the use of the term 

„Poly(sialate)‟ for the chemical designation of geopolymers 

based on silico-aluminate where sialate is an abbreviation 

for Silicon-oxo-Aluminate [2].  

 

Poly(sialates) is chain and ring polymers of Si
4+

 

and Al
3+ 

with the empirical formula.  

M
n 
[-(SiO

2
) 

z 
- AlO

2
)-] 

n
.wH

2
O           ........ (1) 

Where,  

z is 1, 2 or 3 or higher up to 32  

M is a monovalent cation such as Potassium or Sodium  

n is a degree of poly-condensation (z> n)  

w ≤ 3  

 

To date, the exact mechanism of setting and hardening of the 

geopolymer material is not clear, as well as its reaction 

kinetics and it is believed that the chemical reaction may 

comprise the following steps [3].  

 Dissolution of Si and Al atoms from the source material 

through the action of hydroxide ions.  

 Transportation or orientation or condensation of precursor 

ions into monomers.  

 Setting or polymerization of monomers into polymeric 

structures.  

 

2.2. Types of Fly Ash  
 

There are two main types of fly ash, namely Class F and 

Class C fly ash which are waste products of the combusted 

coal in thermal power plants. Fly ash is collected in 

electrostatic precipitators, and then transferred to large silos 

for shipment. When needed, fly ash is classified by precise 

particle size requirements, thus assuring a consistent quality 

product. Class F fly ash is the most commonly found type 

where it is generally low in lime, usually under 15 % and 

contains a greater combination of Silica, Aluminium and 

Iron (greater than 80 per cent) than class C fly ash. 

 

Class C fly ash normally comes out of coal power plants 

with higher lime content generally more than 15 % often as 

high as 30 %. Elevated levels of Calcium Oxide (CaO) may 

give class C unique self-hardening characteristics.  

 

It is also revealed that the Calcium content in fly ash plays a 

significant role in strength development and final 

compressive strength. Higher the Calcium content results in 

faster strength development and higher compressive 

strength. However, in order to obtain the optimal binding 

properties of the material, fly ash as a source material should 

have low Calcium content and other characteristics such as 

unburned material lower than 5%, Fe2O3
 
content not higher 

than 10%.It is also stated that the presence of Calcium in fly 

ash in significant quantities could interfere with the 

polymerisation setting rate and alters the microstructure [4]. 

Therefore, it appears that the use of low Calcium (Class F) 

fly ash is more preferable than high Calcium (Class C) fly 

ash as a source material to make geopolymers.  

 

2.3. Alkaline Solutions  
 

It has been identified that the type of alkaline liquid also 

plays an important role in the polymerisation process. The 

most common alkaline liquid used in geo-polymerisation is 

a combination of Sodium Hydroxide (NaOH) or Potassium 

Hydroxide (KOH) along with Sodium Silicate (Na2SiO3) or 

Potassium Silicate (K2SiO3). Generally the NaOH causes a 

higher extent of dissolution of minerals than the KOH while 

addition of Na2SiO3
 
to the NaOH solution as the alkaline 

liquid enhances the reaction between the source material and 

the solution. 

 

2.4 Granite Saw Dust 

 

Felixkala T and Partheeban P (2010) examined the 

possibility of using granite saw dust as replacement of 

sandalong with partial replacement of cement with fly ash, 

silica fume and blast furnace slag. They reported that granite 

saw dust of marginal quantity as partial replacement to sand 

had beneficial effect on the mechanical properties such as 

compressive strength, split tensile strength and modulus of 

elasticity. They also reported that the values of plastic and 

drying shrinkage of concrete with granite saw dust were less 

than those of ordinary concrete specimens.  

 

3. Experimental Investigation  
 

A. Materials used 

 

Fly ash, NaOH, Na2SiO3 

Experiments were carried out starting from fly ash based 

geopolymer concrete to find out the behaviour and 

properties of each type in order to derive an optimum mix 

proportion. Throughout the research, the composition of  all 

constituents such as class „F‟ fly ash, NaOH,Na2SiO3 were 

kept constant (see Table1,2& 3). 

 

Table 1: composition of the class F flyash 
Component % 

SiO3 60.41 

Al2O3 28.98 

CaO 1.60 

Fe2O3 3.68 

SO3, chlorides, Na2O & others 5.35 

  

Table 2: Composition of the NaOH 
Components % 

NaOH 40.00 

Purity 98 

Sodium carbonate 1.00 

Chloride 0.005 

Sulphate 0.0005 

Phosphate 0.0005 

Silicate 0.001 

Total Nitrogen 0.003 

Heavy metals(as like Pb) 0.0005 

Nickel 0.0005 

Iron 0.0005 

Aluminum 0.0005 
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Coarse Aggregates 

Hard broken crushed stones were used as a coarse aggregate 

in concrete and 20 mm maximum size was used. The 

specific gravity was found to be 2.88. Finess modulus is also 

determined is found to be 2.95.     

 

Fine aggregate  

The used is sand obtained from Hundri River near Kurnool 

is used as fine aggregate in this project investigation. It is 

free from clay matter .silt and organic impurities etc. The 

sand is tested for specific gravity in accordance with IS 

2386-1963 and it is 2.83, whereas fineness modulus is 

2.83.The sieve analysis results printed in table no. The sand 

conforms to zone II.     

 

Granite saw dust 

Granite belongs to igneous rock family. The density of 

granite is between 2.65 to 2.85 g/cm3 and compressive 

strength will be greater than 200 MPa.  Granite saw dust 

obtained from the polishing units in Kurnool District and the 

properties were found. Since the granite saw dust was fine, 

hydrometer analysis was carried out on the granite saw dust 

to determine the particle size distribution. From hydrometer 

analysis it was found that the coefficient of curvature was 

1.95 and coefficient of uniformity was 8.82. The specific 

gravity of the granite saw dust was found to be 2.61. Table 4 

gives the chemical composition of granite saw dust. 

 

Table 4: Chemical composition of Granite saw dust 

Chemical constituent %  

Alumina (Al2O3) 14.42 

Magnesium Oxide (MgO) 0.81 

Calcium Oxide 1.82 

K2O 4.12 

Na2O 3.69 

Silica(SiO2) 82.04 

Fe2O3 1.22 

 

B. Details of concrete mix 

Trial tests were carried out to develop Granite-fly ash based 

geopolymer concrete with fly ash and alkaline solution made 

out of NaOH and Na
2
SiO

3 
along with some additional 

water(Figures 1 and 2). Constituent materials were 

thoroughly mixed using the Hobart Mixture and cubes of 

10cm x 10cm x 10cm were cast.  

 

 
Figure 1: Process of making fly ash based geopolymer paste 

 

 
Figure 2: Pan Mixer Used for Manufacturing Geopolymer 

Concrete 

 

 
Figure 3: Casted Cubes 

 

After pouring the concrete into the mould, any entrapped air 

was removed by tamping with a rod. The moulds were 

placed inside the oven for almost 48hours at 95
0
C. A 

separate set of samples were kept at room temperature to 

observe the strength development at room temperature and 

the strengths was measured 8 days and 28 days.  

 

As one of the objectives of this experimental study was to 

develop a High Volume Fly Ash (HVFA) product, the 

following trials were carried out keeping the Na2SiO3 mass 

ratio as 2.25 and fly ash to alkali liquied ratio constant as 0.8 

while varying the NaOH proportions as 8M, 10M, 12M, 

14M, 16M to find the optimum mix. 

 

During this phase the concrete along with moulds 

immediately after casting kept into the oven at temperature 

of 95
0 

C. The concrete is allowed to set for 4 hours. After 

that the concrete is removed from oven and demoulded. 
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Table 5: Concrete Mix Designation 
S. No MIX % Granite 

powder 

Time 

period 

No. of cubes 

casted 

No.of cylinders 

casted 

No.of cylinders 

casted 

1. 16M of NaOH 15% 8 days 3 2 1 

2. 14M of NaOH 15% 8 days 3 2 1 

3. 12M of NaOH 15% 8 days 3 2 1 

4. 10M of NaOH 15% 8 days 3 2 1 

5. 8M of NaOH 15% 8 days 3 2 1 

6. 16M of NaOH 15% 28 days 3 2 1 

7. 14M of NaOH 15% 28 days 3 2 1 

8. 12M of NaOH 15% 28 days 3 2 1 

9. 10M of NaOH 15% 28 days 3 2 1 

10. 8M of NaOH 15% 28 days 3 2 1 

 

4. Test Results 
 

Compressive Strength  

The cured specimens were allowed to dry in air. The dried 

specimens were centred on a compression testing machine 

of capacity 2000 kN. The load was applied at a uniform rate 

of 14 kN/mm2/min. The test setup is shown in Figure3. 

 

 

 

 
Figure 3: Test setup 

 

Split Tensile Strength test 

Split tensile strength of concrete is usually found by testing 

plain concrete cylinders. Cylinders of size 150mm x300 mm 

were used to determine the split tensile strength. After 

curing, the specimens were tested for split tensile strength 

using a calibrated compression testing machine of  2000KN. 

 

Flexural Strength Test 
The casting procedure is same as that in compressive 

strength test. Beams of size 500 mm x 100 mm x 100 mm 

are used in present work. The mould is applied with oil for 

lubrication. Concrete is laid in the mould in 3 equal layers, 

each layer being compacted with tamping rod. The next step 

on vibration on vibrating machine. The above procedure is 

same for all mixes with different percentages of granite saw 

dust to fine aggregate replacement. 

 

The values of compressive strength, split tensile strength and 

flexural strength are given table 6, table 8 respectively for 

different molarities at 8 days and 28 days. 

 

Table 6: Test results of concrete at 8 th day 
S.  

No 

Molarity of 

NaOH 

Compressive 

strength (N/mm2) 

Split tensile 

strength 

(N/mm2) 

Flexural 

strength 

(N/mm2) 

1. 8M 16.5 2.06 3.84 

2. 10M 21.0 2.06 4.08 

3. 12M 28.1 2.23 3.92 

4. 14M 38 2.54 3.82 

5. 16M 36.8 2.38 3.92 

 

Table 7: Test results of concrete at 28 th day 
S. 

No 

Molarity of 

NaOH 

Compressive 

strength 

(N/mm2) 

Split tensile 

strength 

(N/mm2) 

Flexural Strength 

(N/mm2) 

1. 8M 30 2.3 3.64 

2. 10M 36.68 2.3 3.08 

3. 12M 38.5 2.62 4.1 

4. 14M 43 3.1 4.5 

5. 16M 42.5 2.86 4.38 

 

The variation in the compressive strength, split tensile 

strength and flexural strength of granite- fly ash polymerized 

concrete  with respect to different molarities of NaOH are as 

shown in figure 4, figure 5,and figure 6 respectively. 

 

 
Figure 4: compressive strengths of concrete with different 

molarities 
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Figure 5: compressive strengths of concrete with different 

molarities 

 

 
Figure 6: Flexural strengths of concrete with different 

molarities 

 

From the figures, it can be seen that 16M of NaOH got 

higher the compressive and split tensile strengths of 

concrete. As the percentage replacement of sand with granite 

saw dust increases, the compressive and split tensile 

strengths increase, reach a maximum value and then 

decrease. 

 

5. Concluding Remarks  
 

According to the experimental results of geopolymer 

concrete, the following observations can be made.  

1) The maximum strength is obtained at 14M NaOH. 

2) Aggregate will Not React with Alkaline Solution. But 

granite saw dust having the alkali nature because it 

contains Na2O and k2O. 

3) The Na2O and k2O content present in granite saw dust 

contributes alkalinity to the granite saw dust when it is 

polished. So contribution of excess alkalinity also 

reduces the strength, here the granite saw dust 

contributes some alkalinity to the concrete so maximum 

strength is obtained at 14 M of NaOH. 

4) The time for the strength gain in ambient cured samples 

was higher than that of the heat cured samples. 

Approximately 14% of the strength achieved by heat 

curing after 28 days can be also achieved by keeping it at 

room temperature for the same time period. This may be 

due to the slow speed of polymerization at low 

temperatures 

5) Fly ash based geopolymer concrete can be efficiently 

used to manufacture relatively high strength interlocking 

paving blocks.  
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Abstract: Disposal of granite fines from the polishing industries is a major problem. As the granite polished powder is reactive it 

cannot be disposed into land. When dumped on land, these wastes adversely affect the productivity of land due to decreased porosity, 

water absorption, water percolation etc. They cause serious environmental and dust pollution and require vast area of land for their 

disposal. The production of cement concrete accounts to about 5 % of the man made pollution for global warming. During the polishing 

operations the amount of granite powder waste retained and passing through 150µ are 12% and 88% respectively. The granite waste 

because of its fineness and size it can be effectively used as a replacement of sand. The strength of geo polymer concrete increases with 

the increase in the alkalinity of NaOH. Previous investigations on introduction of granite fines into ordinary concrete showed positive 

results at an optimum replacement of sand at 15 %. An attempt was made to introduce granite aggregate into geo polymer concrete as it 

increases the alkalinity of geo polymer concrete as well as it`s grading of sand. The granite aggregate was replaced in percentages 

various tests such as split tensile strength, compressive strength and flexural strengths were tested and compared with basic mix.  

 
Keywords: Granite aggregate, river sand, compressive strength, split tensile strength, flexural strength, Molarity, stone slurry, 

Optimization. 
 

1. Introduction 
 

Granite industry generates different types of -wastes such as 

solid waste and stone slurry. The semi liquid substance 

released from the polishing operations was termed as stone 

slurry. About 17.8 million tones of solid granite waste and 

out of which 12.2 million tones will be rejects at the 

industrial sites, 5.2 million tonnes granite slurry at 

processing and polishing units. Leaving the waste materials 

to the environment directly can cause environmental 

problem. Hence the reuse of waste material has been 

emphasized. Waste can be used to produce new products or 

can be used as admixtures so that natural resources are used 

more efficiently and the environment is protected from 

waste deposits. Marble stone industry generates both solid 

waste and stone slurry. Solid waste results from the rejects at 

the mine sites or at the processing units. There are several 

reuse and recycling solutions for this industrial by- product, 

both at an experimental phase and in practical applications. 

These industrial wastes are dumped in the nearby land and 

the natural fertility of the soil is spoiled [9] The reduction in 

waste generation by manufacturing value-added products 

from the granite stone waste will boost up the economy of 

the granite stone industry. Granite industry has grown 

significantly in the last decades with the privatization trend 

in the early 1990s as the flourishing construction industry in 

the World. Accordingly, the amount of mining and 

processing waste has increased. Granite reserves in India are 

estimated at 1200 million tonnes. Granite industries in India 

produce more than 3500 metric tonnes of Granite powder 

slurry per day as waste product. Granite tiles manufacturing 

industries are also producing tonnes of granite dust/slurry 

during the manufacturing process.  

 

2. Literature Review 
 

Hamza et.al (2011) introduced granite waste into concrete 

bricks the test results showed that the use of granite dust had 

a positive effect and the optimum granite content was 10 %. 

 

Oyekan G.L and Kamiyo O.M (2008) studied the 

performance of hollow sand crete blocks containing cement, 

sharp sand and granite fines in varying propositions to 

determine their structural and hydrothermal properties. The 

percentage of granite fines by volume of the total fine 

aggregate was varied in steps of 5% to a maximum of 

30%.Results of the tests indicated that the inclusion of 

granite fines in the sand-cement matrix has a very significant 

effect on the compressive strength of sandcrete blocks. It 

was also, observed that for both mix propositions, 15% 

granite fines content was the optimum value for improved 

structural performance. 

 

Kanmalai Williams C et al (2008) examined the 

performance of concrete made with the granite powder as 

fine aggregate. Sand was replaced with granite powder in 

steps of 0, 25, 50, 75 and 100% and cement was replaced 

with 7.5%Silica fume, 10% fly ash and 10% slag. They 

added 1% super plasticizer to improve the workability. The 

effects of curing temperature at 32
0
 C and 1, 7, 14, 28, 56 

and 90 days compressive strength, split tensile strength, 

modulus of elasticity, drying shrinkage and water 

penetration depth were found. Experimental results indicated 

that the increase in the proportions of granite powder 

resulted in a decrease in the compressive strength of 

concrete. The highest compressive strength was achieved in 

samples containing 25% granite powder concrete, which 

was 47.35 KPa after 90 days. The overall test performance 

revealed that granite powder can be utilized as a partial 

replacement of natural sand in high performance concrete. 

 

Felixkala T and Partheeban P (2010) examined the 

possibility of using granite powder as replacement of 

sandalong with partial replacement of cement with fly ash, 
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silica fume and blast furnace slag. They reported that granite 

powder of marginal quantity as partial replacement to sand 

had beneficial effect on the mechanical properties such as 

compressive strength, split tensile strength and modulus of 

elasticity. They also reported that the values of plastic and 

drying shrinkage of concrete with granite powder were less 

than those of ordinary concrete specimens.  

 

Hudson (1999) reported that, „„concrete manufactured with 

a high percentage of minus 75 micron material will yield a 

more cohesive mix than concrete made with typical natural 

sand. 

 

Mishra at PWD Research Institution, Lucknow (1984), 
on use of stone dust in cement mortars explains the influence 

of Shape and Size of fine aggregate on strength of mortars 

The experiments conducted by Dr. D.S. Prakash Rao and 

V.Giridhar Kumar (2004) on strength characteristics of 

concrete with stone dust as fine aggregate, draws the 

following conclusions-The concrete cubes with crusher dust 

developed about 17% higher strength in compression, more 

split tensile strength and 20% more flexural strength 

(Modulus of Rupture) than the Concrete cubes/beams with 

river sand as fine aggregate. Similarly, Reinforced Concrete 

Beams with crusher dust sustained about 6% more load 

under two point loading and developed smaller deflections 

and smaller strains than the beams with river sand. 

 

3. Research Significance 
 

The objective of the work was to replace the sand with 

granite aggregate and tests on structural performance of 

concrete was carried out at various percentages from 5 % to 

30% and the results were compared with a basic mix. As the 

granite waste from the polishing industries is basic in nature 

parameters such as ratios also have to be changed to attain 

the strengths.  

 

4. Materials 

 
4.1 Fly Ash 

 

In the present work class F fly ash was used for the 

Investigation and the chemical composition of fly ash is 

quoted in table 1.  

 

4.2 Sodium Hydroxide 

 

Generally the sodium hydroxides are available in solid state 

by means of pellets and flakes. The cost of the sodium 

hydroxide is mainly varied according to the purity of the 

substance. The role of sodium hydroxide in this study is to 

activate the Geopolymer concrete which is a homogeneous 

material. Hence it is recommended to use sodium hydroxide 

with cost effectiveness and purity. In this investigation, the 

sodium hydroxide pellets were used, whose physical and 

chemical properties are given by the manufacturer as shown 

in Table 4.2 and 4.3. 

 

 

 

 

4.3 Sodium Silicate 

 

Sodium silicate is also known as water glass or liquid glass, 

available in liquid (gel) form. In the present investigation, 

sodium silicate 2.0 (ratio between Na2O to SiO2) is used. 

As per the manufacture, silicates were supplied to the 

detergent company and textile industry as bonding agent. 

The same sodium silicate is used for the making of Geo 

polymer concrete. The composition of the silicates is as 

shown in Table 4.4 

 

4.4 Granite Powder 
 

Granite belongs to igneous rock family. The density of 

granite is between 2.65 to 2.75 g/cm3 and compressive 

strength will be greater than 200 MPa. Granite powder 

obtained from the polishing units in Kurnool District and the 

properties were found. Since the granite powder was fine, 

hydrometer analysis was carried out on the granite powder 

to determine the particle size distribution. From hydrometer 

analysis it was found that the coefficient of curvature was 

1.95 and coefficient of uniformity was 7.82. The specific 

gravity of the granite powder was found to be 2.61. Table 

4.5 gives the chemical composition of granite powder. 

 

5. List of Tables 
 

Table 4.1: Chemical composition requirements of fly ash as 

per IS: 3812-1981 and the chemical composition of the fly 

ash used in the mixture. 

S. No. Chemical 

composition 

Specifications as 

per IS: 3812-

1981 

Properties of 

fly ash used 

1 SiO2+Al2O3+Fe2O3 70% (min.) 90.50% 

2 SiO2 35% (min.) 58.00% 

3 CaO 5% (max.) 3.60% 

4 SO3 2.75% (max.) 1.80% 

5 Na2O 1.50% (min.) 2.00% 

6 MgO 5.00% (max.) 1.91% 

7 LOI 12.00% (max.) 2.00% 

 

Table 4.2: Properties of Sodium hydroxide 
 Colour Colourless 

Specific gravity 1.92 

 

Table 4.3: Chemical Composition of Sodium Hydroxide ( 

NaOH ) 

Components % 

Purity 98 

Sodium carbonate 1.00 

Chloride 0.005 

Sulphate 0.0005 

Phosphate 0.0005 

Silicate 0.001 

Total Nitrogen 0.003 

Heavy metals(as like Pb, Nickel, Iron , Aluminium, 

Calcium, Potassium) 

0.003 

 Note: NaOH gram molecular weight is 40 
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Table 4.3: Composition of Sodium Silicate (Na2SiO3 ) 

Component % 

SiO2-Na2O 2.0 

SiO2 by weight 35.7 

Na2O by weight 17.8 

H2O by weight 46.5 

Specific Gravity 1.7 

Tolerance  +2% to -2% 

 

Table 4.4: Chemical composition of Granite Powder 

Chemical constituent %  

Alumina (Al2O3) 14.42 

Magnesium Oxide (MgO) 0.71 

Calcium Oxide 1.82 

K2O 4.12 

Na2O 3.69 

Silica(SiO2) 72.04 

Fe2O3 1.22 

 

P
H

 test on granite powder: 

When Granite powder comes into contact with water the P
H
 

of water gets affected. In geo polymer concrete, water is 

added along with NaOH solution. The water added into geo 

polymer concrete also variable depending on molarities of 

the solution. A test was conducted on Granite powders 

reactivity to know the variation. At 15 % replacement of 

granite powder with sand as per the mix design for every 50 

ml of water about 61g of granite powder was added. The 

reactivity of granite powder increases with decrease in the 

size of granite. Test was carried out separately for granite 

retained and passing on 150µ sieve. 

Weight of water = 50g 

Weight of granite powder = 61 g 

 

 

 

 
Figure 5.1 

 

6. Experimental Procedure 
 

Constituents of geo polymer concrete are as shown below 

based on mix design of B.V.Rangan. 

 

Table 6.3: Mix Design Results for 1 M
3
 for Na2SiO3 to 

NaOH ratio 2.25 and alkaline liquid to fly ash ratio as 0.7 

S.No Ingredient Quantity (Kg) 

1. NaOH flakes 44.66 

2. Water 46.52 

3. Na2SiO3 211.77 

4. Fine aggregate 504 

5. Coarse aggregate 1176 

6. Fly ash 423.52 

 

 

 

6.1 Alkaline liquid preparation 

 

Generally alkaline liquids are prepared by mixing of the 

sodium hydroxide solution and sodium silicate at room 

temperature. When the solution mixed together both 

solutions start to react i.e. (polymerisation takes place) it 

liberates large amount of heat so it is recommended to leave 

it for about 24 hours thus the alkaline liquid is get ready as 

binding agent. 

 

6.2 Casting of specimens 

 

Before casting of specimens the moulds were cleaned and 

oiled. 
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6.3 Gestation phase 

 

During this phase the concrete along with moulds 

immediately after casting kept into the oven at temperature 

of 95
0 

C. The concrete is allowed to set for 4 hours. After 

that the concrete is removed from oven and demoulded.  

  

6.4 Curing of Geopolymer Concrete Specimens: 

 

The most important operation in the manufacture of 

Geopolymer concrete is curing. After gestation phase the 

demoulded specimens are kept in oven and cured at 

temperature of 95
o
 C for 48 hours and kept open to 

atmosphere and testing is performed after 8 days and 28 

days. Unlike OPC concrete which needs water for curing, 

Geopolymer concrete requires heat or temperature to activate 

the chemical reaction that takes place in Geopolymer matrix. 

Steam curing, dry curing and curing at ambient temperature 

are the types of curing that could be employed to cure the 

Geopolymer concrete. 

 

 
Figure 7.1: Mixing of Geopolymer Concrete 

 

 
Figure 7.2: Gestation Phase of GPC 

 

 
Figure 7.3: Curing of Specimens 

 

Tests on fresh concrete 

The slump value and Compaction factor value of the given 

concrete mixes is 220 mm and 0.97. The values recorded for 

different mixes in which variation is inconsistent.  

 

6.5 Destructive Tests on Hardened Concrete: 

 

The following results were obtained at 8 days and 28 days 

 

Table 9.1- Concrete Mix Designation 
 S.NO Mix Designation 

1 0% Granite Powder 

replacement 

G0 

2 5% Granite Powder 

replacement 

G5 

3 10% Granite Powder 

replacement 

G10 

4 15% Granite Powder 

replacement 

G15 

5 20% Granite Powder 

replacement 

G20 

6 25% Granite Powder 

replacement 

G25 

7 30% Granite Powder 

replacement 

G30 
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Table 9.8: Strength Properties for Na2SiO3 to NaOH ratio 2.25 
MIX 

Designation 

% of granite powder 

replaced with fine 

aggregate 

Compressive 

strength(N/mm2) 

At 8 days 

Flexural strength(N/mm2) 

At 8 days 

Split Tensile 

strength(N/mm2) 

At 8 days 

G0 0% 28.53 3.92 2.38 

G5 5% 31.67 4.32 2.54 

G10 10% 35.16 4.08 2.38 

G15 15% 37.33 4.22 2.705 

G20 20% 34.16 4.32 2.228 

G25 25% 33 3.9 2.38 

G30 30% 28.67 3.88 2.069 

 

Table 9.13: Strength Properties for Na2SiO3 to NaOH ratio 2.25 at 28 days 
MIX 

Designation 

% of granite powder 

replaced with fine 

aggregate 

Compressive 

strength(N/mm2) 

At 28 days 

Flexural strength(N/mm2) 

At 28 days 

Split Tensile 

strength(N/mm2) 

At 28 days 

G0 0% 35.16 4.4 2.54 

G5 5% 36.83 4.16 2.54 

G10 10% 38 4.24 2.62 

G15 15% 42.5 4.372 2.86 

G20 20% 40 4.4 2.62 

G25 25% 38.16 4.1 2.78 

G30 30% 37 4.24 2.62 

 

The graphs for 8 days compressive strength and 28 days 

compressive strength were shown in graphs 9.1 and 9.2 

respectively. 

 

Graph 9.1 
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Graph 9.2 
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7. Conclusions and Recommendations 
 

 As the granite powder is replaced in place of sand it was 

found that at Na2SiO3 to NaOH ratio of 2.5. The results 

that were obtained were less than the basic mix. 

 So by altering the Na2SiO3 to NaOH ratio to 2.25 the 

results were consistent compared to 2.5 and we obtained 

strength of 28.63 % increase in compressive strength, 

13.6 % increase in split tensile strength at 15 % 

replacement of sand with granite powder.  

 When 30 % sand is replaced with granite powder the 

compressive strength obtained is almost equivalent to 

that of basic mix. 
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