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ABSTRACT 

 
Concrete is the most predominantly used construction material in the world. The principal ingredient 

of concrete, Ordinary Portland Cement (OPC) is unfortunately found to be associated with some 

adverse effects. At the same time, a lot of industrial and agro wastes with inherent cementitious 

properties are produced abundantly but mostly dumped into landfills. Employing such by-products 

as alternates for cement has multiple benefits including conservation of environment, sustainability 

of resources and solving the disposal problem of by-products. One such promising alternative is 

‘Geopolymer Concrete’ (GPC) which completely eliminates OPC in its production. 

 
Davidovits coined the term ‘geo-polymer’ in 1978 to describe a family of mineral binders that can be 

produced from the polymerization reaction between an alkaline liquid and a source material 

containing silicon (Si) and aluminium (Al). The source materials of geopolymer could be of 

geological origin like metakaolin or by-product materials like fly ash, Ground Granulated Blast 

furnace Slag (GGBS), silica fume, rice-husk ash, etc. The alkaline liquid used is a combination of 

sodium or potassium hydroxide along with sodium or potassium silicate correspondingly. GPC is 

proven to have superior strength and durability over conventional concrete. 

 
Black Rice Husk Ash (BRHA) is an agro-industrial waste obtained by incinerating the rice husk and 

has a high content of unburnt carbon. Consequently, the use of BRHA as a construction material is 

very limited, even though it has high silica content about 90%. But, some researchers have reported 

that the addition of BRHA in concrete has improved its durability property. There are no published 

works available related to the use of BRHA in geopolymer concrete. 
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Most of the research works related to GPC have been made on fly ash based geopolymers. In this 

present study, industrial waste which is GGBS and the agro waste which is BRHA were used as 

source materials for GPC. The tested scientific results of this investigation may provide useful data 

on the strength and durability of geopolymer concrete that has been developed from GGBS and 

BRHA, which are essentially industrial by-products. It will also help in changing the perception of 

conventional concrete and also a broader recognition of this material in practical applications. 

 
The objective of the present study was to develop geopolymer concrete mixtures using GGBS and 

BRHA. The investigation utilized GGBS as the base material for making the control geopolymer 

concrete. Then BRHA was used to replace GGBS in the mix in three different proportions, from 10- 

30%, for the rest of the mixes used in the study. The GPC specimens were subjected to a range of test 

methods to ascertain their performance in different strength and durability conditions. 

 
Basic strength parameters including compressive strength, tensile strength, flexural strength and 

modulus of elasticity of GPC were studied. Besides, the influences of curing temperature and the 

concentration of sodium hydroxide used in the alkaline solution on the compressive strength of GPC 

were studied. The performance of GPC pertaining to the durability criteria was studied by conducting 

tests on sorptivity, chloride resistance, resistance to accelerated corrosion, resistance to attack of 

acids and resistance to sea water of GPC made with GGBS and BRHA. 

 
It was observed from the test results that the strength of GPC increased with the increase in 

concentration of sodium hydroxide as well as the curing temperature. Addition of BRHA beyond 

10% in GPC retarded its strength development. However, the strengths were well above the target 

strength up to 20% replacement levels of BRHA in GPC. 
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At the same time, addition of BRHA significantly improved the durability. Reduced sorptivity and 

chloride permeability were observed for the BRHA added specimens when compared to the control 

concrete. Longer corrosion initiation and delayed cracking time were observed up to 20% BRHA 

replacement in GPC. BRHA added GPC specimens showed good resistance against acid attack as the 

weight and strength losses were lower for 10% and 20% replacement levels than that of the control 

specimens. Addition of BRHA beyond 20% is not beneficial in GPC as the 30% BRHA replaced 

specimens neither achieved significant strength nor performed satisfactorily in the durability tests. 
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CHAPTER 2 LITERATURE REVIEW 

 

 
2.1 CONCRETE AND ENVIRONMENT 

 
The production of cement is increasing about 3% every year (McCaffrey 2002). The production 

process of one tonne of cement emits about one tonne of CO2 into the atmosphere, resulting from the 

de-carbonation of limestone in the kiln during the manufacture of cement and the combustion of fossil 

fuels (Roy 1999). 

 

The yearly global cement production of 1.6 billion tonnes is responsible for about 7% of the total 

CO2 emission into the atmosphere. Portland cement production is not only one of the most energy-

intensive processes but also is responsible for enormous amount of greenhouse gas emission. The 

production of one tonne Portland cement utilizes nearly 4 GJ energy (Mehta 2001). 

 
India is the second major cement producing country next to China and has 137 large and 365 mini 

cement plants. It is expected that the industry will continue to increase the annual cement output in 

coming years and India’s cement production will grow at a Compound Annual Growth Rate (CAGR) 

of around 12% during 2011-12 - 2013-14 to reach 303 Million Metric Tonnes. Cement Manufacturing 

Association (CMA) is targeting to achieve 550 MT capacities by 2020 (Vora 2011). 
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Malhotra (2004) stated that the industrial developments in China and India are affecting the 

environment adversely in two ways. First, the installation of new cement plants is increasing 

substantially the CO2 emissions, and second, very large capacity thermal power stations result in 

availability of huge amounts of fly ash and bottom ash that are not being recycled properly. Most of 

these ashes are being dumped in lagoons, landfill sites and abandoned quarries. Thus, potentially 

valuable cementing resources are being wasted in precisely the countries that need it most to reduce 

the greenhouse gas emissions, and to make economical and durable concrete structures. He also 

suggested some measures through which the cement and concrete industry can contribute towards 

reducing CO2 emissions. They include, 

 
• Use less OPC. 

 
• Use more supplementary cementing materials. 

 
• Use less unit water content by using more water reducers and superplasticizers. 

• Incorporate recycled aggregates in concrete. 

 
• Use stainless steel reinforcement in critical parts of structures to make them 

more durable. 

• Where possible, specify strength acceptance criteria on 56 or 91 days instead 

of 28 days. 

• Use lightweight concrete where possible. 

 
For producing eco-friendly concrete, Mehta (2002) suggested the use of fewer natural resources, 

lesser energy utilization and minimization of CO2 emissions. According to McCaffery (2002), the 

CO2 emissions from cement industries could be minimized by reducing the quantity of calcined 
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material in cement, by reducing the amount of cement in concrete and by limiting the number 

of buildings utilizing cement concrete. 

 

The solution offered by Davidovits (1993) is that, introduction of low CO2 geopolymeric cements in 

construction industry would reduce the CO2 emissions contributed by the cement and concrete 

industries as much as 80 to 90% and would allow the boom of concrete infra-structures in global 

economy. 

 
2.2 GROUND GRANULATED BLAST FURNACE SLAG 
 

2.2.1 General 

 
Ground Granulated Blast furnace Slag (GGBS) is a by-product obtained from the blast furnace slag 

during the making of iron. The cementitious properties of blast furnace slag were discovered in the 

late 19th century and it has been widely used in cement and concrete manufacturing for over 100 

years. To produce GGBS, the granulated blast furnace slag is dried and then ground to a fineness 

similar to that of Ordinary Portland cement. In concrete making, GGBS is generally used in 

combination with Portland cement. The ratio of GGBS and cement can be varied depending on the 

technical requirements for a particular application (Civil & Marine 2007). 

 
In India, about 7.8 million tonnes of blast furnace slag is produced annually. The disposal of the slag 

as a waste fill is a problem and associated with a number of environmental hazards. With the projected 

growth and development in the steel industry, the amount of GGBS production is likely to increase 

many folds and environmental problem will thus pose a larger threat (Tamilarasan & Perumal 2010). 
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2.2.2 Composition of GGBS 

 
IS 12089-1987 defines slag as, “a non-metallic product consisting essentially of glass containing 

silicates and aluminates of lime and other bases, as in the case of blastfurnace slag, which is developed 

simultaneously with iron in blastfurnace or electric pig iron furnace. Granulated slag is obtained by 

further processing the molten slag by rapidly chilling or quenching it with water or steam and air”. It 

also gives the limiting value of the compounds manganese oxide 5.5%, magnesium oxide 17% and 

sulphide sulphur 2%. 

 

The chemical components of GGBS are generally CaO (30%-48%), MgO (28%-45%), Al2O3 (5%-

18%) and SiO2 (1%-18%), and these are principally same as that of Portland cement (Wang and Reed, 

1995). Other minor components like Fe2O3, MnO, TiO2 and SO3 are also present in GGBS. The 

compositions do not vary much as long as the sources of iron ore, coke and flux are consistent (Bye 

1999). 

 
2.2.3 GGBS in Concrete 

 
The reaction between GGBS and water yields final products similar to that of products of cement 

hydration. The major differences between the two reactions are the rate and intensity of the reaction. 

Besides, GGBS also exhibits pozzolanic reaction in the presence of calcium hydroxide (Mindess 

Darwin & Young 2003). The reaction between OPC and GGBS will have at least three components; 

cement hydration, slag hydraulic reaction and slag pozzolanic reaction (Feng et al 2004). 

 
For aggressive environment, combination of GGBS and OPC are preferred rather than using OPC 

alone in concrete. Also, studies on concrete with Portland slag cement containing about 50-65% 

GGBS proved the quality of concrete to be better. The test results further showed that, with increase 

in 
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percentage of GGBS in concrete, the chloride ion permeability of the concrete decreased (Maiti & 

Agarwal 2009). 

 
The International Commission on Large Dams (1992) recommended that, to resist the detrimental 

effect of alkali-silica reaction in concrete, usage of GGBS is to be more than 50%. GGBS can 

effectively reduce the pore sizes and also the cumulative pore volume of the concrete considerably, 

offering more durability and impermeable nature to concrete (Saraswathy & Song 2007). 

 
A lot of studies confirm the enhancement of strength and durability of concrete when cement is 

supplemented with GGBS. GGBS increases the ultimate compressive strength (Barnett et al 2006). 

Further, GGBS addition in concrete decreases its chloride diffusion and chloride ion permeability 

(Yeau & Kim 2005), reduces creep and drying shrinkage (Jianyong & Yan 2001) and increases the 

sulphate resistance (Binici & Aksogan 2006). As per Wainwright & Rey (2000), heat of hydration and 

bleeding are also reduced with GGBS addition. 

 
Pavia & Condren (2008) examined the durability properties of GGBS added concrete. Evidently, 

concrete incorporating GGBS proved more durable than that made with OPC alone in aggressive 

environments under the action of acids and salts such as those produced by silage. The durability 

increased with increasing amount of GGBS. From the studies of Cheng et al., (2005), it is found that 

GGBS concrete exhibited lower corrosion rate than concrete containing OPC alone.   This is attributed 

to a denser microstructure or lower porosity resulting from higher C–S–H content, which in turn 

represents higher GGBS percentage and hence higher durability of concrete. 
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2.3 RICE HUSK ASH (RHA) 

2.3.1 General 

 
Rice Husk Ash (RHA) is a by-product obtained from the burning of rice husk. Basically it is an agro-

waste material available abundantly in all rice producing countries. Rice husk constitutes about 20% 

of the 649.7 million tonnes of annual paddy production in the world (Habeeb & Mahmud 2010). The 

approximate annual production of paddy is 120 million tonnes in India. This gives nearly 24 million 

tonnes of rice husk and 4.4 million tonnes of RHA every year (Gidde & Jivani 2007). The major 

problem faced by the rice- producing countries is the disposal of rice husk and they are trying to use 

it in an economical way (Mehta 1994). 

 
Attempts on using RHA as a pozzolanic material have been carried out for a long time. The key aspect 

which determines the pozzolanic reactivity of RHA is its amorphous phase content. RHA is a highly 

reactive pozzolanic material suitable for replacing Portland cement. RHA contains a high amount of 

SiO2 and its reactivity is mainly dependant on two factors, the non- crystalline silica content and its 

specific surface (Tashima et al 2004). 

 
2.3.2 Composition of RHA 

 
The chemical composition of RHA has been found to vary with every sample. Many studies 

(Gonclaves & Bergmann 2007; Sharma et al 1984) have reported the chemical composition of 

different RHA samples obtained from different parts of the world. The average particle size of RHA 

ranges between 5 to 10 µm. RHA is rich in silica and generally found to contain silica content above 

80%. 

 
ASTM C 618 specifies the requirements for the chemical composition of pozzolans to be used in 

cement and concrete. For using RHA 
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as a pozzolan, it should meet the ASTM requirements. As per the ASTM criteria, the combined 

proportion of SiO2, Al2O3 and Fe2O3 present in the material should not be less than 70% and Loss on 

Ignition (LOI) value should not be greater than 12%. 

 
Sharma et al (1984) analysed the organic constituents in rice husk. It is shown in Table 2.1 and the 

chemical composition of RHA obtained from samples belonging to three different regions as analysed 

by them is given in Table 2.2. 

 
Table 2.1 Organic constituents in rice husk (Sharma et al, 1984) 
 

 

S. No. Constituent 
Amount present in rice 

husk (%) 

1. a-cellulose 43.30 

2. Lignin 22.00 

3. D-xylose 17.52 

4. I-arabinose 6.53 

5. Methylglucuronic acid 3.27 

6. D-galactose 2.37 

7. Total 94.99 

 

 

Table 2.2 Chemical composition of RHA (Sharma et al, 1984) 
 

 

S. No. Constituent 
Amount by weight of ash (%) 

Vietnam USA South India 

1. Silica (SiO2) 96.70 94.50 91.40 

2. Alumina (Al2O3) 0.08 Trace 1.12 

3. Iron oxide (Fe2O3) 0.03 Trace 0.54 

4. Calcium oxide (CaO) 0.30 0.25 0.17 

5. Magnesium oxide (MgO) 0.16 0.23 1.30 

6. Sodium oxide (Na2O) --- 0.78 Trace 

7. Potassium oxide (K2O) 0.73 1.10 Trace 

8. Sulphur trioxide (SO3) 0.78 1.13 Trace 

9. Loss on Ignition (LOI) 8.56 --- 5.40 
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2.3.3 RHA in Concrete 

 
The usage of RHA in concrete goes back a long way to the time it was patented in the year 1924 

(Stroven et al, 1999). After controlled burning and grinding, the resultant amorphous reactive RHA 

can be used as a pozzolan as the ash contains a high amount of silica (Mehta, 1979). The silica in 

RHA is present in two forms: amorphous or crystalline silica depending on the temperature and 

duration of burning. Of these two, amorphous silica is reactive and enables the ash to be used as a 

pozzolan in partial replacement of OPC. This amorphous silica is obtained when rice husk is burnt at 

a temperature below 700°C (Della et al 2002). 

 
Ismail et al (1996) said that even in case of higher burning temperature and having crystalline silica 

content, favourable results may be obtained by fine grinding RHA. The fine RHA can be used to 

make good quality concrete with reduced porosity and less Ca(OH)2 content (Zhang & Mohan 1996). 

 
RHA added concrete is similar to fly ash or slag concrete in terms of its strength development but with 

a higher pozzolanic reactivity it helps the pozzolanic reactions to occur at an early age rather than 

later age, as the same case with other cement replacement materials (Malhotra 1993). RHA accelerates 

the early hydration of C3S. This is attributed to the high specific surface area of the rice husk ash and 

also its pozzolanic action (Feng et al 2004). 

 
2.3.4 Influence of RHA on the Properties of Concrete 

 
From the studies of (Laskar & Talukdar 2007) on the effect of RHA on the rheological behaviour of 

high performance concrete, it is understood that, with increase in proportion of RHA, there is a 

tremendous increase in 
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plastic viscosity of concrete. In other words the workability of concrete is reduced. This is due to the 

high fineness of the RHA particles. The greater the fineness, the more is the number of contacts 

among the particles and there is a higher resistance against flow (Nedhi et al 1998). The fine cellular 

RHA particles have a greater affinity to absorb water and thus increase the water demand for concrete 

(Khassaf et al 2014). 

 
RHA contributes immensely to the pore structure of concrete. It is widely agreed among researchers 

that the addition of pozzolans help in reducing the concrete porosity. Saraswathy & Song (2007) 

observed the influence of RHA on the porosity and water absorption of concrete up to 30% RHA 

replacement of cement. The porosity values reduced with increase in RHA content. The small RHA 

particles improved the particle packing density of the matrix, resulting in reduced volume of larger 

pores. Also the coefficient of water absorption for RHA concrete was comparatively less than the 

control concrete. As per the studies of Ganesan et al (2008), after 28 days of curing, the water 

absorption increased up to 35% of RHA. This is attributed to the fact that RHA is finer than OPC and 

its hygroscopic nature. But after 90 days of curing, the water absorption decreased significantly 

with increase in RHA content up to 25%. Also, the sorptivity values at 28 days of curing decreased 

gradually up to 25% of RHA proportion. After 90 days of curing, the sorptivity values were much 

lower than that of control concrete up to 35% RHA content. Dakroury & Gasser (2008) observed that 

there is a steep reduction in porosity of the concrete up to a certain level of RHA addition. They said 

that the decrease in the total porosity is mainly due to the change occurring in the pore size distribution 

caused by RHA particles which react with the calcium hydroxide to form C-S-H gel. Studies of Sugita 

et al (1997) also confirm the reduction in the average pore size of concrete containing RHA when 

compared to conventional control concrete. Figure 2.1 shows the effect of RHA on the porosity of 

the concrete. 
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Figure 2.1 Porosity Vs Percentage of RHA content in hardened cement paste (Dakroury 

et al., 2008) 

 

There are enough published literatures highlighting the contribution of RHA to the strength of 

concrete. The optimum proportion of RHA for maximum long term strength enrichment is generally 

reported ranging from 10% to 30%, by weight of the total binder content. Mahmud et al. (1996) 

reported that 15% cement replacement by RHA is ideal for achieving maximum strength whereas 

(Zhang et al 1996; Dakroury et al 2008) reported the optimum proportion to be 10% and 30% 

respectively. Ismail & Waliuddin (1996) suggested that RHA could be used in the production of high 

strength concrete with optimum replacement levels between 10 to 20% of cement content. The 

strength increase is rather significant at later stages for RHA added concrete (Rodriguez 2006). The 

increase in compressive strength and decrease in permeability can be possibly attributed to the 

reduced porosity, reduced calcium hydroxide content and reduced width of the interfacial zone 

between the paste and the aggregate (Zhang et al 1996). The greater volume of C-S-H gel in RHA 

blended concrete may improve the concrete properties owing to the reaction between RHA and 

calcium hydroxide (Yu et al 1999). 
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Addition of RHA also contributes to the improvement of flexural and tensile strengths of concrete 

(De Sensale 2006; Sakr 2006). Habeeb & Fayyadh (2009) concluded that coarser RHA particles don’t 

improve tensile and flexural strengths. The improvement in flexural and tensile strengths is mainly 

due to the greater pozzolanic reaction and the packing capacity of fine RHA particles (Zhang et al 

1996). 

 
2.3.5 Contribution of RHA to Concrete Durability 

 
The addition of pozzolans to reduces the calcium hydrate content in the cement and reduces the 

permeability of concrete (Mehta 1994). RHA being an active pozzolan contributes greatly towards the 

enhancement of the durability of concrete. Hasparyk et al (2000) reported that adding high reactivity 

RHA as a partial cement replacement from 12% to 15% may effectively control the harmful 

expansion due to alkali-silica reaction in concrete. The alkalis are probably entrapped by the 

supplementary hydrates and there is a consequent decrease in the pH of pore solutions (Cao et al 

1997). 

 
The long term deterioration of concrete is mainly attributed to its permeability. As we have seen, 

RHA is known to reduce the porosity of concrete by which the permeability is reduced. The study 

by Anwar et al (2001) revealed that RHA mixtures potentially reduce the chloride intrusion into 

concrete. The RHA concrete showed lower soluble total chlorides ratio compared to OPC concrete. 

Finely ground RHA reduced the rapid chloride penetrability of concrete from a moderate rating to 

low or very low ratings depending on the type and proportion of RHA (Nehdi et al 2003). 

 
Sakr (2006) studied the effect of sulphate solution on RHA blended concrete and concluded that 

addition of RHA increases the resistance to sulphate attack. The reduction in compressive strength of 

concrete containing 15% RHA, when immersed for 28 days in a sulphate solution was much lower 
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than concrete without RHA. Chindaprasirt et al (2007) reported that mortars containing fly ash and 

rice husk ash are of lower pH levels and apparently less susceptible to sulphate attack. OPC could be 

replaced with fly ash and RHA up to 40% to produce blended cement mortar possessing reasonable 

strength and good sulphate resistance. Ramasamy (2012) studied the durability properties of RHA 

concrete and proved that RHA concrete performed better than conventional OPC concrete in all 

durability aspects including chloride penetration, sulphate resistance, alkaline and acid resistance. 

According to his study, RHA considerably reduced the volume of the large pores at all ages and 

thereby reducing the chloride ion penetration. 20% RHA addition showed higher resistance up to 

11.20% against sulphate attack for both continuous soaking conditions and cyclic conditions. He 

suggested the replacement level of RHA up to 20% for better durability. 

 
Saraswathy et al (2007) studied the corrosion behaviour of RHA blended concrete embedded with 

reinforcing steel. They measured the open circuit potential measurements with reference to saturated 

calomel electrode (SCE) periodically with time. From their study, it was observed that the time of 

cracking for concretes containing 0, 5, and 10% RHA were 42, 72 and 74 hours respectively. It is 

clear that addition of RHA delays the cracking of concrete due to electrochemical corrosion. They 

concluded that incorporating RHA up to 25% reduced the chloride ion penetration and improved the 

corrosion resistance of the concrete. Chindaprasirt & Rukzon (2008) studied the effect of RHA and 

fly ash on the corrosion resistance of concrete and concluded that both fly ash and RHA can 

effectively improve the corrosion resistance of mortars, where RHA contributes comparatively 

better than fly ash to corrosion resistance. 
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2.3.6 Black Rice Husk Ash (BRHA) 

 
Black Rice Husk Ash (BRHA) is a residue gained from the uncontrolled burning of rice husk. It is 

basically unprocessed rice husk ash which is black in colour due to high carbon content. Krishnarao 

et al (2000) studied the formation of black particles in rice husk silica ash. They reported that, the 

combustion of rice husk always results in the formation of silica rich ash which varies in colour from 

grey to black and contains inorganic impurities along with unburnt carbon. The presence of carbon 

particles gives black colour to the rice husk ash. Also, the unburnt carbon in the black particles cannot 

be removed by oxidation as it is immobile with silica. 

 
The presence of such high unburnt carbon content limits the usage of BRHA as a construction 

material even though it is quite rich in silica. But it has applications in some other areas like improving 

dispersive soil, blending with lime to solidify heavy metal before disposing in landfill and also to 

improve properties of polymer (Piyaphanuwat & Asavapisit 2009). 

 
From all the studies citing the usage of RHA as cement replacement material, it is clear that rice husk 

is processed in a controlled environment to produce amorphous RHA. It is then used as a cement 

replacement to enhance concrete properties. Such ideal production of processed RHA may be possible 

in laboratory conditions but in reality the RHA obtained from most of the rice milling industries is a 

resultant of uncontrolled burning and not exactly an ideal material to be used in concrete (Noorvand 

et al 2013). 

 
2.3.7 BRHA in Concrete 

 
Although BRHA has not had much scope so far, understandably as a building material, there are 

indeed a few studies that confirm the potential worth of this material to be used in concrete. 

Noorvand et al (2013) used 
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untreated BRHA as a cement replacement in proportions of 10%, 20% and 30%. Nano TiO2 was also 

added in dosages of 0.5%, 1.0% and 1.5% and blended into cement for assessing the mechanical 

properties and microstructural changes in mortars. BRHA lowered the compressive strength of 

samples at 7 days up to 5%, 17%, and 27% when cement was replaced with 10%, 20% and 30% of 

BRHA. However, higher strength development was observed from 7 to 28 days when BRHA content 

increased from 10% to 30%. The incorporation of nano TiO2 compensated the strength loss caused 

by BRHA replacement and the strength development from 7 to 28 days was more in 20% and 30% 

BRHA comparing that of 10% BRHA samples when nano TiO2 was added. 

 
Piyaphanuwat & Asavapisit (2009) studied the effect of BRHA as a partial substitute for OPC to be 

used as a binder in the solidification process of plastic sludge. The ultimate compressive strengths of 

BRHA substituted binders were greater than the control samples. They concluded that adding BRHA 

reduces the alkalinity of cement to a level which is suitable for the immobilization of plating sludge, 

especially when OPC was blended with 20% BRHA. When OPC was replaced by 20% BRHA, the 

solidified waste could contain up to 50% and gave enough strength for disposal in the landfill within 

3 days. Leachability of Fe, Cr and Zn was lower than the maximum level of metal leaching for all the 

samples. The plating sludge could be loaded at 50% with cement containing 30% BRHA and 

possessed satisfactory 28th day strength for landfilling. 

 
Chatveera & Lertwattanaruk (2009) investigated the durability of conventional concretes with high 

water-binder ratio containing black rice husk ash. BRHA obtained from a rice mill in Thailand was 

ground and used as a partial cement replacement. Durability parameters including drying shrinkage, 

autogenous shrinkage, depth of carbonation, and weight loss of concretes 

http://www.ijrti.org/


 

IJRTI2208120 International Journal for Research Trends and Innovation (www.ijrti.org) 20 
 

 

exposed to hydrochloric (HCl) and sulphuric (H2SO4) acid attacks were studied. Two different BRHA 

replacement percentages 20% and 40% were used. With increase in the percentage replacement of 

BRHA, the drying shrinkage and depth of carbonation of concrete increased. However, BRHA had 

a positive effect on the autogenous shrinkage and weight loss of concretes exposed to hydrochloric 

and sulphuric acid attacks. From the results, they concluded that ground BRHA can be effectively 

utilized as a pozzolanic material and also to improve the durability of concrete. 

 
2.4 GEOPOLYMER CONCRETE 
 

2.4.1 General 

 
The term ‘geopolymer’ was coined by Joseph Davidovits in 1978 to represent a category of binders 

that can be produced from the reaction between an alkaline liquid and a source material containing 

silicon (Si) and aluminium (Al). The source material can be of geological origin like metakaolin or 

by- products like fly ash and rice husk ash. The chemical reaction that takes place between the source 

material and alkaline liquid is basically a polymerization process. Hence the term ‘geopolymer’ was 

coined to denote these binders (Davidovits 1994; 1999). The significance of geopolymer concrete is 

that it does not require Portland cement for its production. 

 
The major constituents of geopolymers are source materials and alkaline liquids. The alumino-silicate 

based source materials should be based rich in silicon (Si) and aluminium (Al). The source materials 

could either be natural minerals such as kaolinite, clays, etc. or industrial by-products such as fly ash, 

silica fume, slag, rice-husk ash, red mud, etc. The selection of a particular source material depends 

on many factors like its availability, cost, type of application etc. The alkaline liquids are primarily 

based upon soluble alkali metals, usually sodium or potassium based. The common alkaline liquid 
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used in the production of geopolymer is a combination of sodium hydroxide (NaOH) or potassium 

hydroxide (KOH) and sodium silicate (Na2SiO3) or potassium silicate (K2SiO3) (Lloyd & Rangan 

2010). 

 
2.4.2 Benefits and Applications of Geopolymers 

 
Geopolymer concrete as a construction material offers a lot of benefits (Davidovits 1988; 1991; 

Bakharev 2005; Kong et al 2007; Wallah 2009; Olivia 2011), which are given below: 

 

• Geopolymer concrete chiefly contributes to the reduction of carbon footprint. It 

emits only 78 kg/m3 of CO2 in its production whereas the CO2 exhaustion amounts to 248 kg/m3 from 

OPC concrete production. 

• It essentially uses industrial by-product materials for replacing OPC in concrete. 

Consequently, it alleviates the disposal problem associated with these by-products. 

• Geopolymer concrete reaches high early strength in relatively quick time owing 

to the high temperature from heat curing process. 

• It has been proved to exhibit low shrinkage when it is subjected to heat curing. 

• Also geopolymer is found to have excellent fire resistance and durability. 

As far as the applications of geopolymer materials are concerned, they can be subjected to a variety 

of applications in different domains. Their applications cover the wide spectrum industrial sectors 

including automobile and aerospace, nonferrous foundries and metallurgy, civil engineering and 

plastic industries (Davidovits 1988). Davidovits (1999) also categorized the 
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application of the geopolymer in terms of its chemical structure based on the atomic ratio of Si to Al 

in the poly-sialate component. Table 2.3 presents the different applications of geopolymeric material 

for different Si-Al ratios. 

 
Table 2.3 Applications of geopolymers based on Si-Al ratio (Davidovits, 

1999) 

 

S. No. Si-Al Ratio Applications 

 

1. 

 

1 

- Bricks 

- Ceramics 

- Fire protection 

 

2. 
 

2 
- Low CO2 cements and concretes 

- Radioactive and toxic waste encapsulation 

 

 
3. 

 

 
3 

- Fire protection fibre glass composite 

- Foundry equipment 

- Heat resistant composites, 200°C to 1000°C 

- Tooling for aeronautics (titanium process) 

 

4. 
 

4 - 19 
- Sealants for industry, 200°C to 600°C 

- Tooling for aeronautics (SPF aluminium) 

5. 20 - 45 - Fire resistant and heat resistant fibre composites 

 

2.4.3 Limitations of Geopolymers 

 
Despite the numerous advantages of geopolymer and its wide range of applications particularly as an 

alternative for OPC binder, it does come with certain limitations. In other words, there are certain 

issues to be addressed with these materials. Some of the limitations as observed by Olivia (2011) 

include: 

 
• The mixture inhabits on low water content, consequently reducing workability. 
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• Geopolymer must be cured at elevated temperatures, which requires the 

availability of appropriate setup. 

• As caustic alkalis are involved in the making of geopolymer mixtures, suitable 

safety precautions and know-how of handling the mixture become mandatory. 

• Alkalis might cause efflorescence on the concrete surface which might hamper the 

aesthetic appearance. 

• The durability aspect of geopolymer is something that is yet to be substantiated 

comprehensively. Particularly, the study on steel reinforcement corrosion in geopolymer concrete 

structures imposes more consideration. 

2.4.4 Geopolymer Chemistry 

 
Geopolymers primarily belong to a family of inorganic polymers and possess a chemical 

composition similar to zeolites but exhibit an amorphous microstructure in contrast (Palomo et al 

1999). Unlike OPC, the principal binders in geopolymer concrete are not the calcium silicate hydrates 

(C-S-H). Instead, an alumino-silicate polymeric gel formed by tetrahedrally- bonded silicon and 

aluminium with oxygen atoms shared in between acts the binder. Also, this polymerization 

mechanism is fairly similar to the formation of zeolites with requirements like high pH, concentrated 

alkali, high pressure and high temperature in the system (Davidovits 1991). The polymerization 

process is a relatively quick chemical reaction involving alkaline liquids and Si-Al minerals. The end 

product is a three-dimensional polymeric ring structure comprising of Si-O-Al-O bonds, termed as 

silicon oxo aluminates or sialates in short, the general chemical formula of which is as follows 

(Davidovits 1999): 

 
Mn [-(SiO2)z-AlO2]n . wH2O (2.1) 
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NaOH/ 

KOH 

 

where, M is the alkaline component or a monovalent cation like potassium, sodium or calcium; the 

symbol – represents the presence of a bond, n is the degree of polymerization and z is a number 1, 2, 

3 etc. up to 32. 

 
The chemical reactions leading to geopolymer formation (Van Jaarsveld et al 1997; Davidovits 

1999) are shown in equations (2.2) and (2.3). 

 

 

 
n(Si2O5, Al2O2) + nSiO2 + nH2O n(OH)3-Si-O-Al(-)-O-Si-(OH)3 

 

NaOH/ KOH 

n(OH)3-Si-O-Al(-)-O-Si-(OH)3 
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(OH)2 (2.2) 

 
(Na, K)(+) –(-Si-O-Al(-)-O-Si-O-) + nH2O 

 

    

(OH)2 O O O (2.3) 

 
The basic repeating unit of a geopolymer can take any of the following three forms as reported by 

Davidovits (1991; 1999); 

 
• Poly (sialate) type (-Si-O-Al-O-) 

 
• Poly (sialate-siloxo) type (-Si-O-Al-O-Si-O-) 

 
• Poly (sialate-disiloxo) type (-Si-O-Al-O-Si-O-) 

 
The formation of geopolymer is a three step process as stated by Davidovits (1999); Xu & van 

Deventer (2000), which is given below: 

 
• Dissolution of Si and Al atoms from the source material by hydroxyl ions. 

• Transportation or orientation or condensation of the precursor ions into 

monomers. 
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• Setting or polycondensation (polymerisation) of monomers into polymeric chain. 

Palomo et al (1999) stated that, the three steps of geopolymerization can occur concurrently and may 

even intersect with one another. Thus it is very difficult to isolate and assess the occurrence of these 

steps individually. 

 
From equation (2.3), it can be observed that the polymerization reaction results in the release of water 

as an end product. This type of polymerization is termed as condensation polymerization or 

polycondensation. The released water is then expelled out of the geopolymer matrix during the course 

of the curing period. After getting expelled, the water leaves discontinuous nano-pores in the binding 

matrix, which aid the performance of geopolymers. So it can be understood that, the water present in 

the geopolymer mixture does not have any part in the chemical reaction, whereas it provides 

workability during the mixing and handling of geopolymers. This mechanism is completely divergent 

to the role of water in OPC concrete, which is essentially involved in the chemical reaction of cement 

hydration process (Hardjito & Rangan 2005). 

 
A conceptual model of geopolymerization mechanism was proposed by Duxson et al (2007), which 

consists of five important steps. In the first step, the aluminosilicate source material is dissolved by 

high alkaline ions to produce aluminate and silicate species. In the second step, the silicate and 

aluminate species are mixed together to form aluminosilicate solution. This stage is called as the 

speciation equilibrium stage. Once the dissolution process is over, water is released from the system. 

Third step involves the formation of a high concentration solution at high pH, which then undergoes 

gelation process to produce geopolymer gel. In the succeeding fourth step, the gel network is 

reorganized, leading to the development of the microstructure of geopolymer. The final step is the 

formation of three dimensional geopolymer 
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through setting and hardening. The steps involved in the conceptual model of geopolymerization 

are shown in Figure 2.2. 

 

 
Figure 2.2 Conceptual model of geopolymerization (Duxon et al, 2007) 

 
Sindhunata (2006) concluded that the mechanism and kinetics of geopolymerization are affected by 

several factors including aluminosilicate solid components, activating solutions, curing conditions 

and ageing parameters. Regarding the aluminosilicate solids, the composition and mineralogy of 

amorphous aluminium and silicon, the rate of dissolution of aluminium and silicon, impurities present 

and particle properties are the main parameters that control the early dissolution of aluminosilicate 

precursors. Coming to activator solutions, silicate concentration (SiO2/M2O ratio), type of alkali 

metal cations, concentration of alkali solution (H2O/M2O ratio, where M 
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is Na or K) and water content (water/binder ratio) influence the geopolymerization process. Curing 

conditions control the kinetics of the reaction. With respect to ageing parameters, alkali solutions of 

moderate concentration intensify the extent of reaction. 

 
2.5 PROPERTIES OF GEOPOLYMER CONCRETE 
 

2.5.1 General 

 
A lot of extensive studies have been conducted on geopolymer concrete and its performance in relation 

to various fresh and hardened properties is well documented. Indicators of strength and durability are 

the focal points of most of the studies on geopolymer concrete. Geopolymer concrete is proved to 

have high early strength, lesser shrinkage, resistance against reinforcement corrosion, acid and 

sulphate resistance, freeze-thaw resistance, fire resistance and resistance to alkali-aggregate reaction. 

 
2.5.2 Fresh State Properties 

 
Davidovits (1988) reported that geopolymer sets very quickly even at room temperature and achieves 

a compressive strength of 20 MPa within 4 hours from the time of casting and goes on to reach about 

70-100 MPa strength at the end of 28 days. Major portion of the 28th day strength was gained during 

the first 2 days of curing (Comrie et al 1988). Even though the geopolymers have a high alkali content 

deriving from the alkaline solution, the system is safely resistant against the injurious alkali-aggregate 

reaction. When tested for the bar expansion test, the geopolymer cement samples did not generate any 

dangerous Alkali-aggregate reaction when compared with the Portland cement samples (Davidovits 

1994). Hardjito et al (2004) produced fly ash based geopolymer concrete possessing good workability 

with the slump values varied from 100 to 250 mm and compressive strength ranging between 
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30 and 80 MPa for the concentration of the activator solution ranging between 8–14 M. 

 
The rheological properties of geopolymers are dependent on the binder (fly ash) content in the 

mixture. The static as well as the dynamic viscosity of the geopolymer concrete are considerably 

higher (Skvara et al, 2006). Due to the high viscosity, the workability of geopolymer concrete is 

comparatively low. The water resulting from the polycondensation process may somewhat contribute 

to the workability. Chindaprasirt et al (2006) identified that increase in sodium hydroxide and sodium 

silicate concentration will reduce the flow of geopolymer mortar. Higher NaOH concentration 

increases the viscosity of the solution thereby reducing the flow of the mortar. The sodium silicate 

solution being inherently a high viscous solution, an increase in its amount also reduces the flow of 

the geopolymer mortar. Superplasticizers or extra water can be added to improve the workability of 

geopolymer. However, the use of superplasticizer had an adverse effect on the strength of 

geopolymer. So, extra water is preferable only for improving the workability of geopolymer concrete 

(Al Bakri et al 2010). Water content is a key factor that influences workability. Nevertheless, the 

slump value may also be influenced by factors such as moisture content of aggregates, variation in 

ambient temperature, mixing time and degree of reaction between binder and alkaline solution (Nath 

& Sarker 2015). The geopolymer quality is mainly dependent on the composition of alkali activator 

and Na2O content. The heat of hydration of the geopolymer sample is found to be lesser than that of 

OPC sample (Karakoc et al 2014). 

 
Kamhangrittirong et al (2011) stated that, when there is an increase in the fly ash content, there is a 

decrease in the initial setting time and an increase in the compressive strengths of the geopolymer 

paste. They also said that the ratio of the binder to alkali solution plays a vital role in the setting and 
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strength development of geopolymer concrete. Hardjito & Rangan (2005) stated that the fly ash-based 

geopolymer concrete can be easily handled up to 120 minutes without any sign of setting and without 

any deprivation in the compressive strength. Hardjito et al (2008) studied the strength and setting 

time of low calcium fly ash based geopolymer mortar. They observed that the fly ash containing fresh 

geopolymer paste did not harden at ambient temperature at least till one day. The initial and final 

setting times were 230 minutes and 270 minutes respectively for the geopolymer paste corresponding 

to a curing temperature of 65°C. From the test results of Nath & Sarker (2015), the addition of slag as 

a binder to the mix significantly improved the setting time of geopolymer pastes whereas mixers 

made only with fly ash took a comparatively long time to set. They emphasized that the incorporation 

of slag is necessary to improve the setting time of geopolymers particularly to be cured under ambient 

temperature. 

 
2.5.3 Hardened State Properties 

 
The strength and durability properties of geopolymer concrete in its hardened state have been reported 

in numerous studies. Geopolymer has a high early strength gain in comparison with OPC concrete. 

Compressive strengths ranging from 20 to 95 MPa are reported so far. The heat curing, high silicate 

concentrations and reduced water content can be attributed to the high strength of geopolymer 

concrete (Hardjito et al 2004). Palomo et al (1999) reported that both the curing temperature and the 

curing time influence the compressive strength of geopolymer concrete. Using a mixture of sodium 

hydroxide (NaOH) and sodium silicate (Na2SiO3) as the alkaline solution, compressive strength of 

60 MPa was obtained when cured at 85°C for 5 hours. 

 
Wallah & Rangan (2006) studied the long term properties of low calcium fly ash based geopolymer 

concrete and concluded the following: 
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• Age does not have any substantial effect in the strength gain of geopolymer 

concrete. 

• For ambient-cured specimens, the 7th day compressive strength depends mainly on 

the average ambient temperature prevailing during the first week after the time of casting. If the 

average ambient temperature is higher, the compressive strength is also higher. 

• Heat-cured specimens exhibit low creep. The specific creep after one year ranged 

from 15 to 29 x 10-6/MPa for corresponding compressive strength of 67 to 40 MPa. The creep 

coefficient after one year for compressive strengths of 40, 47 and 57 MPa ranged between 0.6 and 

0.7, which is only 50% of the creep values of comparable OPC concrete specimens. Also, the drying 

shrinkage of heat-cured geopolymer was of the order of about 100 micro strains after one year, which 

is significantly smaller than the range of values of 500 to 800 micro strains for conventional concrete. 

• The geopolymer concrete specimens showed excellent resistance against sulphate 

attack. The test specimens showed no surface damage after being exposed to sodium sulphate solution 

for a period of one year. Also, no significant changes in the mass and the compressive strength were 

observed after various periods of exposure. The specimens also showed very good resistance against 

sulphuric acid attack. 

The ratio of compressive strength to tensile strength in geopolymer concrete is about 10:5.5 in 

comparison with OPC concrete where the ratio is about 10:1. It shows that geopolymer concrete 

possesses considerable resistance to tensile forces (Skvara et al 2006). From the studies of Sofi et al 

(2007), the flexural strength of geopolymer concrete was higher than that of 

http://www.ijrti.org/


 

IJRTI2208120 International Journal for Research Trends and Innovation (www.ijrti.org) 32 
 

 

normal OPC concrete as per Australian standards. Ryu et al (2013) conducted tests on fly ash based 

geopolymer concrete and found out that the splitting tensile strength is approximately about 7.8 to 

8.2% of the compressive strength, which is similar to that of conventional concrete. The fly ash-

based geopolymer concrete mix proportioned by Olivia & Nikraz (2012) possessed a 28th day 

compressive strength of 55 MPa when subjected to heat curing at different temperatures between 60–

75°C. The geopolymer concrete had higher tensile and flexural strengths, exhibited less expansion 

and the modulus of elasticity was 15 to 29% lower than that of OPC concrete mix. The drying 

shrinkage was less than the OPC concrete, after 12 weeks. The minimal shrinkage of geopolymer 

may be due to the resistance offered by its zeolitic microstructure towards the loss of the water by 

drying during casting (Fernandez-Jiminez et al 2006). 

 
The studies of Fernandez-Jiminez et al (2006) and Sofi et al (2007) showed that the values of elastic 

modulus of geopolymer concrete specimens were lower than that of conventional OPC concrete. The 

modulus elasticity of concrete is mainly dependant on the elastic modulus of the aggregate and that 

of the geopolymer paste (Neville 1995). According to Duxon et al (2005), it is the geopolymer 

microstructure, which mainly determines the modulus elasticity. It has been found that the inclusion 

of good quality coarse aggregates can actually improve the modulus of elasticity of geopolymer 

concrete (Sofi et al 2007). Hardjito & Rangan (2005) found the modulus elasticity values of fly ash-

based geopolymer concrete with compressive strength from 40 to 90 MPa to be similar to the values 

of elastic modulus of OPC concrete. The Poisson’s ratio of geopolymer concrete varied between 

0.12 and 0.16 as shown in Table 2.4. These values were comparable to OPC concrete. Anyhow, more 

detailed investigations are required to clearly ascertain the drift of elastic modulus of geopolymer 

concrete. 
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Table 2.4 Young’s modulus and Poisson’s ratio of GPC (Hardjito & Rangan 2005) 

 

S. No. Mixture No. Mean 

compressive 

strength 

Age of 

concrete 

(days) 

Modulus of 

Elasticity 

(GPa) 

Poisson’s 

Ratio 

1. 23 89 90 30.8 0.16 

2. 24 68 90 27.3 0.12 

3. 25 55 90 26.1 0.14 

4. 26 44 90 23.0 0.13 

 
 

Zhang et al (2015) conducted studies on the mechanical, thermal insulation, thermal resistance and 

acoustic absorption properties of Geopolymer Foam Concrete (GFC). They observed that GFC 

containing 30% slag exhibited 28th day compressive strength ranging from 3 to 48 MPa. GFC also 

showed better thermal insulation property than normal PC foam concrete at the same density. Fly ash 

based-GFC possessed excellent strength retention after high temperature treatment where the 

compressive strength doubled after being exposed at 800°C. However, when fly ash was substituted 

by of slag, it resulted in significant strength loss after heating, which can be attributed to the loss in 

structural integrity of the calcium-rich components present in the binder gel. Thin GFC specimens 

exhibited remarkable acoustic absorption rate at low frequency regions of 40–150 Hz. The average 

sound absorption of GFC was better than that of dense concrete and it was comparable to PC foam 

concrete. 

 
With respect to reinforced geopolymer concrete, it has been proved to have higher bond strength than 

OPC reinforced concrete owing to its higher splitting tensile strength and dense interfacial transition 

zone between the aggregate and geopolymer paste (Sarker 2011). Sofi et al (2007) reported that the 

bond strength values of reinforced fly ash geopolymer concrete were 
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comparable to reinforced conventional concrete in both beam-end as well as direct pullout tests. 

Ganesan et al (2014) studied the effects of confinement on the stress-strain behaviour of geopolymer 

Concrete (GPC) and conventional Portland Cement Concrete (PCC) and concluded the following: 

 

 The initial strength development of GPC was faster than PCC. 

 

 In confined GPC, the spiral confinement improved the strength, strain at peak 

stress, strain ductility ratio and energy absorption capacity of GPC. Hence it is suitable for earthquake 

resistant design since. 

 When the volumetric ratio of confinement was increased from 1.36% to 4.10%, 

the strength of GPC was increased by 20% to 110%. 

 The strain ductility ratio and energy absorption capacity of GPC increased by 

11.4 and 5.4 times respectively in comparison with unconfined GPC. 

The stress-strain curves of GPC and PCC specimens are shown below in Figure 2.3. 

 

 

Figure 2.3 Stress-Strain curves of GPC and PCC (Ganesan et al., 2014) 
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2.5.4 Durability Properties 

2.5.4.1 Microstructure and porosity 

 
The microstructure of geopolymer is controlled by the particle size distribution and chemical 

composition of the binder, the type of alkaline activator and its dosage and also the curing temperature 

(Olivia 2011). The increase in concentration of NaOH increases the degree of reaction resulting in the 

formation of more aluminosilicate gel, which has a positive effect on the strength of geopolymer 

(Ravikumar et al 2010). The microstructure of geopolymer synthesized using a combination of NaOH 

and sodium silicate possess a stronger bond, greater adhesion of paste, good connectivity between 

gels and also produces high strength. SEM analysis shows the high silicate concentration in the 

system leads to a high compressive strength due to lack of crystalline (zeolite) phases (Komljenovic 

2010), whereas low silicate concentration could result in the development of large particles in the 

geopolymer system, which may reduce the compressive strength (Sindhunata et al 2006). 

 
Curing temperature and duration influence the microstructure of geopolymer concrete significantly. 

A geopolymer system cured at low temperature has more unreacted binding material due to low 

adherence between particles. In contrast, a greater degree of aluminosilicate gel formation is resulted 

from curing at a high temperature causing strong bond formation in the geopolymer paste. This leads 

to higher strength gain (Jo et al, 2006). 

 
Fly ash based geopolymer activated using a combination of sodium hydroxide and sodium silicate 

showed a porosity of 20-40% (Skvara et al 2006). Porosity value of GPC, determined using vacuum 

saturation technique, ranged between 8.5-14% (Ravikumar et al 2010). Geopolymer mixture cured 
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at 30°C showed the presence of pores larger than 200 nm. This highlights the effect of curing 

temperature in the formation of pore structure (Sindhunata et al 2006). High curing temperature 

and high silicate concentration can actually lessen the pore size. High concentration of NaOH was 

also recommended for reducing the porosity of geopolymers. When the alkaline activator/binder ratio 

of geopolymer is high, there is an increase in porosity (Ravikumar et al 2010). 

 
2.5.4.2 Sorptivity, water absorption and permeability 

 
Sorptivity, water absorption and permeability are the most vital components with respect to concrete 

durability. These are the parameters that determine the rate of transport of fluids and other ions 

through the concrete periphery and thus the durability of concrete is mainly dependant on them. These 

parameters are related to the porosity of concrete. Adam (2009) found out that change in the alkali 

modulus caused change in the sorptivity of geopolymer concrete. When the alkali modulus was 

increased from 0.75 to 1.25, reduction in the sorptivity or rate of water absorption of the geopolymer 

concrete was observed. According to Thokchom et al (2009) and Misra et al (2008), increase in Na2O 

content results in the reduction of sorptivity in geopolymer concrete. Cheema et al (2009) reported 

lower water permeability values for culverts made with geopolymer concrete. The results of Sathia 

et al (2008) showed that geopolymer concrete specimens were having lower water absorption rate 

compared to normal concretes, and also the absorption rate to be decreasing with increase in strength. 

Olivia & Nikraz (2011) tested the water permeability of GPC made with activator-fly ash ratio of 

0.30–0.40 subjected to heat curing at 60°C for 24 hours. They found that GPC showed lower water 

permeability values (2.46–4.67 x 10-11 m/s) than the OPC concrete because of its denser paste and 

smaller inter-pore connectivity. They also 
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stated that the most influential parameter affecting the properties of GPC is its water-geopolymer 

solids ratio. 

 
2.5.4.3 Chloride penetration and sulphate resistance 

 
Chloride ion penetration is an important durability phenomenon which paves the way for chloride 

induced corrosion in concrete, particularly in seawater environment. The chloride ion penetrates 

inside the concrete and destroys the passive layer around the steel reinforcement thus making it prone 

to corrosion. The method of quantifying chloride ion penetration in concrete is given by ASTM C 

1202 as ‘Rapid Chloride Permeability Test’ (RCPT). The test is basically an electrical indication of 

the concrete’s ability to resist chloride ion penetration. Geopolymer concrete exhibits a lesser chloride 

ion penetrability based on a few studies. Rajamane et al (2011) conducted RCPT on geopolymer 

and specimens. The GPC specimens allowed 722 to 1222 coulombs of charge to pass through over a 

6 hour period, which corresponds to a chloride penetration rating of ‘Low’ to ‘Very low’. The test 

results of Ganesan et al (2015) showed that both the chloride diffusion coefficient and chloride 

penetration values of GPC were equal to that of OPC. 

 
Sulphate attack is also one of the durability issues in marine environment apart from chloride 

penetration. Several studies confirm the better resistance of geopolymer against sulphate attack. The 

geopolymer concrete showed no change in mass and compressive strength till one year when kept in 

an artificial sulphate environment (Bhakarev 2005 & Wallah et al 2005). Rajamane et al (2012) 

studied the sulphate resistance of GPC as well as OPC specimens for 3 months exposure in 5% 

Na2SO4 and 5% MgSO4 solutions. The weight loss in GPC samples was only 2.4%. Also there was 

only 2–29% loss in compressive strength whereas it was 9–38% in the OPC concrete. They said that 

the deterioration of OPC concrete may be due to the 
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formation of expansive gypsum and ettringite which cause undue expansion, cracking and spalling. 

In contrast, there are no Ca(OH)2 and monosulphoaluminate in the general GPC system to cause 

expansion. Thokchom et al (2010) reported that high alkali content (Na2O) in the mixture can improve 

the resistance of geopolymer concrete against sulphate attack. 

 
2.5.4.4 Corrosion of steel reinforcement 

 
There are several published works available on the study of corrosion of steel reinforcement 

embedded in geopolymer concrete. Different researchers adopted different techniques and methods 

to study the reinforcement corrosion in GPC. Earlier, Morris & Hodges (2005) embedded various 

metals like carbon steel, stainless steel and aluminium in fly ash geopolymer mortar and studied the 

risk of corrosion using half-cell potential measurement and corrosion rate by Electrochemical 

Impedance Spectroscopy (EIS) and Linear Polarization Resistance (LPR). They concluded that the 

steel reinforcement embedded in geopolymer has a higher corrosion resistance, as long as the paste 

maintaining its alkalinity. Olivia & Nikraz (2012) reported that the half-cell potential of GPC for 

severe corrosion after 91 days was lower than the specified value of -404 mV as per ASTM standards. 

Sathia et al (2008) observed the corrosion potentials of GPC specimens using open circuit potential 

measurements. GPC specimens displayed corrosion potential ranging from -35 mV to -300 mV, 

which indicated the occurrence of a probable corrosion reaction. They said that, stable potential values 

can generally be observed only after 3 years and so the half-cell potential values may or may not be 

indicators of corrosion current. Therefore they need not be taken as absolute indicators of corrosion. 

 
Reddy et al (2011) compared the corrosion behaviour of GPC with that of OPC concrete exposed to 

marine environment for 21 days. The initial 
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corrosion current values of GPC (71–91 mA) were much lower than the measured values for OPC 

concrete (772 mA). The current values observed in OPC specimens initially decreased but later started 

increasing whereas the current values of GPC specimens did not show any substantial rise. Yodmunee 

& Yodsujai (2006) studied the performance of fly ash geopolymer concrete exposed to the accelerated 

corrosion test by impressed voltage method. They reported that the GPC exhibited a better corrosion 

performance than the conventional OPC concrete mixture. The studies of Olivia & Nikraz (2012) 

revealed the failure periods of GPC specimens to be 3.86 to 5.70 times longer than those of the OPC 

concrete in accelerated corrosion. The failure time was identified when a crack appeared in the 

concrete followed by a sudden high current reading. They concluded that high amounts of alumino-

silicate source material and alkaline activators increased the retention of ions which yield high 

electrical resistance at high impressed voltage in GPC. This enriches the cathodic reaction inside the 

system thus reducing the corrosion rate, which in turn, decreases the tensile stress of GPC. This 

consequently minimizes the vulnerability of GPC from cracking besides extending the time of failure. 

 
2.5.4.5 Attack of acids and seawater 

 
Different studies on the acid attack in concrete underline the fact that the extent of concrete 

degradation depends on the concentration of acid solution and period of exposure (Singh et al 2015). 

The acid and alkaline resistance of geopolymers depend mainly on their mineralogical composition 

(Temuujin et al 2011). Metakaolin-based geopolymer pastes showed weight loss of only 7% when 

immersed in 5% H2SO4 for 30 days. Also fly ash-based geopolymer pastes still retained a dense 

microstructure after being exposed in HNO3 for 3 months (Davidovits 1991). Bakharev (2005) 

studied the resistance of geopolymeric materials to acid attack. The geopolymer pastes performed 

supremely well than the OPC pastes when exposed to 5% acetic 
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acid and 5% sulphuric acid solutions. He concluded that the deterioration in geopolymer pastes is 

linked to depolymerisation of the aluminosilicate network and subsequent zeolite formation. 

 

Ariffin et al (2013) tested GPC made using blended pulverized fuel ash and palm oil fuel ash. They 

exposed the specimens to 2% H2SO4 solution for 18 months. The weight loss in GPC was 8% as 

against 20% in OPC concrete. The compressive strength loss in GPC was 35% in 18 months whereas 

it was 68% in OPC concrete after 30 days. Further the OPC specimens showed severe deterioration 

after 18 months. They concluded that the C-S-H network in OPC concrete could have a damaging 

effect whereas the N-A-S-H framework has any little effect on the structure of GPC. Geopolymer 

concrete specimens exposed to 3% sulphuric acid solution for 3 months showed no significant 

variation in weight loss. The percentage of weight loss was less than 0.5 % for all the GPC specimens 

(Sathia et al 2008). From the studies of Ganesan et al (2015), it is observed that the GPC specimens 

have superb resistance to acid attack. They withered less than 2% weight loss when exposed to 3% 

H2SO4 solution for 6 months while the conventional concrete specimens suffered up to 27% weight 

loss for the same exposure condition. 

 
Fernandez-Jimenez et al (2007) examined the changes in weight, compressive and flexural strength 

of geopolymer concrete samples exposed to sea water. There were no visible signs of surface 

degradation or any appreciable weight loss. Only a minor loss in compressive strength was observed 

after being exposed for a one year period. They also established that the chloride ion precipitation 

present in concrete pores neither causes any harm nor reacts with the binder resulting in deterioration   

of concrete. Reddy et al (2011) prepared GPC specimens from 8 and 14 M NaOH solution 

concentrations and compared with OPC concrete specimens for exposure to seawater. The test results 

substantiated that GPC has remarkable resistance to 
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chloride attack and has a longer cracking time to corrosion in comparison with OPC concrete. Olivia 

& Nikraz (2013) investigated the resistance of geopolymer concrete to sea water exposure. They 

concluded that the cyclic exposure of OPC concrete to seawater increased its rate of deterioration 

whereas the geopolymer concrete showed no sizable change in strength and no surface degradation 

was visible after continuous immersion and alternate wetting-drying cycles. The high resistance of 

geopolymer concrete against seawater is due to the faster crystallization resulting from the high 

temperature heat curing. The study by Skvara et al (2005) revealed that even after two years of 

seawater exposure there was no trace of Friedel salt formation in the pores of geopolymer concrete, 

which is characteristically found in normal mixtures containing tri calcium aluminate. 

 
2.6 GGBS AND RHA IN GEOPOLYMER CONCRETE 

2.6.1 GGBS in Geopolymers 

 
Most of the published literature on geopolymer concrete deal with the usage of fly ash as the primary 

binder. While fly ash remains the commonly preferred binding material for geopolymer concrete, it 

has its share of disadvantages too. Fly ash possesses a low reactivity, which usually has resulted in 

slow setting and strength development (Kirschner & Harmuth 2004). Also, the dissolution of fly ash 

is not fully complete before the formation of final hardened gel in many cases (Swanepoel & Strydom 

2002; Kumar et al 2010; Chen et al 2011). A microanalysis of trace fly ash particles in geopolymer 

cement systems revealed that the ‘mullite’ that is present in fly ash remains unreacted in the process 

of alkali activation (Lloyd et al 2009). To overcome the disadvantages of fly ash and to explore the 

benefits of other potential alumino-silicate by-product materials, the focus really needs to shift from 

fly ash and find out the feasibility of utilizing other such materials in the production of geopolymer 

concrete. But there are also several studies that 
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focus on the usage of other potential aluminosilicate by-product materials like GGBS or RHA either 

instead of fly ash or along with fly ash in suitable proportions to produce geopolymer concrete. 

 
The chemistry of fly ash based geopolymers conceives only the presence of alkaline alumino silicate 

polymer gel in the matrix. But certain studies have revealed that when manufactured sources like 

GGBS containing soluble calcium silicates are added, calcium dissolution occurs at low alkalinity 

resulting in the formation of a C-S-H gel in conjunction with the geopolymeric gel. This enhances 

the strength of the geopolymer concrete (Yip et al 2005; Yip et al 2008). Researchers like Bernal et 

al (2013); Ismail et al (2014) have also confirmed the formation of a secondary aluminium-modified 

calcium silicate hydrate (C-A-S-H) gel in the system when calcium rich sources like GGBS are 

added. This additional calcium silicate hydrate gel along with the predominant alumino silicate gel 

has a compacting effect on the microstructure of geopolymer thereby having positive effect on the 

geopolymer properties (Kumar et al 2010). The clear existence of these two phases and the distinction 

between them in geopolymer system can be seen from the SEM image as shown in Figure 2.4. 

Figure 2.4   SEM micrograph of geopolymer matrix containing 20% slag at 14 days. 

Identification of the different phases: (A) geopolymeric binder with low content of calcium; (B) 

C-S-H with small proportion of aluminium (Yip et al 2005). 
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Certain researchers have studied the performance of slag substituted geopolymers. Cheng & Chiu 

(2003) developed a fire resistant geopolymer from granulated blast furnace slag and potassium 

hydroxide as the alkaline activator. Geopolymer specimens cured at 60°C showed faster setting time 

than the ambient cured specimens. Specimens made with KOH concentration of 10 N possessed 28th 

day compressive strength as high as 60 MPa. GGBS based geopolymers also proved to have excellent 

fire resistance that when 10 mm thick geopolymer panels were exposed to an 1100°C flame, reverse-

side temperatures of all the test panels were less than 350°C after 35 minutes. The addition of slag 

possibly generates more amorphous products and accelerates rate of reaction of the geopolymer raw 

materials. A mere 4% addition of slag to fly ash resulted in a compressive strength of 70 MPa at 14 

days when heat cured at 70°C (Li & Liu 2007). Islam et al (2014) found out that the compressive 

strength of geopolymer increases as the GGBS content increases up to 70% GGBS addition. No 

significant strength increase occurs with further increase in GGBS content. Also most of the 

specimens reached 90% of their compressive strength within 7 days. The mechanical properties of 

slag based geopolymer concrete were on par with conventional Portland cement concrete as per 

Australian standards and slag addition up to 75% could be beneficial (Albitar et al 2014). The tensile 

strength of the geopolymer concrete increased with the increase in slag proportion (Deb et al 2014). 

 
But at the same time there is a reduction in workability of the geopolymer concrete with the increase 

in GGBS content (Nath & Sarker 2014). The reduction in workability is due to the accelerated 

reaction of the calcium and the angular shape of the slag particles when compared to the spherical 

shape of the fly ash particles. The workability can be increased by adding extra water to the mix. Also 

GGBS is very much suitable for making ambient cured geopolymer concrete as it enhances the setting 

time in ambient conditions (Deb et al 2014). 
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The durability of slag based geopolymers has also been proved to be competent. Wang et al (2011) 

analysed the sulphate attack on slag based geopolymer concrete by immersing the specimens in 5% 

sodium sulphate solution. The geopolymer concrete had excellent resistance against sulphate erosion. 

The linear expansion rate and mass loss rate of geopolymer were 0.024% and 0.58% respectively at 

the end of 49 days. It was much better than the sulphate resistance of ordinary concrete of the same 

strength grade. From the studies of Rajamane et al (2012), after 90 days of immersion in 2% and 10% 

H2SO4, the GPC specimens made with GGBS showed no visible damage whereas the Portland 

Pozzolana Cement (PPC) concrete specimens had completely deteriorated with appreciable bulging. 

The weight and strength losses of GPC samples were also much lesser than that of PPC samples. The 

weight loss and strength loss comparison of GPC and PPC specimens for H2SO4 exposure are shown 

in Figure 2.5 and Figure 2.6 respectively. 

 

 
Figure 2.5 Percentage weight loss on exposure to H2SO4 of GPC and PPC (Rajamane 

et al 2012) 
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Figure 2.6 Percentage strength loss on exposure to H2SO4 of GPC and PPC (Rajamane 

et al 2012) 

 
2.6.2 RHA in Geopolymers 

 
The compressive strength of geopolymer depends on both the ratio of Si-Al and the types of the raw 

materials used. As the raw materials come from different sources and different manufacturing 

conditions, it is difficult to maintain a standard chemical composition. For achieving a suitable 

chemical composition (Si/Al) to produce geopolymers, the preferred method is to blend the primary 

binding material (fly ash, GGBS etc.) with another high silica source like RHA (Wongpa et al 2010). 

Although the use of RHA in geopolymers has been rather limited, there have been a few attempts in 

investigating the possibility of adding RHA in geopolymer production. 

 
Detphan & Chindaprasirt (2009) prepared geopolymer using fly ash (FA) and rice husk ash and tested 

the density and strength of the geopolymer mortars with different RHA/FA mass ratios of 0/100, 

20/80, 40/60, and 60/40. Compressive strengths between 12.5 to 56.0 MPa were obtained depending 

on the ratio of FA/RHA, fineness of RHA sample and the ratio of Na2SiO3 to NaOH. Nuruddin et al 

(2009) studied the effect of microwave incinerated rice 
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husk ash (MIRHA) along with fly ash in polymeric concrete under different curing conditions. They 

reported that 5% MIRHA is optimum for fly ash- based polymeric concrete under hot gunny and 

ambient curing conditions, as it showed the highest 56th day compressive strengths of 22.66 MPa and 

27.28 MPa respectively. Under sunlight curing, 7% replacement of MIRHA showed the highest 

compressive strength of 44.84 MPa at 56th day. The possible reason could be that besides the higher 

amount of silica, the increased temperature helped for greater dissolution of Si and Al resulting in 

higher strength than the other two curing conditions. Kusbiantoro et al (2012) said that the addition 

of MIRHA particles supplies silicate monomer and small oligomer to the geopolymer system that 

help in additional dissolution and polycondensation process of aluminate precursors from fly ash 

particles which results in superior quality geopolymer matrix with denser gel structure. 

 
There was a considerable increase in the bending strength of geopolymer when fly ash was replaced 

with RHA and it can be used as silica source for partially replacing fly ash in making geopolymer 

(Chaiyapoom et al 2011). Compressive strength of geopolymer with seeded fly ash and rice husk bark 

ash were investigated by Nazari et al (2011). The highest 28th day strength of 58.9 MPa was achieved 

for a fine fly ash to fine rice husk bark ash mixture of 70:30 proportions. They concluded that the 

compressive strength of the geopolymer is mainly dependent on the particle size distribution of the 

ashes, the duration of oven curing and the duration of ambient (room condition) curing. Finer particle 

size of ashes results in a denser and hence a stronger matrix. On the other hand, oven curing at 80°C 

is advocated for the geopolymeric specimens made with seeded fly ash and rice husk bark ash. RHA 

calcined at a temperature of 650°C containing amorphous silica is recommended for use in 

geopolymer concrete as it gave a flexural strength as high as 7.43 MPa at 25% RHA content in the 

total binder. As a silica source in geopolymer, RHA can effectively replace silica fume, because the 

stress 
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differences between the respective samples were less than 1.1 MPa (Heo et al, 2015). 

 
2.7 CONCLUDING REMARKS 

 
From the review of literature, it is clear that the research on geopolymer concrete is taking a quantum 

leap and there are enough comprehensive evidences available now to consider geopolymer as the best 

alternative for OPC concrete. At the same time, most of the published literature deal mainly on the 

investigation of fly ash as the primary source material for geopolymer concrete. Besides, there are 

certain research studies that mention the disadvantages of fly ash and also emphasize the focus on 

other materials like GGBS and RHA. GGBS as a primary source material for geopolymer concrete 

has a lot of advantages and has been proved to perform better over fly ash, whereas RHA as a silica 

source brings additional benefits to the table, when used as a partial replacement material. Even then, 

there is only little inquiry available concerning the durability aspect of geopolymer concrete 

incorporating the aforesaid materials. The viability of using BRHA in concrete is also discussed in 

the literature review. As per the author’s knowledge, there are no studies available on the usage of 

BRHA in geopolymer concrete. Hence, this investigation on the durability of geopolymer concrete 

incorporating GGBS and BRHA is unique and solicits its significance in the domain of concrete 

research. 
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CHAPTER 3 METHODOLOGY 

 

 
3.1 MATERIAL PROPERTIES 

3.1.1 Ground Granulated Blast Furnace Slag (GGBS) 

 
GGBS conforming to the specifications of IS 12089-1987 was used as the primary binder to produce 

GPC in which BRHA was replaced from 0% to 30%. GGBS was obtained from JSW cements limited, 

Bellari, India. The chemical composition and physical properties of GGBS were tested (as per ASTM 

D3682-01) in SGS Laboratories, Chennai and are given in Table 3.1. 

 
Table 3.1 Properties of GGBS 

 

 

S. No Property Value 

1. Silicon-di-Oxide (SiO2) 31.25 % 

2. Aluminium tri oxide (Al2O3) 14.06 % 

3. Ferric Oxide (Fe2O3) 2.80 % 

4. Calcium Oxide (CaO) 33.75 % 

5. Magnesium Oxide (MgO) 7.03 % 

6. Loss on Ignition 1.52% 

7. Specific gravity 2.61 

8. Blaine fineness 4550 cm2/g 
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3.1.2 Black Rice Husk Ash (BRHA) 

 
BRHA was obtained from a rice mill near Karaikudi. It was finely ground in a ball-mill for 30 minutes 

and passed through 75µ sieve (Rashid et al, 2010) before using in GPC production. The chemical 

composition and physical properties of BRHA were tested (as per ASTM D3682-01) in SGS 

Laboratories, Chennai and are given in Table 3.2. 

Table 3.2 Properties of BRHA 
 

S. No Property Value 

1. Silicon-di-Oxide (SiO2) 93.96 % 

2. Aluminium tri oxide (Al2O3) 0.56 % 

3. Ferric Oxide (Fe2O3) 0.43 % 

4. Calcium Oxide (CaO) 0.55 % 

5. Magnesium Oxide (MgO) 0.40 % 

6. Loss on Ignition 9.79% 

7. Specific gravity 2.14 

8. Blaine fineness 5673 cm2/g 

 
 

The SEM images of GGBS, unground BRHA and ground BRHA are shown in Figures 3.1, 3.2 and 

3.3 respectively. 

 

Figure 3.1 SEM image of GGBS 
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Figure 3.2 SEM image of unground BRHA 
 
 

 
Figure 3.3 SEM image of ground BRHA 

 
3.1.3 Aggregates 

 
Natural river sand conforming to Zone II as per IS 383 (1987) with a fineness modulus of 3.54 and a 

specific gravity of 2.61 was used as fine aggregate. Crushed granite coarse aggregate conforming to 

IS: 383 (1987) was 
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used. Coarse aggregate of maximum nominal size 20 mm, with a specific gravity of 2.72 and fineness 

modulus of 6.29 was used. The aggregates were tested as per IS 2386 (1963). 

 
3.1.4 Alkaline Solution 

 
A mixture of sodium hydroxide and sodium silicate was used as the alkaline solution. Commercial 

grade sodium hydroxide in pellets form (97%- 100% purity) and sodium silicate solution having a 

composition of 14.7% Na2O, 29.4% SiO2 (total solids = 45.4%) and 55.6% water by mass were used. 

The alkaline liquid to binder ratio was fixed as 0.4 and the ratio of sodium silicate to sodium 

hydroxide was taken as 2.5 after conducting a lot of trials with conformance to workability and 

strength. The concentration of sodium hydroxide was fixed at 8 M for all the tests except the study 

on the influence of sodium hydroxide on the compressive strength where three different NaOH 

concentrations were used. 

 
High-range water-reducing naphthalene based super plasticizer was added at a dosage of 2% of the 

binder content to improve the workability of fresh concrete. Also extra water about 15% of binder 

content was added to increase the workability of the concrete. 

 
3.2 MIX PROPORTIONS 

 
Since there are no standard codal provisions available for the mix design of geopolymer concrete, the 

density of geopolymer concrete was assumed as 2400 kg/m3 and other calculations were made based 

on the density of concrete as per the mix design given by Lloyd & Rangan (2010). The combined 

total volume occupied by the coarse and fine aggregates was assumed to be 77%. The alkaline liquid 

to binder ratio was taken as 0.40. As there are no standard mix design procedures available to 

estimate the target 
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strength of GPC and besides this being a relatively new type of concrete that is still in developmental 

stage, minimum target strength was taken as 30 MPa, considering it as a regular strength concrete. 

GGBS was kept as the base material for making the control GPC specimens (GP). Then BRHA was 

used to replace GGBS in the mix in three different proportions, 10% (GPR1), 20% (GPR2) and 30% 

(GPR3), for the rest of the mixes used in the investigation. The mix proportions of GPC are given 

Table 3.3. 

 
Table 3.3 Mix proportions of GPC 

 

 

S. No Quantities Proportions (kg/m3) 

GP GPR1 GPR2 GPR3 

1. GGBS 394 355 315 276 

2. BRHA 0 39 79 118 

3. Coarse aggregate 1201 1201 1201 1201 

4. Fine aggregate 647 647 647 647 

5. Sodium hydroxide 45 45 45 45 

6. Sodium silicate 113 113 113 113 

7. Super-plasticizer 8 8 8 8 

8. Water 59 59 59 59 

 

 

3.3 PREPARATION OF TEST SPECIMENS 

 
The materials for the mixes were weighed and first mixed in dry condition for 3-4 minutes. Then the 

alkaline liquid which is a combination of sodium hydroxide and sodium silicate solutions along with 

super-plasticizer were added to the dry mix. Then some extra water about 15% by weight of the binder 

was added to improve the workability. The mixing was continued for about 6-8 minutes. After the 

mixing, the concrete was placed in steel moulds 
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by giving proper compaction. Precautions were taken to ensure uniform mixing of the ingredients. 

Two types of curing were used for the specimens to be tested for the study on the influence of curing 

temperature on the compressive strength. One set of cubes was oven cured and the other set was cured 

under ambient condition. For oven curing, initially the cubes were placed along with their moulds 

the oven immediately after casting at two different temperatures, 60°C and 90°C respectively for 24 

hours. Then the cubes were de-moulded and kept as such in the oven at the same respective 

temperatures for another 24 hours. Then they were taken out and allowed to cure in the room 

temperature till the required day of testing. For the ambient curing, the cubes were kept under room 

temperature after casting and de- moulded after 1 day and further cured in the room temperature till 

the day of testing. For all other tests, the specimens were prepared by adopting the oven curing 

procedure at 60°C. 

 
3.4 TESTS CONDUCTED 
 

3.4.1 Compressive Strength Test 

 
The compressive strength of GPC was tested as per IS 516:1959. The permissible error was not to 

be greater than ± 2% of the maximum load. Several studies discuss the influence of salient parameters 

on the compressive strength of GPC. Hardjito and Rangan (2005) listed out 12 parameters that 

influence the strength of GPC. Among them, the curing temperature and concentration of NaOH 

particularly have a lot of impact on the compressive strength of GPC. Palomo et al (1999) concluded 

that the curing temperature is a reaction accelerator in geopolymers. Nazari et al (2011) deduced that 

the concentration of alkaline solution has a main effect on the strength of GPC. Accordingly, two 

parameters viz., the influence of curing temperature and the influence concentration of sodium 

hydroxide on the compressive strength of GPC were studied separately. The influence of sodium 

hydroxide concentration was 
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studied for three different molarity of NaOH viz., 5 M, 8 M and 11 M. For this study, all the specimens 

were heat cured at 60°C. Also, the influence of curing temperature on the compressive strength of 

GPC was studied for three different curing conditions viz., ambient, 60°C and 90°C. For this study, 

the concentration of NaOH was fixed as 8 M for all the specimens. Cube specimens of size 150 mm 

were cast for each proportion and tested for their compressive strength at the ages of 3, 7, 28 and 90 

days. All the specimens were tested using Compression Testing Machine (CTM) under a uniform rate 

of loading of 140 kg/cm2/min until failure and the ultimate load at failure was taken to calculate the 

compressive strength. Tests were carried out on triplet specimens and the average compressive 

strength values were recorded. The test setup is shown in Figure 3.4. 

Figure 3.4 Test setup of compressive strength 
 

3.4.2 Split Tensile Strength Test 
 

The split tensile strength test was carried out as per IS 5816:1999. The apparatus test precision was 

the same as IS 516:1959. Cylindrical concrete specimens of size 150 mm diameter and 300 mm height 

were cast and tested for their splitting tensile strength using a CTM at the ages of 3, 7 and 28 days. 

Figure 3.5 shows the test setup. 
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Figure 3.5 Test setup of split tensile strength 
 

3.4.3 Flexural Strength Test 
 

The flexural strength of GPC was carried out as per IS 516:1959. The permissible error was not to be 

greater than ± 0.5% of the applied load. Beams of size 700 mm × 150 mm × 150mm were cast and 

then tested using Universal Testing Machine (UTM) at the ages of 3, 7 and 28 days. The flexural 

strength test setup is shown in Figure 3.6. 

 

Figure 3.6 Test setup of flexural strength 
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3.4.4 Modulus of Elasticity Test 

 
The modulus of elasticity test was carried out as per IS 516:1959. The instrument accuracy was ± 

0.5%. Cylindrical concrete specimens of size 150 mm diameter and 300 mm height were cast and 

tested for their Young’s modulus at the age of 28 days. The specimens were tested using a using a 

CTM with the load being applied continuously at a rate of 140 kg/cm2/min until an average stress 

of (C+5) kg/cm2 was reached, where C is one-third of the average compressive strength of the cubes. 

The deformations were measured by a compressometer attached to the specimen. The test setup is 

shown in Figure 3.7. 

 

 
Figure 3.7 Test setup of modulus of elasticity 

 
From the deformation values, the strain values were calculated and the stress-strain curves were 

plotted for the GPC mixes. The experimental values of elastic modulus (E) were obtained from the 

slopes of the stress-strain 
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curves. These experimental values were then compared with the theoretical elastic modulus 

values calculated as per IS 456-200 using the equation, 

 
E = 5000√fck (3.1) 

 
Where, 

 
fck is the characteristic compressive strength of concrete at 28 days. 

 
3.4.5 Sorptivity Test 

 
The sorptivity test was done in accordance with ASTM C 1585-04. The allowable coefficient 

variation was to be 6% in preliminary measurements of the absorption. Sorptivity is the measure of 

the capillary force exerted by the concrete pore structure which causes the fluids to be drawn inside 

the body of the concrete. Concrete slices of 100 mm diameter and 50 mm thickness were used for the 

test. The sides of the specimen were waxed and sealed with a plastic sheet and then the initial mass of 

the specimen was taken. The specimen was then kept in a tray with 2 to 5 mm of the depth being 

immersed in water. The mass of the specimen was then measured at 1 minute, 5 minutes, 10 minutes, 

20 minutes, 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours and 6 hours after taking out and 

bloating off the excess surface water. Sorptivity value was calculated using the formula, 

 
s = I/t0.5 (3.2) 

 
where, 

 
s is the sorptivity in mm/min, t is the elapsed time in minutes and I is the cumulative absorption 

which is given by, 

 
I = ∆m/Ad (3.3) 
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where, 

 
∆m is the increase in mass, A is the surface area of specimen through which water penetrates and d 

is the density of the medium, i.e. water. 

 
The cumulative absorption values were plotted against the square root of time and sorptivity was 

obtained from the slope of the best fitting line of the plot. The sorptivity test done on the GPC samples 

is shown in Figure 3.8. 

 

 
Figure 3.8 Sorptivity test on GPC 

 
3.4.6 Rapid Chloride Penetration Test (RCPT) 

 
RCPT was done in accordance with ASTM C 1202-97. The allowable coefficient variation was to be 

12.3%. This test is the rapid measurement of the electrical conductance of the concrete with respect 

to its resistance against chloride ion penetration. Concrete discs of size 100 mm diameter and 50 mm 

thick were used for this test after 28 days from the date of casting. One end of the specimen was 

mounted to a cell containing 3% sodium 
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chloride solution (which was connected to the negative terminal of the power supply) and the other 

end was mounted to a cell containing 0.3 N sodium hydroxide solution (which was connected to the 

positive terminal of the power supply). A potential difference of 60 V was maintained across the ends 

of the specimen for about 6 hours. The current passing through the specimen was measured for every 

30 minutes till 6 hours. The chloride contamination and temperature were also monitored. From the 

values of current and time, the total charge passed through the specimens was calculated in coulombs 

as per equation 3.4 and related to the resistance of the specimen against chloride ion penetration. 

 
Q = 900(I0+2I30+2I60+…….+2I300+2I330+I360) (3.4) 

where, 
   

Q = Charge passed (coulombs), 
 

I0 = Current (amperes) immediately after voltage is applied and 

It = Current (amperes) at t min after voltage is applied 
 

More the total charge passed, higher is the permeability of the specimen. The chloride ion 

penetrability level corresponding to the total charge passed through the specimen is given in Table 

3.4 and Figure 3.9 shows the RCPT test setup. 

Table 3.4 Chloride ion penetrability levels 
 
 

S. No Charge passed (Coulombs) Chloride ion penetrability 

1. > 4,000 High 

2. 2,000 – 4,000 Moderate 

3. 1,000 – 2,000 Low 

4. 100 – 1,000 Very low 

5. < 100 Negligible 
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Figure 3.9 RCPT setup 

 
3.4.7 Accelerated Corrosion Test (ACT) 

 
The accelerated corrosion test was conducted on cylindrical GPC specimens of 100 mm diameter and 

200 mm height with a 14 mm diameter steel rod embedded centrally so that equal cover was 

maintained on all the sides. The specimens were subjected to ACT after 28 days from the date of 

casting. The cylindrical GPC specimens were placed in individual containers each containing 4% 

sodium chloride solution. The level of the solution was maintained at 75 mm from the bottom of the 

specimen throughout the test. A stainless steel plate was placed in each container which acted as the 

cathode whereas the steel rod embedded in concrete served as the anode and they were connected to 

a constant DC supply of 6 V so that the setup acted as an electrochemical cell. The voltage 

was maintained constantly throughout the test and current passing through each specimen was 

measured daily. At the instance of the appearance of first crack on each specimen, the specimens 

were stopped off the current supply and the cracked specimen is removed from the test setup. Once 

the test was completed for all the specimens, a graph was 
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plotted for the current passed in mA versus time in days to determine the corrosion initiation and 

propagation periods. The schematic diagram of the setup is shown in Figure 3.10 and the test setup 

is shown in Figure 3.11. 

 

 

Figure 3.10 Schematic diagram of ACT setup 
 
 

 
Figure 3.11 ACT setup 

 
3.4.8 Acid Resistance Test 

 
The resistance of GPC to acids was determined on cubes of size 100 mm after 28 days from the day 

of casting. The initial weights of the specimens were noted and then the respective cubes were 

immersed in 3% 
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hydrochloric acid (HCl) and 3% sulphuric acid (H2SO4) separately for a further periods of 30, 60 

and 90 days. The concentration of the solution was maintained throughout this period. After 30, 60 

and 90 days, the specimens were taken out of the acid water. The surfaces of the cubes were cleaned, 

weights of the specimens were registered and then they were tested using the compression testing 

machine of 2000 kN capacity under a uniform rate of loading of 140 kg/cm2/min. The losses in weight 

and the compressive strength of the GPC cubes were then calculated. The GPC specimens immersed 

in the acids are shown in Figure 3.12. 

 

 
Figure 3.12 GPC specimens immersed in acids 

 
3.4.9 Seawater Resistance Test 

 
For conducting the seawater resistance test, the procedure followed was similar to the one that was 

followed for the acid resistance   test. GPC cubes of size 100 mm were cast for the test. After 28 days 

from the date of casting, the initial weights of the specimens were noted and then they were immersed 

in the seawater mediate obtained from the shore of Bay of Bengal 
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near Thiruvanmiyur, Chennai for periods of 30, 60 and 90 days. After the respective durations, the 

specimens were taken out of the seawater. The surfaces of the cubes were cleaned, weights of the 

specimens were registered and then they were tested using the compression testing machine of 2000 

kN capacity under a uniform rate of loading of 140 kg/cm2/min. Weight loss and compressive strength 

loss measurements were calculated for the specimens at 30, 60 and 90 days from the time of 

immersion in sea water. GPC specimens immersed in seawater are shown in Figure 3.13. 

 

 
Figure 3.13 GPC specimens immersed in seawater 
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CHAPTER 4 RESULTS AND DISCUSSION 

 

Over five hundred specimens were cast and tested to examine the strength and durability of GPC 

made with GGBS and BRHA. Tests were conducted on GPC with three different levels of BRHA 

replacement 10%, 20% and 30%. The results show the variation in compressive strength of GPC with 

respect to the influence of curing temperature and NaOH concentration at 3, 7, 28 and 90 days of 

testing. Further the flexural strength, splitting tensile strength and elastic modulus of the GPC 

specimens were also tested. In terms of durability, parameters including sorptivity, chloride 

penetration, corrosion resistance, acid resistance and sea water resistance of GPC were assessed. 

Charts have been drawn to depict the variations in the aforesaid strength and durability parameters of 

GPC specimens at different proportions of BRHA replacement. The test results are discussed below. 

 
4.1 STRENGTH TESTS 

4.1.1 Compressive strength test 

4.1.1.1 Influence of sodium hydroxide concentration 

 
The influence of molarity of sodium hydroxide (NaOH) solution on the compressive strength of GPC 

was studied for three different molar concentrations of NaOH viz., 5 M, 8 M and 11 M. All the 

specimens were heat cured at 60°C. The compressive strength results are given in Table 4.1 and the 

variations of compressive strength of GPC specimens corresponding to the 
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three different molar concentrations of NaOH are shown in Figures 4.1, 4.2 and 4.3 respectively. 

 
Table 4.1 Compressive strength of GPC at different NaOH concentrations 
 

 

S. 

No 

NaOH 

concentration 

Mix Average compressive strength (MPa) 

3 days 7 days 28 days 90 days 

1. 5 M GP 56.2 60.5 62.7 65.5 

GPR1 58.9 61.4 62.9 66.1 

GPR2 39.9 41.4 43.3 45.4 

GPR3 17.8 18.6 19.1 21.0 

2. 8 M GP 60.9 66.5 69.3 72.5 

GPR1 62.3 67.6 70.7 73.2 

GPR2 44.7 46.3 51.5 54.1 

GPR3 19.2 20.5 22.5 24.1 

3. 11 M GP 67.1 72.1 74.3 77.4 

GPR1 69.1 75.1 76.8 80.0 

GPR2 49.5 54.5 56.6 59.5 

GPR3 21.4 22.8 23.4 25.7 

 

 
 

 

Figure 4.1 Compressive strength of GPC at 5 M NaOH concentration 
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Figure 4.2 Compressive strength of GPC at 8 M NaOH concentration 
 
 

 
Figure 4.3 Compressive strength of GPC at 11 M NaOH concentration 

 
From the results, it can be seen that the compressive strength of GPC increased with increase in 

NaOH concentration. At 28 days, the strength increase of control specimen (GP) ranged from 10 to 

18% for the corresponding rise in molarity starting from 5 M to 8 M and then to 11 M. The increase 

in NaOH concentration could have increased the rate of 
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dissolution of silica and alumina ions in the alkaline solution resulting in the compressive strength 

gain. The GPC mix developed by Rajamane et al (2012) completely using GGBS showed an average 

28th day compressive strength of 63 MPa as compared to the corresponding compressive strength of 

49 MPa of the control Portland pozzolana cement concrete (PPCC) used in their study. In the current 

study, at all three levels of NaOH molarity, the control GPC specimen (made fully with GGBS) 

exceeded the 28th day strength of both the GGBS based GPC and the conventional concrete of the 

literature referred above. This again shows that the performance of GPC is better than conventional 

concrete and this fact has been proved by various other researchers also. 

 
Further, with the addition of BRHA, there is a slight increase in the compressive strength at 10% 

replacement level (GPR1). Comparing the control specimen GP, the 28th day strength increase for 

GPR1 is 0.38% at 5 M, 2.1% at 8 M and 3.4% at 11 M concentration of NaOH. The increase in 

molarity improves the dissolution of fine BRHA particles and accounts for the strength improvement 

despite the fact that it is only marginal. For the other mixes (GPR2 and GPR3), the compressive 

strength decreased with increase in BRHA proportion. The excessive addition of silica rich BRHA 

could have possibly increased the unreactive silica content in the mix which resulted in the strength 

reduction. But at the same time all the mixes except GPR3, surpassed the target strength of 30 MPa 

and strengths as high as 76.83 MPa for GPR1 and 56.61 for GPR2 at 11 M NaOH concentration could 

be witnessed. GPR3 did not attain any substantial strength at all three concentrations of NaOH. 

 
While observing the rate of strength gain with respect to age, the GPC achieved majority of its 

strength well within its first week from the time of casting. Both the control and BRHA added GPC 

specimens showed a 
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similar trend of strength gain against age. For instance, at 8 M concentration, the strength increase 

for GP was 9.2% from 3rd to the 7th day and it was only 4.2% from 7th day to the 28th day. There was 

only a further 4.7% increase in strength when tested at 90 days. For GPR1 the strength increase was 

8.5%, 4.6% and 4.3% at the respective time intervals. Similar trend was seen with the other mixes 

also. As observed by Hardjito and Rangan (2005), the chemical reaction of the heat-cured geopolymer 

concrete is a substantially fast polymerization process that takes place within hours and that is the 

main reason for the compressive strength not being influenced by age. This behaviour is apparently 

in contrast to the behaviour of OPC concrete, where the hydration process would continue to occur 

over time. 

 
4.1.1.2 Influence of Curing Temperature 

 
The influence of curing temperature on the compressive strength of GPC was studied for three 

different curing conditions viz., ambient, 60°C and 90°C. Concentration of NaOH was fixed as 8 M 

for all the specimens. The compressive strength results are given in Table 4.2 and the variation of 

compressive strength of GPC specimens corresponding to the three different curing conditions are 

shown in Figures 4.4, 4.5 and 4.6 respectively. 

 
Table 4.2 Compressive strength of GPC at different curing temperatures 
 

 

S. 

No 

Curing 

temperature 

Mix Average compressive strength (MPa) 

3 days 7 days 28 days 90 days 

1. Ambient GP 44.7 47.2 52.8 54.5 

GPR1 42.4 44.2 48.4 50.6 

GPR2 12.9 14.7 18.7 19.3 

GPR3 9.4 11.3 15.1 15.9 
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Table 4.2 (Continued) 
 

 

S. 

No 

Curing 

temperature 

Mix Average compressive strength (MPa) 

3 days 7 days 28 days 90 days 

2. 60°C GP 60.9 66.5 69.3 72.9 

GPR1 62.3 67.6 70.7 74.0 

GPR2 44.7 46.3 51.5 53.2 

GPR3 19.2 20.5 24.5 25.8 

3. 90°C GP 63.0 66.2 71.6 73.7 

GPR1 64.5 67.4 72.3 75.1 

GPR2 42.7 47.2 52.7 53.9 

GPR3 10.4 12.9 16.1 16.5 

 

 

 

 

Figure 4.4 Compressive strength of GPC cured at ambient temperature 
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Figure 4.5 Compressive strength of GPC cured at 60°C 
 
 

 
Figure 4.6 Compressive strength of GPC cured at 90°C 

 
It can be observed that the compressive strength increased with increase in the curing temperature. 

The compressive strength of control GPC specimens (GP) cured at 60°C was 36% higher and it was 

41% greater for those cured at 90°C, than the specimens cured at ambient temperature. At 10% BRHA 

replacement (GPR1), when compared to ambient curing, the strength 
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increase was 45% and 54% for oven cured specimens at 60°C and 90°C respectively. At 20% BRHA 

replacement (GPR2), the strength was nearly thrice, when comparing ambient curing and oven curing 

at both 60°C and 90°C. 

 
There was a reduction in the compressive strength for all mixes with the addition of BRHA when 

cured under ambient condition. The addition of silica rich BRHA caused a rise in the unreactive silica 

content which further lead to inappropriate increase in the SiO2/Al2O3 of the geopolymer thus 

creating a negative effect on the compressive strength as reported by Duxson et al (2005). At the 

same time, for the oven cured specimens both at 60°C and 90°C, at 10% BRHA replacement, the 

compressive strength was slightly higher and comparable with that of the control mix. This is due to 

the positive influence of curing temperature on the setting and hardening of geopolymers (Nazari et 

al 2011). The higher temperature enables greater dissolution of Si and Al ions leading to the formation 

of a stronger polymer chain as mentioned by Kusbiantoro et al (2012). The compressive strengths of 

the other mixes were less than that of the control specimen. The addition of silica rich BRHA 

increased the SiO2/Al2O3 incongruously which inhibited the geopolymer reactions and the subsequent 

gelation process, inspite of the temperature increase. Hence the decreasing trend in strength is 

observed for the increase in BRHA proportion. Another possible reason as observed by Kusbiantoro 

et al (2012) could be due to the differences in the solubility degree between GGBS and BRHA, as the 

replacement of GGBS with BRHA remarkably decreases the dissolution and polycondensation rate 

of aluminosilicate precursors. 

 
However, it can be seen that the BRHA added geopolymer concrete did exceed the target strength of 

30 MPa and attained substantial 28th day strengths around 70.72 MPa for GPR1 and 51.46 MPa for 

GPR2 when cured at 60°C. When the curing temperature was increased to 90°C, there was only 
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slight increase in the 28th day strength up to 72.34 MPa for GPR1 and 52.66 MPa for GPR2. The 

ambient cured specimens obtained 28th day strengths of 

48.44 MPa for GPR1.   The general trend of higher strengths can be attributed to the presence of 

additional calcium silicate hydrate gel along with the predominant alumino silicate gel which has a 

compacting effect on the microstructure of geopolymer (Kumar et al 2009). The 30% BRHA added 

GPR3 specimens did not achieve any significant strength in all three curing conditions. 

 
4.1.2 Splitting Tensile and Flexural Strength Tests 

 
The results of splitting tensile and flexural strengths of the geopolymer concrete at 3,  7 and 28 

days are given in Table 4.3 and the variation of the split tensile strength and flexural strength for 

the various mixes are shown in Figures 4.7 and 4.8 respectively. 

 
Table 4.3 Splitting tensile and flexural strengths of GPC 

 

 

 
S. No 

Mix Split tensile strength (MPa) Flexural strength (MPa) 

3 days 7 days 28 days 3 days 7 days 28 days 

1. GP 6.2 6.4 6.7 5.1 5.7 6.1 

2. GPR1 6.5 6.7 6.9 5.7 6.3 7.1 

3. GPR2 3.7 3.9 4.3 3.2 3.6 4.1 

4. GPR3 0.8 0.9 1.1 0.9 1.0 1.3 
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Figure 4.7 Splitting tensile strength of GPC 
 
 

 
Figure 4.8 Flexural strength of GPC 

 
When comparing the 10% BRHA replaced mix GPR1 with control mix GP, there was a slight 

improvement in both split tensile and flexural strengths. The heat curing of the specimens along with 

a suitably increased SiO2/Al2O3 ratio and higher fineness of BRHA particles might have assisted the 

dissolution of ions and polycondensation mechanism of the geopolymer framework. Also, the co-

existence of the secondary calcium silicate hydrate phase along with the primary geopolymer 

phase is another reason for the 
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improvement in the mechanical strength as observed by Yip et al (2005). But with further increase in 

BRHA content, the split tensile and flexural strength seemed to get decreased. Similar results were 

reported by Jing Liu et al (2014) while using palm oil fuel ash as a binder for the geopolymer concrete. 

The reason for the reduction in the mechanical strengths beyond 10% BRHA replacement could be 

due to the fact that the BRHA particles possess a different silicate structure and when the SiO2/Al2O3   

ratio exceeds very high, the kinetics of the polymerization mechanism is inhibited due to the 

difference in solubility of GGBS and BRHA and thus the production rate of geopolymer gel is 

reduced as deduced by Kusbiantoro et al (2012). 

 
4.1.3 Modulus of Elasticity Test 

 
The modulus of elasticity was determined at 28 days from the date of casting of the specimens and 

the stress-strain curves of GPC are shown in Figure 4.9. The experimental modulus of elasticity (E) 

values of the respective GPC mixes were obtained from the slopes of the corresponding stress-strain 

curves. The elastic modulus values of GPC are shown in Figure 4.10. 

Figure 4.9 Stress-strain curves of GPC 
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Figure 4.10 Elastic modulus of GPC 

 
The experimental E values were then compared with the equivalent theoretical E values. The 

theoretical and experimental E values are given in Table 4.4. 

 
Table 4.4 Theoretical and experimental E values of GPC 

 

 

 
S. No 

 
Mix 

Compressive 

strength (MPa) 

Theoretical E 

(MPa) 

Experimental E 

(MPa) 

1. GP 69.80 41773 36155 

2. GPR1 71.34 42231 38183 

3. GPR2 50.18 35418 27252 

4. GPR3 22.92 23937 17007 

 

 

The 10% BRHA replaced mix GPR1 has a higher elastic modulus than the control mix GP. The 

increase in E value was about 5.7% for GPR1. Both the mixes GP and GPR1 showed E values as 

high as 36155 MPa and 38183 MPa respectively. The possible reason for such high values of elastic 

modulus could be the co-existence of the secondary C-S-H phase along with 
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the primary geopolymer phase. The other two mixes GPR1 and GPR2 show reduced elastic modulus 

in comparison with the control mix. The possible reason for the decrease in elastic modulus could be 

attributed to the reduction in strength due to inappropriate silica-alumina ratio from excessive addition 

of BRHA. 

 
Comparing the theoretical and measured E values obtained from the stress-strain curves of GPC, the 

actual experimental values were less than that of the predicted values. The additional strains caused 

from the experimental setup and loading mechanism might have been the reason for such variation 

between the theoretical and experimental values. Similar results are reported by Khadiraniakar & 

Sanni (2014) for fly ash and GGBS blended geopolymer concrete. 

 
4.2 DURABILITY TESTS 
 

4.2.1 Sorptivity Test 

 
The absorption values plotted against square roots of time are shown in Figure 4.11. 

Figure 4.11 Absorption Vs Square root of time 
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The slope of the absorption curve for each mix gives the corresponding sorptivity value and the 

sorptivity values are given in Table 4.5. The variation of sorptivity for the GPC mixes is shown in 

Figure 4.12. 

 
Table 4.5 Sorptivity values of GPC 

 

 

S. No Mix Sorptivity (mm/min1/2) 

1. GP 0.1571 

2. GPR1 0.1062 

3. GPR2 0.1096 

4. GPR3 0.1353 

 

 

 

 

Figure 4.12 Sorptivity of GPC 

 
It can be found that the addition of BRHA decreased the sorptivity to a minimum value of 0.1062 at 

10% BRHA replacement (GPR1) in comparison with the control specimen, GP. The reduction in 

sorptivity was nearly 47.9%. Even for GPR2, the sorptivity reduction was 43.3% while comparing 

GP despite its increase by 3.2% comparing GPR1. The finer BRHA 
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particles produced a micro-filler effect by arresting the pores and resulted in a more compact concrete 

structure thereby reducing the liquid penetration property as inferred by Sampaio et al (2003). The 

sorptivity value was a bit higher for 30% replacement of BRHA comparing the other two BRHA 

added mixes. It could be that the excessive BRHA content has affected the structural compactability 

of geopolymer concrete by hindering the development of a denser aluminosilicate polymer gel. This 

might have enhanced the capillary suction. Similar trends were reported for RHA substituted OPC 

concrete by Oyekan & Kamiyo (2011); Abdelalim et al (2004). 

 
4.2.2 Rapid Chloride Penetration Test (RCPT) 

 
The total charge passed through different GPC mixes in RCPT at 28 days is given in Figure 4.13. 

 

 
Figure 4.13 Charge passed through GPC 

 
The charges passed through the GP, GPR1, GPR2 and GPR3 specimens in units of Coulombs are 

1813.2, 1597.5, 2977.5 and 5675.1 respectively. There was a reduction in the charge passed for 

10% BRHA 
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replaced specimen when compared to the control specimen. Then it seemed to increase with further 

addition of BRHA. As per the classification given by ASTM C 1202, the charges passed through the 

specimens signify the chloride penetrability as low for control as well as 10% BRHA replaced 

specimens. It was moderate for 20% and high for 30% BRHA replacement levels respectively. One 

of the key factors influencing the concrete permeability is the pore structure. BRHA replacement at 

a suitable level reduces the chloride ion penetration of geopolymer concrete which is characterized 

by the micro filler effect of the fine BRHA particles. However, BRHA being silica rich, its excessive 

addition leads to an inappropriate silica-alumina ratio. This affects the dissolution mechanism of Si 

and Al ions and the subsequent rate of polycondensation thus leading to incomplete aluminosilicate 

geopolymer matrix. As a result of this, the structural compactability of the resulting geopolymer 

might not be dense which was what was believed to have caused the higher ion transport through the 

concrete. At 30% BRHA replacement, the structural compactability of GPC was clearly deteriorated 

which was evident from the fact that it attained very low compressive strength under all the 

parameters considered. Under RCPT, the GPR3 specimens were possibly not able to withstand the 

additional electrical loading caused by the charge movement thus leading to further disorientation of 

the internal pore structure. This might have also been the reason for the increased conductivity and 

the high charge passed through GPR3 specimens in comparison with other mixes. 

 
4.2.3 Accelerated Corrosion Test (ACT) 

 
The variation of current passed through the GPC specimens against time is shown in Figure 4.14. 
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Figure 4.14 Variation of current passed with time 

 
From Figure 4.14, the current profile started steadily at the beginning and then showed a declination 

with time. This revealed the formation of a passive layer by the geopolymer matrix which happened 

to delay the effect of the applied voltage to accelerate the corrosion process. This fact is confirmed 

by Olivia & Nikraz (2011). After a certain period, there was a sudden increase in the current. This 

particular point of time is called as the ‘corrosion initiation period’ and it signifies the onset of 

corrosion process in the concrete. 

Figure 4.15 Corrosion initiation period and cracking time of GPC 
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The migration of chloride ions increased with time and when it reached the critical chloride 

content of the steel bar used, de-passivation occurred and it was reflected by a sudden increase in 

current. 

 
The initiation periods and cracking times of the GPC mixes are shown in Figure 4.15. 

 
The initiation period for GP was 23 days and the specimen showed first crack at the 33rd day. For 

GPR1, the initiation period increased to 34 days and first crack was observed at the 45th day. The 

initiation period was 36 days for GPR2 and it showed the first crack only on the 47th day. For GPR3, 

the initiation period was reduced to 13 days and the specimen showed its first crack at the 23rd day. 

 
It is evident from the results that suitable addition of BRHA increased the corrosion initiation period 

and delayed the eventual cracking. The finer BRHA particles facilitated the effective dissolution of 

silica and alumina ions leading to formation of a stronger geopolymer matrix. Subsequently they 

accounted for the development of a more resistive passive layer against the attack of chloride ions. 

However excessive BRHA seemingly had a negative effect on corrosion prevention as it retarded the 

development of a stronger geopolymer matrix and thus the passive layer around reinforcement got 

weakened. Again the loss in structural integrity caused by excessive BRHA and the succeeding 

incapability of concrete to resist the additional electrical loading in ACT could be attributed for the 

early damage of passive layer in GPR3 specimens and hence the quick corrosion initiation and 

cracking are believed to have occurred. 
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4.2.4 Acid Resistance Test 

 
The weight and compressive strength losses of GPC on exposure to 3% solution of H2SO4 at 30, 60 

and 90 days from the time of immersion are shown in Table 4.6 and the variations of the strength and 

weight losses are shown in Figures 4.16 and 4.17 respectively. 

 
Table 4.6 Weight and strength losses of GPC on exposure to H2SO4 

 

 

 

S. No 

 

Mix 
Weight loss (%) Strength loss (%) 

30 days 60 days 90 days 30 days 60 days 90 days 

1. GP 0.25 3.45 6.1 3.3 10.25 15.2 

2. GPR1 0.1 2.85 4.9 2.9 9.6 13.4 

3. GPR2 0.1 3.1 5.2 3.2 10 13.9 

4. GPR3 0.4 5.6 10.8 9.8 24 39.5 

 

 

 

 

Figure 4.16 Weight loss of GPC on exposure to H2SO4 
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Figure 4.17 Compressive strength loss of GPC on exposure to H2SO4 

 
The weight and compressive strength losses of GPC on exposure to 3% solution of HCl at 30, 60 and 

90 days from the time of immersion are shown in Table 4.7 and the variations of the strength and 

weight losses are shown in Figures 4.18 and 4.19 respectively. 

 
Table 4.7 Weight and strength losses of GPC on exposure to HCl 

 

 

S. 

No 

 

Mix 
Weight loss (%) Strength loss (%) 

30 days 60 days 90 days 30 days 60 days 90 days 

1. GP 0 1.8 4 2.1 8.8 12.4 

2. GPR1 0 1.15 3.1 1.8 8.5 11.5 

3. GPR2 0 1.4 3.5 1.9 9.1 12.1 

4. GPR3 0.2 3.8 8.6 7.1 16.3 24.6 
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Figure 4.18 Weight loss of GPC on exposure to HCl 
 

 

 

 

 

 
Figure 4.19 Compressive strength loss of GPC on exposure to HCl 

 
The strength and weight loss percentages of GPC after exposure to 3% solutions of H2SO4 and HCl 

at 30, 60 and 90 days indicate that the addition 
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of BRHA had a beneficial effect on the acid resistance of GPC. GPR1 and GPR2 specimens showed 

lower losses than the control specimens. 

 

The percentage strength losses of GGBS based GPC prepared by Rajamane et al (2012) after exposure 

of 30, 60 and 90 days to 2% H2SO4 were 

3.7%, 10% and 11.1% (with corresponding weight losses being 0.1%, 2.7% and 4.5%). They 

compared their results with conventional PPC concrete where these corresponding strength loss 

numbers were quite high at 17.4%, 31.4% and 36.2% (with corresponding weight losses being 2.3%, 

6.3% and 8.7%). 

 

It is clear from the present study that, even on exposure to a comparably higher concentration of 

H2SO4 and HCl, the performances of BRHA added GPC samples GPR1 and GPR2 are analogous to 

that of the GGBS based GPC while they have performed way better than the conventional concrete 

from the above mentioned literature. However, the GPR3 specimens due to their poor structural 

compactability did not offer much resistance against H2SO4 and HCl and they exhibited higher 

weight and compressive strength losses at the end of 90 day exposure period. 

 
4.2.5 Seawater Resistance Test 

 
The weight and compressive strength losses of GPC on exposure to seawater at 30, 60 and 90 days 

from the time of immersion are shown in Table 

4.8 and the variations of the strength and weight losses are shown in Figures 

4.20 and 4.21 respectively. 
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Table 4.8 Weight and strength losses of GPC on exposure to seawater 
 

 

 

S. No 

 

Mix 
Weight loss (%) Strength loss (%) 

30 days 60 days 90 days 30 days 60 days 90 days 

1. GP 0.2 4.7 8.8 6.5 13.4 22.7 

2. GPR1 0.15 4.15 7.6 5.9 11.3 19.4 

3. GPR2 0.2 5.2 9.3 6.8 14.9 25.6 

4. GPR3 0.3 8.8 17.1 9.2 26.5 42.6 

 

 

 

 

Figure 4.20 Weight loss of GPC on exposure to seawater 

 
No significant weight losses were observed initially at 30 days of exposure. The weight and strength 

losses of GPR1 specimens were less than that of control specimens. The reduction in compressive 

strength of GPC was higher at 60 days and 90 days when compared to acid resistance test. The higher 

leaching of alkalis that alter the integrity of geopolymer aluminosilicate network might have 

contributed to the higher strength losses (Olivia & Nikraz 2013). 
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Figure 4.21 Compressive strength loss of GPC on exposure to seawater 

 
GPR3 specimens showed greater losses in weight and compressive strength during the exposure 

period. The increased pores interconnectivity might have allowed rapid chloride ion movements from 

the outer to inner side of concrete resulting in deterioration and subsequent weight loss (Olivia & 

Nikraz 2013). 

 
The surface of the GPC specimens started showing visible stains at 30 days and continued to 

deteriorate with time. Significant surface erosion was observed after 90 days of exposure to sea water. 

Similar results were reported by Omer et al (2015). 

 
4.3 COST COMPARISON 

 
A basic comparison of the production cost of GPC (up to 10% BRHA replacement) was worked out 

considering the mix proportions of current study with conventional OPC concrete (OPCC) of M30 

and M40 grades whose mix proportions were calculated as per IS 10262-2009. In view of the in-situ 

application of concrete, GPC with ambient curing has been 
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assumed for comparison with OPCC. The material proportions were considered for 1 m3 quantity of 

concrete and the current market rates (approximate) of materials were used for the comparison. 

 
The material proportions of concrete are given in Table 4.9. The unit rates of the materials and cost 

corresponding to their proportion per cubic meter of GPC and OPCC were worked out and listed in 

Table 4.10. 

 
Table 4.9 Material proportions of GPC & OPCC 

 

 

 

S. No 

 

Materials 

Proportions (kg/m3) 

GP GPR1 
OPCC (M30) OPCC (M40) 

1. Cement 0 0 320 350 

2. GGBS 394 355 0 0 

3. BRHA 0 39 0 0 

4. Coarse aggregate 1201 1201 1301 1285 

5. Fine aggregate 647 647 786 776 

6. Sodium hydroxide 45 45 0 0 

7. Sodium silicate 113 113 0 0 

8. Super-plasticizer 8 8 6 7 

9. Water 59 59 137 137 
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Table 4.10 Cost of GPC & OPCC 
 

 

 

S. 

No 

 

Materials 
Cost per kg 

(`) 

Cost per m3 (`) 

GP GPR1 
OPCC 

(M30) 

OPCC 

(M40) 

1. Cement 9 0 0 2880 3150 

2. GGBS 2 788 710 0 0 

3. BRHA 0.5 0 20 0 0 

4. Coarse aggregate 3 3603 3603 3903 3855 

5. Fine aggregate 2.5 1618 1618 1965 1940 

6. Sodium hydroxide 33 1485 1485 0 0 

7. Sodium silicate 8 904 904 0 0 

8. Super-plasticizer 125 1000 1000 750 875 

9. Water 0 0 0 0 0 

TOTAL 9398 9340 9498 9820 

 

Comparing GPC made fully with GGBS (GP) and conventional M30 grade OPC concrete, there is a 

cost saving of `100 i.e. 1.1%. While comparing with M40 grade OPCC, the cost saving is `422 i.e. 

nearly 4.5% for GP. With addition of BRHA, there is some further saving of cost. Comparing GPR1 

and M30 grade OPCC, the cost saving is `158 i.e. about 1.7% whereas it is `480 i.e. 5.1% in 

comparison with M40 grade OPCC. The comparative cost saving of GPC with M30 and M40 grades 

OPCC in ` is shown in Figure 4.22 and the corresponding percentage cost saving is shown in Figure 

4.23. 
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Figure 4.22 Comparative cost savings of GPC to OPCC in ` 

 

 
Figure 4.23 Comparative cost savings of GPC to OPCC in % 

 
From this fundamental comparison, it is understood that there is some saving of cost in using GPC 

against OPCC. Although the percentagewise savings may outwardly look less for one cubic meter of 

concrete, when it comes to the enormous volumes of concrete that are being used in construction, 

these savings can be definitely substantial. 
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CHAPTER 5 

 
INTERRELATIONSHIP BETWEEN STRENGTH AND DURABILITY 

 

 
It is known that the strength and durability properties of concrete are always interdependent and 

influence each other. An attempt was made to correlate the compressive strength and two durability 

properties viz., sorptivity and charge passed in RCPT. For this, the compressive strength of GPC at 

28 days was considered. 

 
5.1 COMPRESSIVE STRENGTH AND SORPTIVITY 

The correlation between compressive strength and sorptivity is shown in Figure 5.1. 

 

 
Figure 5.1 Correlation between strength and sorptivity 

http://www.ijrti.org/


 

IJRTI2208120 International Journal for Research Trends and Innovation (www.ijrti.org) 91 

 

 

The correlation co-efficient obtained for GPC from the figure is 0.0043. It shows that the relationship 

between compressive strength and sorptivity is not quite consistent. The sorptivity seems to be lower 

at higher strengths but at the same time it also tends to rise at similar strength levels. The addition of 

BRHA reduces the sorptivity upto a certain level. The microfiller effect of fine BRHA particles results 

in a more compact structure with reduced liquid penetration. But at the same time, the excessive 

addition of BRHA tends to alter the Si-Al ratio which affects the geopolymer framework leading to 

higher liquid transport. The higher strength at this level can be attributed to the co-existence 

secondary C-S-H layer layer besides the primary geopolymer network. 

 
5.2 COMPRESSIVE STRENGTH AND CHARGE PASSED IN RCPT 

The correlation between compressive strength and charge passed in RCPT is shown in Figure 5.2. 

 

 
Figure 5.1 Correlation between strength and charge passed 
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The correlation co-efficient obtained for GPC from the figure is 0.9941. It shows a very good 

correlation existing between the compressive strength and charge passed for GPC. The total charge 

passed gets reduced as the strength of GPC increases. The conductivity is mainly governed by two 

factors; the extent of connected capillary pores and the ionic concentrations in the pore fluid (Adam, 

2009). 

 
For GPC, the above factors very much influenced the ion transport which is evident from the 

increased electrical conductivity at lower strengths. The excessive addition of BRHA affects the 

dissolution mechanism of Si and Al ions and the subsequent rate of polycondensation thus leading 

to incomplete aluminosilicate geopolymer matrix. As a result of this, the structural compactability 

of the resulting geopolymer might not be dense which was what was believed to have caused the 

reduction in compressive strength and higher ion transport through the concrete. At high proportions 

of BRHA, say 30%, the specimens were possibly not able to withstand the additional electrical 

loading caused by the charge movement thus leading to further disorientation of the internal pore 

structure. This might have also been the reason for the increased conductivity and the high charge 

passed with inappropriate addition of BRHA. 
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CHAPTER 6 CONCLUSIONS 

 
The following conclusions can be drawn from this limited experimental 

investigation. 

 

 The experimental results show that it is possible to produce geopolymer concrete 

possessing substantial strength and durability using GGBS and BRHA. 

 Increase in NaOH concentration increased the compressive strength. 

 The strength increase ranged between 10 to 18% for the corresponding rise in 

molarity starting from 5 M to 8 M and then to 11 M. 

 Oven curing resulted in higher compressive strength than ambient curing. 

However, ambient curing gave strength up to 53 MPa for 100% GGBS and up to 40 MPa for 10% 

BRHA replacement. 

 While comparing oven curing at a temperature of 60°C and ambient curing, the 

strength increase at 28 days was 45% for GPR1 and nearly three times for GPR2 specimens. 

 Increase in curing temperature to 90°C had only a moderate increase in the 

compressive strength. Hence oven curing at 60°C could be preferred for the GPC when BRHA is 

added. 
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 Addition of BRHA beyond 10% had a retarding effect on the compressive 

strength. Although up to 20% replacement, the target compressive strength was surpassed and 

strength as high as 51 MPa was reached at 28 days. 

 The strength gain was substantial till 7 days and became moderate till 28th day. As 

evident from the 90th day compressive strength results, the strength gain beyond 28 days was only 

marginal for GPC. 

 There was a decrease in sorptivity about 47% for GPR1 and 43% for GPR2 in 

comparison with GP specimens. Also, the BRHA added specimens showed good resistance against 

chloride penetration. 

 The incorporation of BRHA in geopolymer concrete increased its corrosion 

resistance. The corrosion initiation period was 34 days for GPR1 and 36 days for GPR2, whereas it 

was only 23 days for the GP specimen. 

 BRHA added GPC specimens showed good resistance against acid attack and 

seawater attack as the weight and strength losses were lower for 10% and 20% replacement levels 

than the control specimens. 

 The strength-sorptivity correlation shows that the relationship between 

compressive strength and sorptivity is not quite consistent. The sorptivity seems to reduce at higher 

strengths but at the same time it also tends to increase at similar strength levels. The addition of 

BRHA reduces the sorptivity up to a certain level. 

 Seemingly a very good correlation exists between the compressive strength and 

charge passed for GPC in RCPT. At 
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lower strengths there is a higher ion transport through the concrete but it gets reduced as the 

strength of GPC increases. 

 Addition of BRHA beyond 20% is not beneficial in geopolymer concrete. The 

30% BRHA replaced specimens neither achieved significant strength nor proved to be durable. 

 From the cost perspective, there is a definite saving of cost in the production of 

GPC over conventional concrete. While comparing, as the grade of the conventional concrete 

increases the cost saving also increases for the corresponding GPC mix. 

 The reflection of cost savings can be more significant if the volume of production 

of concrete is massive. 

6.1 SUMMARY 

 
The strength results show that the optimum proportion of BRHA that can be used in GPC is 10% in 

case of ambient curing and 20% in case of oven curing, considering target strength of M30.    From 

the durability studies, it can be seen that the geopolymer concrete performed remarkably well in 

sorptivity, chloride penetration, corrosion resistance, acid and seawater resistance up to 20% BRHA 

replacement. 

 
The results from this study are very important in the development of such innovative concretes which 

completely omit OPC in their production. It promotes the utilization of alternate materials like GGBS 

and BRHA to produce binders. Since these materials are essentially industrial by-products, it also 

means a solution to their disposal problem. The performance of GPC over conventional concrete has 

already been comprehensively proved. At the same time, certain issues with GPC must also be 

addressed. At present, the heat cured GPC can be viable mainly for precast structures. Considering 

the constraints of in-situ concrete like the difficulty to employ heat curing, more 
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trials and testing are required to explore the potential applications of GPC. Besides, this is a newly 

developed concrete whose production has a stark difference against conventional concrete. Proper 

training and knowledge must be imparted to the workers regarding the production of GPC and the 

safety measures to be taken during the production as it involves the usage of chemicals. With 

awareness and appropriate training to the personnel involved in concrete production, definitely the 

production of geopolymer can also be cost effective over conventional concrete in long run. 
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APPENDICES APPENDIX – 1 

 

 
GPC mix design as per the procedure given by Lloyd and Rangan (2010): 
 

 

(a) Assumptions:   

(i) Unit weight of concrete = 2400 kg/m3 

(ii) Mass of combined aggregates = 77% by weight of concrete 

(iii) Mass of fine aggregate = 35% of total aggregate 

(iv) Maximum size of coarse aggregate (angular) = 20 mm 

(v) Alkaline liquid to binder ratio = 0.4 

(vi) Sodium silicate to sodium hydroxide ratio = 2.5 

(vii) Super-plasticizer = 2% by mass of binder 

(viii) Extra water (for workability) = 15% by mass of binder 

(b) 

 
(i) 

Mix design calculations: 

 
Unit weight of concrete (A) 

 

 
= 

 

 
2400 kg/m3 

(ii) Mass of combined aggregates (B) = 77% by weight of concrete 

  
= 

 
= 

0.77 * 2400 

 
1848 kg/m3 

(iii) Mass of binder + alkaline liquid (C) = (A-B) 

  
= 2400 – 1848 
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 = 552 kg/m3 

(iv) Alkaline liquid/binder ratio (D) = 0.4 

(v) Mass of binder (E) = C/ (1+D) 

 
= 552/ (1+0.4) 

 
= 394 kg/m3 

(vi) Mass of alkaline liquid (F) = (D-E) 

 
= 552 – 394 

 
= 158 kg/m3 

(vii) Sodium silicate/ sodium hydroxide (G) = 2.5 

(viii) Mass of sodium hydroxide (H) = F/ (1+G) 

 
= 158/ (1+2.5) 

 
= 45 kg/m3 

(ix) Mass of sodium silicate (I) = (F-H) 

 
= 158 - 45 

 
= 113 kg/m3 

(x) Mass of fine aggregate (J) = 35% of combined 

aggregates 

 
= 0.35 * 1848 

 
= 647 kg/m3 

(xi) Mass of coarse aggregate (K) = (B-J) 

 
= 1848 - 647 

 
= 1201 kg/m3 

http://www.ijrti.org/


 

IJRTI2208120 International Journal for Research Trends and Innovation (www.ijrti.org) 99 

 

 
(xii) Mass of super plasticizer (L) = 2% by mass of binder 

 
= 

 
= 

0.02 * 394 

 
8 kg/m3 

(xiii) Mass of extra water (M) = 15% by mass of binder 

 
= 

 
= 

0.15 * 394 

 
59 kg/m3 

 

The mix proportion of GPC (per cubic metre) is given in Table A.1.1. 

 

Table A.1.1 Mix proportion of GPC 
 

 

Binder Fine 

aggregate 

Coarse 

aggregate 

Sodium 

hydroxide 

Sodium 

silicate 

Super- 

plasticizer 

Extra 

water 

kg kg kg kg kg kg litres 

394 647 1201 45 113 8 59 
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APPENDIX – 2 

 
Test on Aggregates 

 

 

 

A.2.1 Coarse Aggregate Test 

 
A.2.1.1 Sieve analysis 

 
The sieve analysis test was conducted to find out the fineness modulus of the coarse aggregate and 

the test values are given in Table A.2.1. 

 
Table A.2.1 Fineness modulus of coarse aggregate 

 

 

S. No 
IS sieve 

(mm) 

Weight 

retained (g) 

% 

Retained 

Cumulative 

%Retained 

Cumulative 

% passing 

1. 25 0 0 0 100 

2. 20 2120 42.40 42.40 57.60 

3. 16 2475 49.50 91.90 8.10 

4. 12.5 275 5.50 97.40 2.6 

5. 10 60 1.20 98.60 1.40 

6. 6.3 35 0.70 99.30 0.70 

7. 4.75 20 0.40 99.70 0.30 

 pan 15 0.30 100 0 

 Total 5000    
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Total weight of coarse aggregate taken = 5000 g 

Total percentage retained = 629.3 

Fineness modulus = (Sum of cumulative 

percentage retained)/ 100 

Fineness modulus of coarse aggregate = 6.29 

A.2.1.2 Specific gravity 
  

 

The calculation of specific gravity of the coarse aggregate is given in Table A.2.2. 

 
Table A.2.2 Specific gravity of coarse aggregate 

 

 

S. No Description Values 

1 Weight of pycnometer (W1) 701 g 

2 Weight of pycnometer + aggregate (W2) 1353 g 

3 Weight of pycnometer + aggregate + remaining space 

completely filled with water without air bubbles (W3) 

1995 g 

4 Weight of pycnometer + full of water without any air 

bubbles (W4) 

1583 g 

5 Weight of 20 mm aggregate = (W2-W1) 652 g 

6 Weight of pycnometer filled with water = (W4-W1) 882 g 

7 Weight of water in pycnometer over and above aggregate 

= (W3-W2) 

642 g 

8 Weight of water having the same volume of aggregate = 

((W4-W1)-(W3-W1)) 

240 g 

9 Specific gravity =Weight of aggregate/ Weight of water 

equal to volume of aggregate 

2.717 

10 Specific gravity of coarse aggregate 2.72 
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A.2.1.3 Bulk density 

 
Volume of the cylinder = 0.605 x 10-3 m3 

 
Weight of the cylinder = 4.10 kg Weight of the cylinder +coarse aggregate 

= 5.16 kg 

Bulk Density = (5.16-4.10)/ 0.605 x 103 

 
= 1752 kg/m3 

 
A.2.2 Fine Aggregate Test 

A.2.2.1 Sieve analysis 

 
The sieve analysis test was conducted to find out the fineness modulus of the coarse aggregate and 

the test values are given in Table A.2.3. 

Table A.2.3 Fineness modulus of coarse aggregate 
 

 

S. No IS Sieve 

(mm) 

Weight 

retained (g) 

% 

Retained 

Cumulative 

%Retained 

Cumulative 

% passing 

1. 10 0 0 0 100 

2. 4.75 32 3.2 3.2 96.8 

3. 2.36 21 2.1 5.3 94.7 

4. 1.18 208 20.8 26.1 73.9 

5. 600 µ 105 10.5 36.6 63.4 

6. 300 µ 482 48.2 84.8 15.2 

7. 150 µ 130 13.0 97.8 2.2 

8. Pan 22 2.2 100 0.1 

 Total 1000    
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Total weight of fine aggregate taken = 1000 g 

Total percentage retained = 353.8 

Fineness modulus = (Sum of cumulative 

percentage retained)/ 100 

Fineness modulus of fine aggregate = 3.54 
 

The fine aggregate with fineness modulus 3.54 conforms to grading zone II. 

 
A.2.2.2 Specific gravity 

 
The calculation of specific gravity of the coarse aggregate is given in Table A.2.4. 

 
Table A.2.4 Specific gravity of fine aggregate 

 

 

S. No Description Value 

1 Weight of pycnometer (W1) 701 g 

2 Weight of pycnometer + sand (W2) 1293 g 

3 Weight of pycnometer + sand + Remaining space completely 

filled with water without air bubbles (W3) 

1948g 

4 Weight of pycnometer + full of water without any air bubbles 

(W4) 

1583 g 

5 Weight of sand = (W2-W1) 592 g 

6 Weight of water filled with pycnometer = (W4-W1) 882 g 

7 Weight of water in pycnometer over and above sand = (W3-W2) 655 g 

8 Weight of water having the same volume of sand = ((W4- W1)-

(W3-W1)) 

227 g 

9 Specific gravity = Weight of sand/Weight of water equal to 

volume of sand 

2.607 

10 Specific gravity of fine aggregate 2.61 
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A.2.2.3 Bulk density 

 
Volume of the mould = 0.0706 m3 

 
Weight of the mould = 2.90 kg Weight of the mould +dry fine aggregate 

= 3.54 kg 

Bulk Density = (3.54 - 2.9)/ 0.0706 

 
= 1811 kg/m3 
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APPENDIX – 3 

 
Test data 

 

 

 
 

A.3.1 Compressive strength 

 
A.3.1.1 Influence of sodium hydroxide concentration 

 
NaOH Concentration: 5M Specimen: GP 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 54.12 59.6 62.94 64.25 

2 57.39 60.67 61.42 66.62 

3 57.18 61.23 63.77 65.54 

Average 56.23 60.5 62.71 65.47 

Standard 

Deviation 

 
1.83 

 
0.83 

 
1.19 

 
1.19 

 

 
NaOH Concentration: 5M Specimen: GPR1 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 60.43 62.87 64.54 65.83 

2 57.57 60.52 63.77 65.07 

3 58.73 60.93 60.54 67.28 

Average 58.91 61.44 62.95 66.06 

Standard 

Deviation 

 
1.44 

 
1.26 

 
2.12 

 
1.12 
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NaOH Concentration: 5M Specimen: GPR2 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

 

3 days 
7 
days 

 

28 days 
 

90 days 

1 39.46 43.58 43.18 48.04 

2 41.6 41.95 44.69 44.93 

3 38.58 38.82 41.97 43.2 

Average 39.88 41.45 43.28 45.39 

Standard 

Deviation 

 
1.55 

 
2.42 

 
1.36 

 
2.45 

 

 
NaOH Concentration: 5M Specimen: GPR3 
 
 

 

Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 

 

90 days 

1 19.47 17.83 20.31 21.36 

2 16.51 20.57 21.15 19.97 

3 17.3 17.46 15.96 21.61 

Average 17.76 18.62 19.14 20.98 

Standard 

Deviation 

 
1.53 

 
1.70 

 
2.79 

 
0.88 

 

NaOH Concentration: 8M Specimen: GP 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 61.72 67.54 68.76 71.98 

2 60.31 66.25 71.43 72.69 

3 60.67 65.71 67.65 72.86 

Average 60.9 66.5 69.28 72.51 

Standard 

Deviation 

 
0.73 

 
0.94 

 
1.94 

 
0.47 
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NaOH Concentration: 8M Specimen: GPR1 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 61.37 65.35 70.22 73.65 

2 65.05 67.85 72.13 74.47 

3 60.48 69.6 69.81 71.48 

Average 62.3 67.6 70.72 73.2 

Standard 

Deviation 

 
2.42 

 
2.14 

 
1.24 

 
1.54 

 

NaOH Concentration: 8M Specimen: GPR2 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 
 

90 days 

1 44.33 45.3 52.34 55.23 

2 45.89 46.48 50.68 52.22 

3 43.94 47.18 51.36 54.46 

Average 44.72 46.32 51.46 53.97 

Standard 

Deviation 

 
1.03 

 
0.95 

 
0.83 

 
1.56 

 

NaOH Concentration: 8M Specimen: GPR3 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 
 

90 days 

1 18.76 18.69 22.48 21.46 

2 20.51 22.3 23.91 26.03 

3 18.45 20.45 21.17 24.84 

Average 19.24 20.48 22.52 24.11 

Standard 

Deviation 

 
1.11 

 
1.81 

 
1.37 

 
2.37 
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NaOH Concentration: 11M Specimen: GP 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

 
3 days 

 
7 days 

 
28 days 

 
90 days 

1 67.55 73.06 73.79 78.65 

2 68.03 68.91 76.11 75.97 

3 65.3 74.39 72.88 77.55 

Average 66.96 72.12 74.26 77.39 

Standard 

Deviation 

 
1.46 

 
2.86 

 
1.67 

 
1.35 

 

 
NaOH Concentration: 11M Specimen: GPR1 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

 
3 days 

 
7 days 

 
28 days 

 
90 days 

1 68.89 75.12 77.37 79.89 

2 69.95 73.39 76.42 79.55 

3 68.34 76.37 76.7 80.68 

Average 69.06 74.96 76.83 80.04 

Standard 

Deviation 

 
0.82 

 
1.50 

 
0.49 

 
0.58 

 

NaOH Concentration: 11M Specimen: GPR2 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

 
3 days 

 
7 days 

 
28 days 

 
90 days 

1 51.23 54.66 57.16 60.56 

2 48.98 55.97 57.75 61.02 

3 48.32 52.81 54.92 56.86 

Average 49.51 54.48 56.61 59.48 

Standard 

Deviation 

 
1.53 

 
1.59 

 
1.49 

 
2.28 
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NaOH Concentration: 11M Specimen: GPR3 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

 
3 days 

 
7 days 

 
28 days 

 
90 days 

1 21.72 23.34 24.46 26.33 

2 20.63 21.69 21.27 24.81 

3 21.97 23.46 24.41 26.11 

Average 21.44 22.83 23.38 25.75 

Standard 

Deviation 

 
0.71 

 
0.99 

 
1.83 

 
0.82 

 

 
A.3.1.2 Influence of curing temperature 

 
Curing temperature: Ambient Specimen: GP 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 44.81 45.35 53.84 54.67 

2 45.14 48.32 52.48 55.81 

3 44.06 47.81 52.05 52.96 

Average 44.67 47.16 52.79 54.48 

Standard 

Deviation 

 
0.55 

 
1.59 

 
0.93 

 
1.43 

 

Curing temperature: Ambient Specimen: GPR1 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 43.46 43.25 49.16 50.01 

2 43.13 44.52 48.65 52.12 

3 40.55 44.98 47.51 49.76 

Average 42.38 44.25 48.44 50.63 

Standard 

Deviation 

 
1.59 

 
0.90 

 
0.84 

 
1.30 
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Curing temperature: Ambient Specimen: GPR2 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 
 

90 days 

1 12.92 15.18 19.12 19.25 

2 11.68 15.34 17.51 18.36 

3 14.07 13.67 19.38 20.23 

Average 12.89 14.73 18.67 19.28 

Standard 

Deviation 

 
1.20 

 
0.92 

 
1.01 

 
0.94 

 

Curing temperature: Ambient Specimen: GPR3 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 
 

90 days 

1 10.05 12.02 14.06 14.84 

2 9.49 11.41 16.35 17.69 

3 8.69 10.56 14.92 15.32 

Average 9.41 11.33 15.11 15.95 

Standard 

Deviation 

 
0.68 

 
0.73 

 
1.16 

 
1.53 

 

Curing temperature: 60°C Specimen: GP 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 61.11 65.76 70.72 73.16 

2 62.48 67.48 69.46 74.02 

3 59.11 66.26 67.66 71.49 

Average 60.9 66.5 69.28 72.89 

 

Standard 

Deviation 

 
 

1.69 

 
 

0.88 

 
 

1.54 

 
 

1.29 
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Curing temperature: 60°C Specimen: GPR1 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 61.71 67.81 71.08 73.62 

2 61.98 65.97 69.98 72.66 

3 63.21 69.02 71.1 75.87 

Average 62.3 67.6 70.72 74.05 

 

Standard 

Deviation 

 
 

0.80 

 
 

1.54 

 
 

0.64 

 
 

1.65 

 

Curing temperature: 60°C Specimen: GPR2 
 
 

 

Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 

 

90 days 

1 43.65 47.28 51.23 53.95 

2 46.37 46.54 50.78 51.15 

3 44.14 45.14 52.37 54.38 

Average 44.72 46.32 51.46 53.16 

 

Standard 

Deviation 

 
 

1.45 

 
 

1.09 

 
 

0.82 

 
 

1.75 

 

Curing temperature: 60°C Specimen: GPR3 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 

 

90 days 

1 18.76 19.99 25.48 26.36 

2 19.13 21.92 23.76 26.83 

3 19.83 19.53 24.32 24.12 

Average 19.24 20.48 24.52 25.77 

 

Standard 

Deviation 

 
 

0.54 

 
 

1.27 

 
 

0.88 

 
 

1.45 
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Curing temperature: 90°C Specimen: GP 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 62.36 65.61 72.11 74.05 

2 62.75 68.32 70.45 73.27 

3 64.01 64.64 72.33 73.9 

Average 63.04 66.19 71.63 73.74 

Standard 

Deviation 

 
0.86 

 
1.91 

 
1.03 

 
0.41 

 

 
Curing temperature: 90°C Specimen: GPR1 
 
 

Specimen 

No 

Compressive Strength (MPa) 

3 days 7 days 28 days 90 days 

1 66.12 68.56 74.1 75.49 

2 64.98 66.87 70.39 76.5 

3 62.49 66.92 72.53 73.25 

Average 64.53 67.45 72.34 75.08 

Standard 

Deviation 

 
1.86 

 
0.96 

 
1.86 

 
1.66 

 

 
Curing temperature: 90°C Specimen: GPR2 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 

 

90 days 

1 41.85 46.55 52.63 53.22 

2 43.1 47.39 53.72 51.93 

3 43.15 47.66 51.63 56.49 

Average 42.7 47.2 52.66 53.88 

Standard 

Deviation 

 
0.74 

 
0.58 

 
1.05 

 
2.35 
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Curing temperature: 90°C Specimen: GPR3 
 
 

 
Specimen 

No 

Compressive Strength (MPa) 

3 
days 

7 
days 

 

28 days 
 

90 days 

1 11.48 13.25 14.23 17.71 

2 12.62 11.79 17.24 15.42 

3 7.1 13.66 16.83 16.49 

Average 10.4 12.9 16.1 16.54 

Standard 

Deviation 

 
2.91 

 
0.98 

 
1.63 

 
1.15 

 

 
A.3.2 Flexural strength 

 
Specimen: GP 
 
 

Specimen 

No 

Flexural Strength (MPa) 

3 days 7 days 28 days 

1 5.24 5.64 5.97 

2 5.66 5.14 5.82 

3 4.49 6.47 6.39 

Average 5.13 5.75 6.06 

Standard 

Deviation 

 
0.59 

 
0.67 

 
0.30 

 

Specimen: GPR1 
 
 

Specimen 

No 

Flexural Strength (MPa) 

3 days 7 days 28 days 

1 5.59 6.03 7.34 

2 6.01 7.04 6.41 

3 5.47 5.77 7.19 

Average 5.69 6.28 6.98 

Standard 

Deviation 

 
0.28 

 
0.67 

 
0.50 
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Specimen: GPR2 
 
 

Specimen 

No 

Flexural Strength (MPa) 

3 days 7 days 28 days 

1 4.12 4.64 3.99 

2 3.06 3.45 3.31 

3 2.36 2.62 5.06 

Average 3.18 3.57 4.12 

Standard 

Deviation 

 
0.89 

 
1.02 

 
0.88 

 

Specimen: GPR3 
 
 

Specimen 

No 

Flexural Strength (MPa) 

3 days 7 days 28 days 

1 0.99 0.67 2.01 

2 0.73 1.2 1.29 

3 1.01 1.28 0.51 

Average 0.91 1.05 1.27 

Standard 

Deviation 

 
0.16 

 
0.33 

 
0.75 

 

A.3.3 Split tensile strength 

 
Specimen: GP 
 
 

 
Specimen 

No 

Split Tensile Strength (MPa) 

3 days 7 days 28 days 

1 7.01 6.48 7.82 

2 5.65 7.21 5.89 

3 5.82 5.6 6.51 

Average 6.16 6.43 6.74 

Standard 

Deviation 

 
0.74 

 
0.81 

 
0.99 
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Specimen: GPR1 
 
 

Specimen 

No 

Split Tensile Strength (MPa) 

3 days 7 days 28 days 

1 6.44 5.98 8.04 

2 7.29 7.48 7.1 

3 5.68 6.61 5.62 

Average 6.47 6.69 6.92 

Standard 

Deviation 

 
0.81 

 
0.75 

 
1.22 

 

Specimen: GPR2 
 
 

Specimen 

No 

Split Tensile Strength (MPa) 

3 days 7 days 28 days 

1 4.45 4.37 4.22 

2 3.81 3.78 4.87 

3 2.9 3.67 3.69 

Average 3.72 3.94 4.26 

Standard 

Deviation 

 
0.78 

 
0.38 

 
0.59 

 

 
Specimen: GPR3 
 
 

 
Specimen 

No 

Split Tensile Strength (MPa) 

3 days 7 days 28 days 

1 0.44 1.31 2.01 

2 0.7 0.84 0.4 

3 1.29 0.52 0.95 

Average 0.81 0.89 1.12 

Standard 

Deviation 

 
0.44 

 
0.40 

 
0.82 
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A.3.4 Modulus of elasticity 

 
Specimen: GP 
 

 

Specimen: GPR1 
 

 

 

 
Specimen 

No 

 
Cube 

Compressive 

Strength 

(MPa) 

 

 
Theoretical 

E value 

(MPa) 

1 70.40 41952 

2 70.18 41887 

3 68.82 41479 

Average 69.80 41773 

 
Standard Deviation 

 
256.51 

 

 

 

 
Specimen 

No 

Modulus of 

elasticity E 

from stress- 

strain curves 
(MPa) 

1 36184 

2 36139 

3 36142 

Average 36155 

Standard 

Deviation 

 
25.16 

 

 

 

 
Specimen 

No 

 
Cube 

Compressive 

Strength 

(MPa) 

 

 
Theoretical 

E value 

(MPa) 

1 69.97 41824 

2 71.63 42317 

3 72.42 42550 

Average 71.34 42232 

 
Standard Deviation 

 
370.68 

 

 

 

 
Specimen 

No 

Modulus of 

elasticity E 

from stress- 

strain curves 

(MPa) 

1 38209 

2 38188 

3 38152 

Average 38183 

Standard 

Deviation 

 
28.83 
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Specimen: GPR2 
 

 

Specimen: GPR3 
 

 

 

 
Specimen 

No 

 
Cube 

Compressive 

Strength 

(MPa) 

 

 
Theoretical 

E value 

(MPa) 

1 48.36 34771 

2 49.87 35309 

3 52.31 36163 

Average 50.18 35419 

 
Standard Deviation 

 
701.98 

 

 

 

 
Specimen 

No 

Modulus of 

elasticity E 

from stress- 

strain curves 

(MPa) 

1 27289 

2 27225 

3 27242 

Average 27252 

Standard 

Deviation 

 
33.15 

 

 

 

 
Specimen 

No 

 
Cube 

Compressive 

Strength 

(MPa) 

 

 
Theoretical 

E value 

(MPa) 

1 20.69 22743 

2 24.18 24587 

3 23.89 24439 

Average 22.92 23937 

 
Standard Deviation 

 
1024.30 

 

 

 

 
Specimen 

No 

Modulus of 

elasticity E 

from stress- 

strain curves 

(MPa) 

1 17071 

2 16991 

3 16959 

Average 17007 

Standard 

Deviation 

 
57.69 
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A.3.5 Sorptivity 

 

Specimen: GP Specimen: GPR1 
 

 

Specimen: GPR2 Specimen: GPR3 
 

 

Specimen 

No 

 
Sorptivity 

(mm/min0.5) 

1 0.1498 

2 0.1612 

3 0.1603 

Average 0.1571 

 
Standard 

Deviation 

 

 
0.01 

 

 

Specimen 

No 

 
Sorptivity 

(mm/min0.5) 

1 0.0971 

2 0.1079 

3 0.1136 

Average 0.1062 

 
Standard 

Deviation 

 

 
0.01 

 

 

Specimen 

No 

 
Sorptivity 

(mm/min0.5) 

1 0.1119 

2 0.0945 

3 0.1224 

Average 0.1096 

 
Standard 

Deviation 

 

 
0.01 

 

 

Specimen 

No 

 
Sorptivity 

(mm/min0.5) 

1 0.0997 

2 0.1037 

3 0.1125 

Average 0.1053 

 
Standard 

Deviation 

 

 
0.01 
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A.3.6 RCPT 

 

Specimen: GP Specimen: GPR1 

 

 

Specimen: GPR2 Specimen: GPR3 

 

 

 
Specimen 

No 

 
Charge 

Passed 

(Coulombs) 

1 1838.7 

2 1805.4 

3 1795.5 

Average 1813.2 

 
Standard 

Deviation 

 

 
22.63 

 

 

 
Specimen 

No 

 
Charge 

Passed 

(Coulombs) 

1 1600.2 

2 1675.8 

3 1516.5 

Average 1597.5 

 
Standard 

Deviation 

 

 
79.68 

 

 

 
Specimen 

No 

 
Charge 

Passed 

(Coulombs) 

1 2992.5 

2 2911.5 

3 3028.5 

Average 2977.5 

 
Standard 

Deviation 

 

 
59.92 

 

 

 
Specimen 

No 

 
Charge 

Passed 

(Coulombs) 

1 5460.3 

2 5734.8 

3 5830.2 

Average 5675.1 

 
Standard 

Deviation 

 

 
192.04 
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A.3.7 Accelerated Corrosion 

 
Specimen: GP 
 

 

 
Specimen 

No 

 
Initiation 

Period 

(Days) 

 
Cracking 

Time 

(Days) 

1 22 30 

2 26 33 

3 21 36 

Average 23 33 

Standard 
Deviation 

 

2.65 

 

3.00 

 

Specimen: GPR1 
 

 

 
Specimen 

No 

 
Initiation 

Period 

(Days) 

 
Cracking 

Time 

(Days) 

1 36 46 

2 32 46 

3 34 43 

Average 34 45 

Standard 
Deviation 

 

2.00 

 

1.73 

 

Specimen: GPR2 
 

 

Specimen 

No 

Initiation 

Period 

(Days) 

Cracking 

Time 

(Days) 

1 36 44 

2 37 42 

3 35 40 

Average 36 42 

Standard 
Deviation 

 

1.00 

 

2.00 
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Specimen: GPR3 
 

 

 
Specimen 

No 

 
Initiation 

Period 

(Days) 

 
Cracking 

Time 

(Days) 

1 15 24 

2 11 21 

3 13 24 

Average 13 23 

Standard 

Deviation 
 

2.00 

 
1.73 

 

A.3.8 Acid Resistance 
 

A.3.8.1 Sulphuric Acid Resistance 
 

Specimen: GP 
 

30 days 

Specimen 

No 

Strength loss 

(%) 

Weight 

loss (%) 

1 3.1 0.3 

2 2.95 0.2 

3 3.85 0.25 

Average 3.3 0.25 

Standard 

Deviation 

 
0.48 

 
0.05 

 

 

60 days 

Specimen 

No 

Strength loss 

(%) 

Weight 

loss (%) 

1 10.9 2.55 

2 10.9 4.3 

3 8.95 3.5 

Average 10.25 3.45 

Standard 

Deviation 

 
1.13 

 
0.88 
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90 days 

Specimen 

No 

Strength loss 

(%) 

Weight 

loss (%) 

1 14 5.9 

2 15.5 6.95 

3 16.1 5.45 

Average 15.2 6.1 

Standard 

Deviation 

 
1.08 

 
0.77 

 
 

Specimen: GPR1 
 

30 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 2.1 0.1 

2 3.4 0 

3 3.2 0.1 

Average 2.9 0.1 

Standard 

Deviation 

 
0.70 

 
0.06 

 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 10.35 3.5 

2 9.65 2.9 

3 8.8 2.15 

Average 9.6 2.85 

Standard 

Deviation 

 
0.78 

 
0.68 
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90 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 14.1 5.7 

2 13.25 4.9 

3 12.85 4.1 

Average 13.4 4.9 

Standard 

Deviation 

 
0.64 

 
0.80 

 
 

Specimen: GPR2 
 

30 days 

 

Specimen 

No 

 

Strength 

loss (%) 

Weight 
loss (%) 

1 3.9 0 

2 3.1 0.1 

3 2.6 0.1 

Average 3.2 0.1 

Standard 

Deviation 

 
0.66 

 
0.06 

 

 

60 days 

 

Specimen 

No 

 

Strength 

loss (%) 

Weight 

loss (%) 

1 10.3 2.15 

2 8.9 3.9 

3 10.8 3.25 

Average 10 3.1 

Standard 

Deviation 

 
0.98 

 
0.88 
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90 days 

 

Specimen 

No 

 

Strength 

loss (%) 

Weight 

loss (%) 

1 14.4 5.5 

2 14.6 4.3 

3 12.7 5.8 

Average 13.9 5.2 

Standard 

Deviation 

 
1.04 

 
0.79 

 
 

Specimen: GPR3 
 

30 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 9.65 0.3 

2 10.5 0.7 

3 9.25 0.2 

Average 9.8 0.4 

Standard 

Deviation 

 
0.64 

 
0.26 

 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 23.9 6.1 

2 22.8 4.8 

3 25.3 5.9 

Average 24 5.6 

Standard 

Deviation 

 
1.25 

 
0.70 
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90 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 36.7 10.55 

2 41.1 10.25 

3 40.7 11.6 

Average 39.5 10.8 

Standard 

Deviation 

 
2.43 

 
0.71 

 

 

A.3.8.2 Hydrochloric Acid Resistance 

 
Specimen: GP 
 

30 days 

 
Specimen No 

 
Strength 

loss (%) 

Weight 

loss (%) 

1 2.3 0 

2 1.5 0 

3 2.5 0 

Average 2.1 0 

Standard 

Deviation 

 
0.53 

 
0.00 

 

 

60 days 

 
Specimen No 

 
Strength 

loss (%) 

Weight 

loss (%) 

1 8.1 2.55 

2 9.3 0.75 

3 9 2.1 

Average 8.8 1.8 

Standard 

Deviation 

 
0.62 

 
0.94 
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90 days 

 
Specimen No 

 
Strength 

loss (%) 

Weight 

loss (%) 

1 13.2 3.1 

2 11.4 4.3 

3 12.6 4.6 

Average 12.4 4 

Standard 

Deviation 

 
0.92 

 
0.79 

 
 

Specimen: GPR1 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 2.4 0 

2 1.3 0 

3 1.7 0 

Average 1.8 0 

Standard 

Deviation 

 
0.56 

 
0.00 

 

 

60 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 7.3 1.1 

2 9.4 2 

3 8.8 1.4 

Average 8.5 1.5 

Standard 

Deviation 

 
1.08 

 
0.46 
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90 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 10.2 3.8 

2 11.9 1.3 

3 12.4 4.2 

Average 11.5 3.1 

Standard 

Deviation 

 
1.15 

 
1.57 

 
 

Specimen: GPR2 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 1.8 0 

2 1.7 0 

3 2.2 0 

Average 1.9 0 

Standard 

Deviation 

 
0.26 

 
0.00 

 

 

60 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 8.3 0.5 

2 10.2 1.6 

3 8.8 2.1 

Average 9.1 1.4 

Standard 

Deviation 

 
0.98 

 
0.82 
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90 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 11.4 2.9 

2 12.75 4.25 

3 12.15 3.35 

Average 12.1 3.5 

Standard 

Deviation 

 
0.68 

 
0.69 

 
 

Specimen: GPR3 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 6.95 3 

2 6.6 0.2 

3 7.75 0.1 

Average 7.1 0.2 

Standard 

Deviation 

 
0.59 

 
1.65 

 

 

60 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 16.2 4.2 

2 15.6 3.3 

3 17.1 3.9 

Average 16.3 3.8 

Standard 

Deviation 

 
0.75 

 
0.46 
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90 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 24.8 7 

2 25.8 9.7 

3 23.2 9.1 

Average 24.6 8.6 

Standard 

Deviation 

 
1.31 

 
1.42 

 
 

A.3.8 Seawater Resistance 

 
Specimen: GP 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight loss 

(%) 

1 7.2 0.15 

2 6.2 0.15 

3 6.1 0.3 

Average 6.5 0.2 

Standard 

Deviation 

 
0.61 

 
0.09 

 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight loss 

(%) 

1 12.9 5.1 

2 13.8 4.25 

3 13.5 4.75 

Average 13.4 4.7 

Standard 

Deviation 

 
0.46 

 
0.43 

http://www.ijrti.org/


130 
 

IJRTI2208120 International Journal for Research Trends and Innovation (www.ijrti.org) 130 
 

 

90 days 

Specimen 

No 

Strength 

loss (%) 

Weight loss 

(%) 

1 23.8 9.6 

2 20.9 8.3 

3 23.4 8.5 

Average 22.7 8.8 

Standard 

Deviation 

 
1.57 

 
0.70 

 
 

Specimen: GPR1 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 5.8 0.1 

2 6.4 0.2 

3 5.5 0.15 

Average 5.9 0.15 

Standard 

Deviation 

 
0.46 

 
0.05 

 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 11.9 3.9 

2 10.9 3.75 

3 11.1 4.8 

Average 11.3 4.15 

Standard 

Deviation 

 
0.53 

 
0.57 
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90 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 18.6 7.3 

2 18.9 8.4 

3 20.7 7.1 

Average 19.4 7.6 

Standard 

Deviation 

 
1.14 

 
0.70 

 
 

Specimen: GPR2 
 

30 days 

 
Specimen 

No 

 
Strength 

loss (%) 

 
Weight 

loss (%) 

1 7.3 0.2 

2 6.8 0.2 

3 6.3 0.2 

Average 6.8 0.2 

Standard 

Deviation 

 
0.50 

 
0.00 

 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 14.2 5.1 

2 15.4 4.8 

3 15.1 5.7 

Average 14.9 5.2 

Standard 

Deviation 

 
0.62 

 
0.46 
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90 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 24.5 8.75 

2 25.7 10.25 

3 26.6 8.9 

Average 25.6 9.3 

Standard 

Deviation 

 
1.05 

 
0.83 

 
 

Specimen: GPR3 
 

 

 

 

 
 

90 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 42.2 17.8 

2 44.1 17.2 

3 41.5 16.3 

Average 42.6 17.1 

Standard 

Deviation 
 

1.35 

 
0.75 

30 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 9.7 0.4 

2 8.9 0.15 

3 9 0.3 

Average 9.2 0.3 

Standard 

Deviation 

 
0.44 

 
0.13 

 

60 days 

Specimen 

No 

Strength 

loss (%) 

Weight 

loss (%) 

1 26.4 8.6 

2 27.8 9.1 

3 25.3 8.7 

Average 26.5 8.8 

Standard 

Deviation 

 
1.25 

 
0.26 
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