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SYNOPSIS 

Cement is the main ingredient in concrete, and the production of cement is a costly and 

energy absorbing process. In addition, production of cement ominously contributes to 

environmental pollution, as 1 ton of cement releases about 0.9 ton of CO2 in the 

atmosphere. Since cement is the material which is primarily responsible for the cost and 

the pollution, there is a critical need to develop materials which exhibit cementitious 

property and could be used as a substitute of cement. Supplementary Cementitious 

Materials (SCM), are substances which possess cementitious properties, hence they can 

be used as a partial/total replacement of cement.  

Recently, use of recycled material, such as waste glass powder (WGP), has received 

augmented attention in the concrete industry. At first, waste glass was used as an 

aggregate replacement in concrete and it was observed that the mechanical and 

durability properties of the modified concrete were degraded due to the increased 

potential of Alkali-Silica Reaction (ASR). Later, literature studies have shown that ASR 

occurrence in concrete is dependent on the particle size distribution of the glass used. 

As the particle size decreases the ASR probability reduces. These results motivated the 

use of recycled glass powder (RGP) with microscopic particle size distribution as 

cement replacement. There are multiple benefits of using RGP as cement replacement: 

firstly, using a waste material would reduce the load on the landfills, secondly, the total 

cost would be less as recycled WGP is replacing the costly cement; and finally, the use 

of RGP would lead to sustainable construction as a consequence of a decrease in cement 

manufacturing. 

The present study deals with the experimental investigation on RGP as a pozzolanic 

cement. The Glass Powder (GP) used in this experiment was provided by the Australian 
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company, Enviro Sand who supplied samples with two particle sizes of 75 μm and 150 

μm for the purpose of this research. The main aim of this research project is to study the 

pozzolanic performance of GP having a particle size smaller than 150 µm. The current 

study involves an extensive experimental program which includes: density, compressive 

strength, tensile strength, pozzolanic activity, water absorption, chloride resistance, heat 

of hydration and drying shrinkage. Extensive concrete specimens of standard cube, 

cylinder and rectangular prism of standard dimensions are prepared to investigate the 

various material, strength and durability properties by varying the GP content.  In 

addition, present experimental work consists of enhancing the pozzolanic performance 

of the GP by varying the curing conditions and modifying the mix design. In total, about 

700 specimens were tested in three stages in this experimental research work 

The optimisations resulted in Strength Activity Index (SAI) of coarse GP which was 

comparable to the SAI values of much fine GP reported by the earlier published 

research works. Since a considerable amount of energy would be consumed in grinding 

the glass from coarse to fine, the grinding energy would in turn lead to increment in the 

cost and rise in harmful carbon di oxide emissions. The current research is significant 

owing to the multiple benefits mentioned in the previous paragraph, furthermore, 

locally, according to a recent report from Australian National Waste, Australia 

generates around 1.1 million tonnes of glass waste which is equivalent to about 45 kg 

glass per capita and approximately 44% of it is landfilled. This practice of dumping the 

glass waste in landfills is environmentally unsustainable, since glass is non bio-

degradable in nature.  The last stage mix design alteration resulted in a maximum SAI 

of 117%. In addition, it resulted in higher resistance to chloride ion penetration of 17% 

and about 23% lower heat of hydration than the control mix at 30% replacement of the 

coarse GP. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Concrete is one of the most used materials in the world, and global production rates are 

rising annually to meet the ever-increasing demand. Cement, which is the main 

ingredient in concrete, is manufactured in enormous quantities. It is estimated that 

around 85.9 million metric tonnes of cement are produced in the United States (US) 

compared with 4,200 million metric tonnes worldwide (US Geological Survey, 2017). 

Cement production adversely affects the environment because it releases carbon dioxide 

into the atmosphere. Hence, it is crucial to find methods to curb these negative 

environmental effects. Pozzolanic materials such as fly ash, silica fume and blast 

furnace slag have been successfully used to reduce cement consumption and increase 

performance. However, these materials are by-products of other industrial processes, so 

industry experts are researching other alternatives to cement. 

In recent years, waste glass has emerged as a pressing environmental issue throughout 

the world (Du & Tan, 2013). Unlike other waste materials, glass is not biodegradable; 

hence, it occupies a large amount of space in landfills, resulting in significant 

atmospheric pollution. Australian National Waste revealed that Australia generates 

around 1.1 million tonnes of waste glass annually, and approximately 44% is dumped in 

landfills (Pickin & Randell, 2017). Existing landfills are reaching their design capacity, 

and construction of new landfills is not possible because there is a lack of space as a 

result of population increases. In the present scenario, the best solution is to reuse waste 

glass to safeguard the environment. Recycled glass is one of the prime materials 

examined by experts for its applications in the construction industry. Recent 
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investigations revealed that when waste glass is grinded to a particular fineness, it 

exhibits pozzolanic characteristics. 

Initially, recycled glass was used as an aggregate replacement in concrete, but the 

experiments did not yield the desired results; instead, the glass deteriorated the 

mechanical and durability properties of the modified concrete. The detrimental 

performance of the modified concrete was caused by an alkali–silica reaction (ASR). 

Studies have since reported that the occurrence of ASR in concrete is dependent on the 

particle size distribution of the glass used; as the particle size decreases, the probability 

of ASR decreases (Shayan & Xu, 2004 and Shao et al., 2000). These results motivated 

the use of recycled GP with microscopic particle size distribution as a cement 

replacement. Experimental studies performed on the concrete made with the recycled 

GP (RGP) will be discussed in detail in the literature review section. The use of RGP as 

a cement replacement has multiple benefits: first, using a waste material reduces the 

load on landfills; second, the total cost is lower because recycled waste GP (WGP) is 

cheaper than cement; and third, the use of RGP leads to sustainable construction and 

reduces the manufacturing of toxic cement. 

Past studies have employed fine GPs (<100 µm), with most opting for GPs with size 

distributions analogous to those of the replaced cement, as seen in Table 2.10. Some 

researchers have investigated the pozzolanic attribute of coarse GP, which resulted in 

Strength Activity Index (SAI) values below 100%. Shao et al. (2000) used GP of 

150 µm at 30% partial replacement of cement and reported an SAI value of 80% at a 

curing age of 90 days. A study by Rahma et al. (2017) found SAI values of over 90% 

for coarse GP with a mean size of 200 µm at a replacement level of 15%. Further, 

Shayan & Xu (2006) used two different GP sizes—GP1 (40–700 µm) and GP2 
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(≤300 µm)—and reported SAI values of 70% and 90% respectively after 28 days of 

curing. However, past research employing both fine and coarse GPs has consistently 

shown that fine GP performs much better than its coarse counterpart because of the 

increment in pozzolanic activity resulting from a reduction in size (Shao et al. 2000, Shi 

et al. 2005 and Zheng 2016). A substantial amount of energy is used to change the GP 

from coarse to fine depending on the grinding technique adopted. The main justification 

for choosing a coarse GP in the present study is to optimise the energy used for grinding 

the GP and enhance the pozzolanic performance of the coarse GP akin to that of fine GP 

by employing a novel mix design strategy and optimising the curing regimes. 

1.2 Objectives 

The main purpose of this project is to investigate the performance of recycled WGP as a 

cement replacement. The specific objectives of this study are to: 

1. assess the pozzolanic performance of the GP used in the research

2. conduct tests to ascertain the effect of the GP size, percentage replacement,

curing conditions and mix design alterations on fresh, mechanical and durability

properties of the GP concrete

3. determine the optimum percentage of cement replacement and the best possible

size of the GP in the current research

4. investigate the cost and energy efficiencies of GP concrete with reference to

conventional concrete.

1.3 Research Methodology 

The procedure followed in the current research can be broadly divided into three stages. 

Before proceeding with the experimental program, a detailed review of the literature on 
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GP concrete is conducted to identify the knowledge gaps to be addressed in the current 

research. 

The pozzolanic performance of GPs of two different sizes—fine (<75 µm) and coarse 

(<150 µm)—is compared in the first stage of the experimental work. The Stage 1 

preliminary study was split into two phases, with each phase having distinct GP 

replacement percentages. The main objective of this stage was to select a GP to be used 

in the subsequent stages of the research program. At the end of the Stage 1 experimental 

program, a coarse GP exhibiting an SAI value of 61% at 30% GP replacement and at 91 

days of curing was preferred for the subsequent stages. 

The pozzolanic attribute of the selected coarse GP was optimised by varying the curing 

regimes in Stage 2. Optimisation of the curing conditions resulted in an increase in the 

SAI of the GP from 61% to 89% at the end of 91 days of curing. 

The third stage of the experimental work was divided into two phases. Phase 1 consisted 

of pilot studies performed on standard cubic specimens to examine the suitability of the 

mix design alterations on the selected coarse GP. The pilot test results gave the desired 

outcome; therefore, the modifications to the mix design were executed on cylindrical 

samples in Phase 2 of Stage 3. The best SAI value of 117% at the end of 91 days of 

curing was recorded by the GP as a result of the mix design optimisation performed in 

this final stage. 

1.4 Report Structure 

This thesis is divided into six chapters. After this introductory chapter (Chapter 1), the 

report is presented as follows. 
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Chapter 2 reviews studies conducted by researchers on the subject of GP concrete, 

including the factors leading to the use of GP, the role of GP as an aggregate and 

cement replacement, the pozzolanic characteristics of GPs and a performance 

comparison with typical pozzolans. The effects of GP replacement on various fresh, 

mechanical and durability properties of modified mortar/concrete are discussed, 

followed by limitations and the research gap. 

Chapter 3 provides a brief outline of the research work performed, as well as the 

materials employed, the specifications and associated testing procedures. Common 

experimental procedures related to casting (e.g., mixing, placing, moulding and curing) 

are also addressed in this chapter to avoid duplication in subsequent chapters. 

Chapter 4 elaborates the complete experimental work performed to investigate the 

pozzolanic characteristic of the GPs employed. The three stages of the experimental 

program are reported sequentially, followed by the experimental variables, materials 

used, the mix design and tests performed in each stage. In each stage, the performance 

of the GP mixes that are subjected to different conditions are compared with a reference 

mix with 0% GP to obtain the optimum replacement level of the GP under investigation. 

Chapter 5 presents the test results obtained in each stage of the complete experimental 

program. The effect of GP replacement on various fresh, mechanical and durability 

properties of the modified mortar are discussed, followed by the reasoning and a 

discussion of the results. Cost and energy analysis along with a design chart of the GP 

are presented at the end of the chapter. 

Finally, Chapter 6 highlights the contributions of this research to existing theory and 

practice and makes recommendations for future research. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter reviews studies conducted by researchers on the subject of GP concrete. It 

discusses the factors leading to the use of GP, the role of GP as an aggregate and 

cement replacement, the pozzolanic characteristics of GP and a performance 

comparison with typical pozzolans. Further, the effects of GP replacement on fresh, 

mechanical and durability properties of the modified mortar/concrete are reviewed. 

Finally, limitations and the research gap in the review are discussed. 

2.2 Cement 

Cement plays a significant role in concrete. In addition to giving strength, it binds the 

other ingredients of concrete together; hence, it is also known as a binder. Accordingly, 

it is produced in enormous quantities. It is estimated that around 88.5 million metric 

tonnes of cement are produced in the US alone, while global annual cement production 

totals 4,100 million metric tonnes (US Geological Survey, 2019). In ancient times, 

sintered and ground lime was used in construction works in several parts of the world, 

including Greece, Mesopotamia and Egypt. In 1824, Joseph Aspdin, a British 

bricklayer, was the first person to produce the most common type of cement used to 

date—namely, Portland cement. In 1842, William Aspdin was the first person to 

manufacture the cement in England, and the first standard on Portland cement was 

issued by the German Government in 1878 (Francis, 1978). 

The raw materials used in cement manufacturing are limestone (CaCO3), silica (SiO2), 

magnesium oxide (MgO), alumina (Al2O3) and ferrous oxide (Fe2O3). Thus, any 

material that contains all of these oxides can be used in cement production. Cement can 
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be produced using two different processes: wet and dry. In the wet process, water is 

used with other ingredients for mixing, whereas in the dry process, there is no moisture 

content in the constituents. Both processes lead to a rotary kiln as a final step for clinker 

burning at a temperature of about 1,500 °C; thus, a huge amount of energy is consumed. 

2.2.1 Energy and environmental concerns 

Cement manufacturers worldwide face many challenges as a result of the rising cost of 

raw materials, fuel and energy consumption and the requirement to reduce greenhouse 

gas emissions. In particular, carbon dioxide (CO2) associated with cement production is 

emerging as a major concern. Cement production consumes 12–15% of industrial 

energy and contributes to 5–7% of the world’s total CO2 discharge, making it one of the 

most energy absorbing and environmentally polluting processes (Stafford et al., 2016). 

Rehan & Nehdi (2004) stated that since the industrial revolution, the concentration of 

CO2 in the environment has significantly increased from 280 ppm to 368 ppm. 

The cement industry is one of the main industrial emitters of CO2 gases in the 

atmosphere. It has been estimated that the production of one tonne of cement discharges 

an equivalent amount of CO2 in the atmosphere (Rehan & Nehdi, 2004 and Ali et al., 

2011). Despite the detrimental effects mentioned above, there is voracious demand for 

the material, and the rate of production is increasing annually. Szabó et al. (2006) 

predicted that by 2030, there will be a 50% increase in global CO2 emissions from the 

cement industry resulting from the rise in production rates. This peak increase in the 

CO2 levels in the environment is believed to be responsible for climate change and the 

global warming (Oreskes & Conway, 2010). 

Bosoaga et al. (2010) suggested that CO2 emissions can be effectively reduced by 

decreasing the quantity of clinker in blended cement. Further, when cement is made 
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with clinker mixed with waste materials, CO2 emissions can be reduced by 5–20% 

depending on the percentage of replacement (Bosoaga et al., 2010). It is imperative to 

seek alternative raw materials that can be used to produce cement. Zhang et al. (2013) 

found that one tonne of cement manufacturing in China consumes around 1.5 billion 

tonnes of limestone and clay annually. In summary, using a waste material to produce 

cement and concrete can have numerous environmental and economic benefits. 

2.3 Glass 

Knittle (1948) and Dan & Ward (1984) stated that glass was first produced in 

Mesopotamia around 3000 BC, and the first glass vessels were made in Egypt and 

Mesopotamia around 1500 BC. At that time, glass production was costly and slow 

because of factors such as small furnaces, poor-quality clay pots, cumbersome process 

and inadequate heat for melting the raw materials. However, close to 30 BC, the 

invention of the blowpipe led to glass production that was easier, faster and cheaper, 

which enabled ‘common’ people to begin using it for the first time (Knittle 1948 and 

Dan & Ward 1984). 

The inception of manganese oxide in the first century paved the way for colourless 

glass. Lead glass, which was made with a raw material containing huge quantities of 

lead, was patented by English glassmaker George Ravenscroft in 1674. The production 

of plate glass began in 1688 in France, which led to the manufacturing of high-quality 

mirrors. In 1910, the lamination technique was used by French scientist Edouard 

Benedictus to make Triplex glass, which was safe and secure. Knittle (1948) and Dan & 

Ward (1984) articulated that in Britain in 1959, Pilkington Brothers Ltd developed the 

float process, and 90% of flat plate glass is now produced using this technique. 
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To create an amorphous solid material called glass, a blend of elements like silica 

(SiO2), sodium carbonate (Na2CO3), dolomite (CaMg(CO3)2) and limestone (CaCO3) is 

melted at a temperature of around 1,600 °C. The molten mass is then solidified by 

cooling without crystallisation. Colours and specific attributes of various glasses are 

added using special additives (Heldman & Lind 1946, Stanworth 1950 and Korányi 

1963). Different types of glass are manufactured depending on the chemical 

composition and the additive used, and they are produced in three basic colours: green, 

brown and colourless (McLellan & Shand 1984). 

2.3.1 Waste glass 

The amount of waste glass generated globally is unknown because there is a lack of data 

from some countries. However, according to the United Nations, around 14 million 

tonnes of waste glass were generated in 2004 (Topcu & Canbaz 2004). Glass production 

consumes large quantities of the Earth’s natural resources as raw materials. Saito & 

Shukuya (1996) calculated that 1.73 kg of raw materials and 0.15 m3 of water is used to 

produce 1 kg of sheet glass. In line with this, Ruth & Dell'Anno (1997) added that 

around 1.2 tonnes of costly raw materials are used to produce around 1 tonne of 

container glass. Further, as discussed in the previous section, glass manufacturing is one 

of the most energy-intensive processes because the raw materials employed are melted 

at a temperature of 1,600 °C. 

Glass can be recycled several times and can be used completely because there are no 

alterations in its physical and chemical properties, even after multiple uses. However, 

when it comes to broken and mixed-colour glass, the recycling process becomes 

impractical and highly expensive, as these materials can cause variations in the 

chemical composition of the recycled glass (Federico & Chidiac, 2009). Further, Ruth 
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& Dell'Anno (1997) stated that the impurities present in mixed glass may negatively 

affect the properties of the produced glass. 

For the reasons mentioned in the previous section, the global recycling rate of waste 

glass is quite low. The US, which is considered one of the leading countries, generated 

11.47 million tonnes of waste glass but only recycled 26.4% of it (Environmental 

Protection Agency, 2016). The rate of glass recycling is much lower than in other 

countries because of a lack of technology, high cost of recycling and awareness of the 

issue. Glass that is not recycled is dumped in landfills by waste management 

departments. However, glass is non-biodegradable, so the above practice is 

environmentally unsustainable. Hence, waste glass has emerged as a challenge for waste 

management agencies globally because of the low recycling rate, limited landfill areas 

and limitations in the creation of new landfill spaces (Pereira-de-Oliveira et al., 2012 

and Zhang et al., 2013). 

2.3.2 Glass in construction industry 

The chemical composition of different coloured glass is presented in Table 2.1. Since 

the chemical composition and physical properties of glass are similar to those of cement 

and sand used in the construction industry, the cement and concrete industry can 

provide a significant and effective solution for the environmental impact of waste glass. 

Incorporating recycled materials to produce cement and concrete can save the world’s 

natural resources, save energy, reduce production costs, lower greenhouse gas emissions 

and lessen the environmental impact of solid wastes—especially waste glass, which is 

non-biodegradable. 
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Table 2.1: Chemical composition of cement and different coloured glasses (Shayan 

& Xu, 2004, Taha & Nounu, 2008a and Nassar & Soroushian, 2012)   

Chemical Cement 

(%) 

Clear 

glass 

(%) 

Brown 

glass 

(%) 

Green 

glass 

(%) 

Crushed 

glass 

(%) 

Glass 

powder 

(%) 

Sand (%) 

SiO2 20.2 72.42 72.21 72.38 72.61 72.20 78.6 

Al2O3 4.7 1.44 1.37 1.49 1.38 1.54 2.55 

CaO 61.9 11.50 11.57 11.26 11.70 11.42 7.11 

Fe2O3 3.0 0.07 0.26 0.29 0.48 0.48 2.47 

MgO 2.6 0.32 0.46 0.54 0.56 0.79 0.46 

Na2O 0.19 13.64 13.75 13.52 13.12 12.85 0.42 

K2O 0.82 0.35 0.20 0.27 0.38 0.43 0.64 

SO3 3.9 0.21 0.10 0.07 0.09 0.09 — 

TiO2 — 0.035 0.041 0.04 — — 0.15 

Loss on 

ignition 

1.9 — — — 0.22 0.36 7.6 

2.3.3 Glass as an aggregate replacement 

Table 2.2 presents a comparison of the physical properties of waste glass and sand. As 

shown, glass and sand have similar values; hence, glass was initially employed as an 

aggregate replacement. It is particularly interesting to note that the density of waste 

glass is much lower compared with that of sand; in fact, it is 14.4% lower than sand. 

This means that concrete made with waste glass as an aggregate would have a lower 

absorption rate for water (Ismail & Al-Hashmi, 2009). This lower water demand may, 

in turn, have a positive effect on the properties of concrete made with waste glass. 
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Table 2.2: Physical properties of waste glass and sand (Ismail & Al-Hashmi, 2009) 

Physical property Waste glass Sand 

Specific gravity 2.19 2.57 

Density (kg/m3) 1672 1688 

Absorption (%) 0.39 2.71 

Pozzolanic index (%) 80 — 

Several studies have examined the use of waste glass as an aggregate replacement in 

concrete production (Pike & Hubbard (1957, 1960), Schmidt & Saia, 1963, Phillips et 

al., 1972 and Johnston, 1974). Different forms of glass, including quartz, opal and 

fibreglass, were employed as aggregate replacements by Pike and Hubbard, but the 

resultant concrete cracked because of the destructive ASR. Johnston (1974) used 

crushed glass with a maximum particle size of 19 mm as an aggregate replacement, and 

the maximum and minimum values of alkali content in the glass were 0.58 and 1.13 

respectively. This finding was in line with that of Pike & Hubbard (1957), as ASR 

caused cracking in the produced concrete. 

According to the literature, ASR is a deleterious expansion that occurs in concrete as a 

result of the reaction between the siliceous minerals present in aggregate and the 

alkaline pore solution in concrete (Taha & Nounu, 2008b). The chemical reaction 

results in a gel called alkali–silica, which absorbs water and expands, leading to 

increased volume. This increase in volume causes internal tensile stresses inside the 

cement paste and, because the concrete has weak tension, it cracks. 

Despite these results, many studies have used waste glass as an aggregate replacement. 

These studies have concentrated on the ideal replacement level of waste glass that can 

be used to prepare concrete without having any detrimental effects on the produced 
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concrete. Researchers have concluded that the particle size of waste glass has a 

significant effect on harmful ASR (Takata et al., 2004, Idir et al., 2010 and Castro & 

Brito 2013). 

2.3.3.1 Size and substitution level 

Takata et al. (2004) researched the effect of particle size on the properties of concrete—

especially ASR. The size of the waste glass used in the study ranged from 4.75 to 

0.15 mm, and the maximum aggregate replacement percentage employed was 100%. A 

control mix with 0% waste glass was used as a reference to analyse the performance of 

the waste glass application. The results showed that as the size of the waste glass 

increased, the ASR in the modified concrete increased. Further, expansion resulting 

from ASR rose with the increase in the replacement percentage. The optimum size and 

substitution level with respect to ASR onset were less than 1.18 mm and 20% 

respectively. Idir et al. (2010) affirmed the abovementioned results and reported 20% as 

the ideal replacement level with waste glass of particle sizes less than 0.9–1 mm. 

Expansion caused by ASR was absent in the study, perhaps because the size of the 

waste glass employed was much smaller compared with the earlier study. Additionally, 

Idir et al. (2010) suggested that the percentage of waste glass can be increased to 40% 

without considering ASR if the median size of glass is kept at 150 µm. 

Corinaldesi et al. (2005) improved the replacement percentage of waste glass to 70%, 

although the size of the glass used was much finer from 36 to 50 µm. All of the 

abovementioned researchers observed an improvement in the performance of the 

produced concrete with a decrease in particle size. This is basically because of the 

pozzolanic reaction between the silica and lime present in the glass and cement 

respectively. Idir et al. (2010, 2011) stated that the final cementitious material produced 
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as a result of the pozzolanic reaction not only improves the compressive strength of the 

cement matrix, but also provides higher resistance to the detrimental ASR expansion. 

2.3.4 Glass as a cement replacement 

As mentioned in the previous section, the application of waste glass as coarse and fine 

aggregates did not yield satisfactory results because of the expansion resulting from 

harmful ASR in the produced concrete. Investigations have shown that the occurrence 

of ASR in concrete is dependent on the particle size and distribution within the glass 

used; as the particle size decreases, the probability of ASR decreases (Shao et al., 2000, 

Bažant et al., 2000 and Shayan, 2002). The suppressive effect of GP on ASR expansion 

in concrete results from the pozzolanic characteristic of the GP, which is similar to other 

pozzolanic materials, such as fly ash, silica fumes and metakaolin (Duchesne & Bérubé, 

2000 and Ramlochan et al., 2000). These results have motivated the use of RGP with 

microscopic particle size distribution as a replacement for cement. 

2.3.4.1 Particle size and replacement percentage 

Shao et al. (2000) employed waste glass of three different sizes—150 µm, 75 µm and 

38 µm—as cement replacements. The replacement level employed was 30%, and the 

effect of GP size on the properties of cement and concrete were researched. The results 

showed that as the size of the GP decreased, the compressive strength increased. GP 

with 38 µm exhibited an increase in compressive strength of 8% with plain mix at the 

end of 90 days of curing. An ASR test was performed, and the results showed that all 

three GPs had less expansion than the reference mix with 0% GP. In addition, the ASR 

outcome showed that ASR expansion decreased with a decrease in the size of GP. In 

summary, Shao et al. (2000) stated that concrete made with GP that has a 38 µm particle 

size at a replacement level of 30% had improved mechanical and durability properties. 
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Khimri et al. (2012, 2013) studied the effect of size of waste glass on the properties of 

concrete using four GPs of different sizes (<100 µm, <80 µm, <40 µm and <20 µm) at a 

constant cement replacement level of 20%. The results showed that as the size of the GP 

decreased, the compressive strength increased. GP with <20 µm reported a 2% increase 

in compressive strength with respect to normal concrete at a curing age of 90 days. This 

improvement was attributed to the pozzolanic characteristic of the GP. Similar findings 

were revealed by Shi et al. (2005), who conducted an ASR expansion test and 

concluded that 20% of fine waste GP employed as a cement replacement significantly 

reduced ASR. 

While the aforementioned studies dealt with constant cement replacement percentages, 

several studies have used GP at various substitution levels to investigate optimum 

replacement percentages. Shwarz et al. (2008) used a waste GP of a size that was 

slightly larger than the cement employed in the study, with replacement levels of 5%, 

10% and 20%. The results indicated that GP concrete had slightly less compressive 

strength than the control mix with 0% GP, and 10% was the ideal cement replacement 

percentage because it provided maximum compressive strength compared with other 

GP mixes. In addition, expansion resulting from ASR was performed, and the results 

showed that ASR decreased with an increase in GP substitution because of the reduction 

in alkali concentration brought about by the pozzolanic reaction. 

Two field studies were conducted by Nassar & Soroushian (2012) using milled waste 

glass at 15%, 20% and 23% partial replacement for cement. A sidewalk, driveway, 

maintenance vehicle access route and curbs were constructed using the GP modified 

concrete at Michigan State University. The mean particle size of GP employed was 

25 µm. The results showed that concrete made with both 15% and 20% GP replacement 
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levels had higher compressive strength than the plain mix with 0% GP, and lower 

strength was reported by the highest substitution level of 23%. The flexural strength 

results followed a similar pattern to the compressive strength results. Further, the ASR 

results showed no harmful expansion in the GP modified concrete. The ideal 

replacement percentage of GP was therefore found to be 20%, which contradicts the 

substitution level reported by Shwarz et al. (2008). 

Matos & Coutinho (2012) examined the ideal replacement level of GP using 

substitution percentages of 10% and 20%, and the size of the GP used was similar to the 

one applied by Nassar & Soroushian (2012). Compressive strength testing was 

performed for periods of 7, 28, 90, 180 and a maximum of 562 days. The strength 

values reported by the GP mixes were slightly lower than the control mix. GP with 10% 

partial replacement of cement yielded higher compressive strength values compared 

with its higher substitution counterpart. ASR expansion testing was conducted, and the 

results indicated that the expansion values decreased with an increase in percentage 

replacement despite having high alkali content in the GP employed in the research. 

Moreover, the study validated the improvement in the resistance to chloride ion 

penetration, especially at the 20% replacement level. 

The maximum replacement percentage of GP employed as a partial replacement of 

cement was limited to 30%, as discussed previously. However, many studies pertaining 

to GP modified concrete have a replacement level beyond 30%. For example, Shayan & 

Xu (2004) extended the GP replacement level to 40%. This study will be discussed in 

further detail in the next section, as the authors applied glass as both cement and 

aggregate replacements in the same mix. 
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Siad et al. (2016) employed a higher GP replacement level of 45% to investigate the 

durability aspect of the GP modified concrete subjected to an aggressive sulphuric acid 

attack. The size of the GP used was slightly finer than the cement employed in the 

study. The GP mixes resulted in lower compressive strength than the control mix, 

especially at early curing of 7 and 28 days; however, there was much better resistance to 

a sulphuric acid attack compared with the plain mix. Compressive strength testing was 

performed on cubic specimens of size 50 mm × 50 mm × 50 mm at a constant cement 

replacement level of 20%, while resistance to a sulphuric acid attack was evaluated on 

cubes (side 50 mm) and cylinders of standard dimensions of 100 mm diameter and 

200 mm height by varying the substitution percentages at 15%, 30% and 45% of 

cement. Compressive strength measurements were taken for a period of 90 days, while 

12 weeks’ immersion time was followed for the sulphuric acid attack test. The results 

showed that GP with 45% replacement exhibited the lowest mass loss of 14% compared 

with the control mix with 0% GP at the end of 12 weeks’ exposure to 5% sulphuric 

acid. 

Du & Tan (2017) were the first to investigate the pozzolanic performance of GP 

employed as binder at a high replacement level of 60%. The particle size of the GP used 

in the study was similar to that of cement, and the replacement levels employed were 

15%, 30%, 45% and 60%. The performance of GP modified concrete was assessed 

using various mechanical and durability tests, and the testing was conducted for a 

prolonged period of one year. The results showed that the GP substitution of 15% and 

30% as partial cement replacements exhibited the highest strength increase of 27%, 

while a 12% increase was reported for 60% replacement at a curing age of one year. 

The study concluded that 30% is the ideal replacement level; beyond this level, the 
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pozzolanic reaction ceases due to inadequate lime (calcium hydroxide) content. The 

studies discussed in this section are summarised in Table 2.3. 

Table 2.3: Summary of the literature for waste glass powder as cement 

replacement 

Type of 

waste glass 

% waste 

glass 

studied 

Particle 

sizes 

studied 

Optimum 

% waste 

glass 

ASR 

det 

method 

Reference 

Fluorescent lamps 

(soda lime) 

30 38–150 µm 30 ASTM 

C1260 

Shao et al., 2000 

Car windscreen 

(soda lime) 

0–40 0–10 µm 30 ASTM 

C1260 

Shayan & Xu, 

2004 

Glass beads  

(soda lime) 

20 10–700 µm 20 
ASTM 

C1260 

Shi et al., 2005 

Window plate 

(soda lime) 

0–20 1–100 µm 10 
ASTM 

C1260 

Schwarz et al., 

2008 

Bottles 

(soda lime) 

0–23 13–25 µm 20 
ASTM 

C1260 

Nassar & 

Soroushian, 2012 

Container 

(soda lime) 

20 20–100 µm 20 Not 

studied 

Khmiri et al., 

(2012, 2013) 

Recycled waste 

(soda lime) 

0–20 0.1–100 µm 20 ASTM 

C1567 

Matos & Sousa-

Coutinho, 2012 

Bottles 

(soda lime) 

0–45 0–75 µm 30 Not 

studied 

Siad et al., 2016 

Soda lime 
0–60 0–100 µm 30 Not 

studied 

Du & Tan, 2017 

2.3.5 Glass as aggregate and cement replacement in the same mix 

This section discusses some studies pertaining to the use of waste glass as a cement and 

aggregate replacement in the same mixture. Shayan (2002) and Shayan & Xu (2004) 

investigated the effect of waste glass employed as a replacement of cement and 

aggregate in the same mix to produce concrete. The size of the waste glass used as 

coarse and fine aggregate replacements ranged from 12 mm to 4.75 mm and 4.75 mm to 

0.15 mm respectively, whereas the size of the waste GP employed as cement 

replacement was less than 10 µm. The results reported an improvement in the strength 
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of waste GP mixes with respect to the control mix having 0% waste glass. Additionally, 

the expansion resulting from ASR decreased with an increase in the waste glass content 

as a result of the pozzolanic reaction. In summary, the research concluded that 50% 

replacement of coarse and fine aggregates with waste glass and 30% GP as a cement 

substitution has no detrimental effects on the properties of the produced concrete—

especially ASR. 

Shayan & Xu (2006) then used container glass with different colours as partial 

replacement of cement and aggregate. The waste glass applied as coarse and fine 

aggregate was much finer than the earlier study, with the sizes ranging from 2.36 mm to 

0.60 mm and 0.3 mm to 0.15 mm respectively, although the particle size of GP 

employed was less than 15 µm, which was similar to the previous research. The 

percentage replacement for cement ranged from 20% to 30%, while the aggregate 

substitution was much higher at 40–75%. Another striking distinction with the prior 

study was that the current research was performed in field conditions on slabs of 

dimensions 1.5 m × 2.5 m × 0.25 m, and the compression and ASR testing was 

performed after a prolonged period of 404 days. The results showed that the concrete 

made with 30% waste GP and 40–50% waste glass aggregates exhibited higher strength 

than the plain mix with no glass content and expansion because ASR was not found in 

the glass mixes. 

Taha & Nounu (2008a) employed waste glass as a cement and fine aggregate 

replacement. A 20% cement substitution and two replacement percentages of 50% and 

100% were used for the fine aggregate. The size of the waste glass aggregate was less 

than 5 mm, and GP with a mean size of 45 µm was used. The compression and flexural 
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test results reported a decrease in strength values with an increase in the waste glass 

aggregate content. 

2.4 Pozzolanic Characteristics of Glass Powder 

According to ASTM C618, pozzolans are a broad class of siliceous or siliceous and 

aluminous material that, in itself, possesses little or no cementitious value. However, in 

finely divided form and in the presence of moisture, they will chemically react with 

lime (liberated by hydrating Portland cement) at ordinary temperatures to form 

compounds that possess cementitious properties. The reaction between silica (from a 

pozzolan) and lime (from a Portland cement) results in the formation of a secondary 

calcium silicate hydrate (C-S-H). The chemical reaction can be expressed in abbreviated 

notation as: 

C3S (of Portland cement) + H → C-S-H (primary) + CH (lime) 

S (present in Pozzolans) + CH (lime liberated from PC) +H → C-S-H (secondary) 

C3S is tricalcium silicate, S is silica, H is water, CH is lime and C-S-H is the calcium 

silicate hydrate with cementing properties. The additional C-S-H gel, produced as a 

result of the above secondary hydration reaction, makes the pore structure of concrete 

denser, thereby reducing the penetration and diffusion of concrete by the aggressive 

agents. Few experimental studies have investigated GP distinctly in terms of its 

pozzolanic activity. Zheng (2016) affirmed that the pozzolanic performance of GP 

complies with the aforementioned chemical reaction and has an additional valuable 

effect of reducing monosulphate levels, which can cause cracks in concrete. Table 2.4 

shows the chemical composition of some of the pozzolans used in general in 

comparison with the waste glass and ordinary Portland cement. 
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As shown in Table 2.4, the chemical percentages of the main constituents are similar, 

except for Al2O3 and CaO. Based on the chemical composition, it is fair to expect that 

waste glass will perform similar to a pozzolanic material when used as a partial 

replacement of cement. In addition, it is anticipated that the performance improving 

treatment methods employed on a typical pozzolan can be applied to waste glass with a 

reasonable success rate. 

Table 2.4: Chemical composition of waste glass and other pozzolans (Shi & Day, 

1993, Chidiac & Federico, 2007, Kosmatka et al., 2002, Papadakis et al., 1999 and 

Shi et al., 2005)  

Compound 
Waste 

glass 

(%) 

Volcanic 

ash (%) 

Volcanic 

pumice 

(%) 

Slag 

(%) 

Silica 

fume 

(%) 

High Ca 

fly ash 

(%) 

Ordinary 

Portland 

cement 

(%) 

SiO2 
63.79 73.68 65.74 35 90.9 39.21 20.33 

Al2O3 
3.02 12.25 16.72 12 1.12 16.22 4.65 

Fe2O3 
1.57 2.2 3.58 1 1.46 6.58 3.04 

CaO 
13.01 1.13 3.33 40 0.69 22.78 61.78 

MgO 
0.89 0.23 0.95 - 0.77 2.35 3.29 

K2O 
0.54 3.95 3.05 - - - 0.59 

Na2O 
11.72 3.6 4.48 0.3 - - 0.24 

SO3 
0.165 0.32 0.65 9 0.38 4.3 3.63 

Loss on 

ignition 

4.55 3.05 2.4 1 3 2.1 - 

2.5 Glass Powder Concrete 

2.5.1 Workability 

Workability is an important characteristic for an adequate concrete mix. If concrete is 

strong but not workable enough, it will not be viable because it will be too difficult to 

use on construction sites. Kamali & Ghahremaninezhad (2015) investigated the slump 

of the concrete made with two GPs of the same size but different chemical 

compositions. The slump is recorded in Table 2.5. 
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Table 2.5: Concrete slump (Kamali & Ghahremaninezhad, 2015) 

Mix design Slump (mm) 

Control 127 

GP1-5 152 

GP1-10 140 

GP1-15 95 

GP1-20 140 

GP2-5 127 

GP2-10 83 

GP2-15 133 

GP2-20 83 

FA-20 127 

 ‘GP1-5’ is 5% replacement of cement by GP1, whereas ‘FA-20’ is 20% substitution of 

cement by fly ash. As shown in the table, GP1 and GP2 are used with replacement 

levels of 5%, 10%, 15% and 20%. The use of GP1 as a cement substitution increased 

the slump, whereas an inverse trend was observed in the case of GP2. This increase was 

evidence of improved workability and lower water demand in concretes altered with 

GP1. Further, the slump corresponding to 15% replacement of GP1 and GP2 did not 

adhere to the trend detected in other modified concretes. Concrete with 20% FA showed 

a similar slump to the control concrete. 

Sharifi et al. (2015) studied the slump values of self-compacting concrete (SCC) with 

ground waste glass (GWG) as a cement substitution (see Figure 2.1). ‘SCCG-0’ is the 

control SCC mix with 0% waste glass, and the maximum replacement percentage 

employed was 30%. Slump flows of 650–800 mm are typically required for SCC, and it 

is evident that all mixtures under examination fell into this category. The slump of the 
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mixtures increased with an increase in replacement percentage, and maximum 

workability was obtained at 20% substitution; beyond that, there was a decline in the 

slump. The authors stated that the improved performance of the GP mixes was due to 

the lower water absorption of glass compared with cement, as excess water that is not 

absorbed rises as the GWG replacement level increases, resulting in higher slump 

values. 

Figure 2.1: Slump flow of SCGWGC mixtures (Sharifi et al., 2015) 

In summary, the addition of GWG improved the workability of the concrete mix, 

mainly because of the increase in the effective water–cement ratio (w/c) and the 

negligible water absorption of the GP. This feature can be used to reduce the w/c for a 

given workability (Schwarz et al., 2007). This rise in workability may have a beneficial 

effect on concrete because for the same amount of cement materials replaced, concrete 

mixtures with low w/c can be produced that may have good workability, greater 

strength and improved durability compared with the control mix. 

670

677.5

690
695

702.5

676.25
681.25

630

640

650

660

670

680

690

700

710

720

SCCG-0 SCCG-5 SCCG-10 SCCG-15 SCCG-20 SCCG-25 SCCG-30

S
lu

m
p

 f
lo

w
 d

ia
m

et
er

 (
m

m
)

Mix designation



CHAPTER 2: LITERATURE REVIEW 

 24 

2.5.2 Density 

Density is an important property of concrete. Ideally, dense concrete is preferred in all 

situations because denser concrete offers more resistance to compressive forces. That is, 

the compressive strength of denser concrete is better than less dense concrete. Denser 

concrete can be achieved by proper compaction so that the final product is devoid of 

voids. Shayan & Xu (2006) evaluated the 28-day hardened density of concrete cylinders 

from their mass and dimension measurements. 

Table 2.6: 28-day density of hardened concrete (Shayan & Xu, 2006)  

Concrete mix Description 28-day density (kg/m3) 

Mix 1 Control mix 2,408 

Mix 2 20% GLP in binder 2,283 

Mix 3 30% GLP in binder 2,328 

The 28-day density values are presented in Table 2.6. Mix 1 is the control without GP, 

Mix 2 is made with 20% GP as cement replacement and Mix 3 has 30% cement 

substitution. ‘GLP’ denotes GP, and the particle size distribution of GP used in this 

research is 10–15 µm. There was a decrease in density in the case of 20% substitution, 

and the reduction was lower in the case of maximum replacement of 30%. This 

indicates that the concrete made with GP as a cement substitution is lighter than the 

concrete made with typical cement. This fact needs to be reaffirmed by other studies so 

that a definitive conclusion can be reached on this issue. Further, variations in the 

hardened density of GP concretes was investigated in a smaller increment replacement 

percentage by Kamali & Ghahremaninezhad (2015) (see Table 2.7). Two different GPs 

(GP1 and GP2) were employed in this study. Both GPs had the same particle size 

distribution (mean size 8 µm) but were chemically diverse.  
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Table 2.7: Density of concrete samples (Kamali & Ghahremaninezhad, 2015)  

Mix design Description Density (kg/m3) 

Control 0% glass powder 2,306 

GP1-5 5% glass powder 1 2,312 

GP1-10 10% glass powder 1 2,331 

GP1-15 15% glass powder 1 2,331 

GP1-20 20% glass powder 1 2,306 

GP2-5 5% glass powder 2 2,312 

GP2-10 10% glass powder 2 2,331 

GP2-15 15% glass powder 2 2,319 

GP2-20 20% glass powder 2 2,331 

Contrary to the previous results, irrespective of the GP used (GP1 and GP2), all mixes 

exhibited a slight increase in density compared with the control mix (without GP), 

except for GP1-20, which had the same density value as the control. The rise in density 

is small but gives positive feedback that concrete made with GP as a cement 

replacement yields a denser product compared with the one made with typical Portland 

cement. 

2.5.3 Compressive, tensile and flexural strength 

One of the primary reasons for using concrete as a building material is its ability to 

resist compressive forces. Concrete has a much higher compressive strength (20–

40 MPa) rather than a lower-tensile strength (2–5 MPa). Almost all studies have 

investigated this property to understand the performance of concrete modified with GP, 

but only a few studies will be discussed here. The results are inconsistent with respect to 

compressive and tensile strength. 
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First, Du & Tan (2017) examined samples made in the laboratory and found that 15% 

and 30% yielded the best results for compressive strength. Testing of the cylinders was 

conducted for 7, 28 and 365 days (see Figure 2.2). The outcomes of this research are 

unique, as this was the first study in which the GP replacement was extended to 60%. 

Figure 2.2: Compressive strength of concrete with different contents of glass 

powder (Du & Tan, 2017)  

Despite a higher percentage replacement of around 60%, GP with 15% and 30% 

substitution resulted in the maximum compressive strength value of around 27% higher 

than the reference plain concrete mix. Initially, at 7 days, the concrete with 60% GP 

gained only 65% of the strength of the plain concrete mix, but it finally surpassed the 

reference mix by 12% at 365 days. The marginal performance of 60% GP replacement 

was because calcium hydroxide, which is required for the pozzolanic reaction, had been 

significantly consumed by the GP. Up to replacement levels of 30% and beyond, there 

was no free lime available for the pozzolanic reaction. In a separate study, Kamali and 

Ghahremaninezhad (2015) found that compressive strength is linearly proportional to 

the replacement percentage. The maximum substitution level used in this study was 

20%, as shown in Figure 2.3. 
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Figure 2.3: Compressive strength of concrete samples (Kamali & 

Ghahremaninezhad, 2015)  

Two different GPs—GP1 and GP2—were employed, and the optimum replacement 

percentage was 20% for both. Mixes with GP1 at different substitution levels exhibited 

increased strength compared with the control mix at all ages; therefore, GP1 was the 

better performer. The increase in compressive strength with the rising replacement 

percentage of cement with GP1 may be due to the pozzolanic property of GP1, which 

leads to a more densified microstructure and improved interfacial bonding between 

aggregates and the cement paste matrix in concrete. 
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Figure 2.4: Compression and flexural strength (Matos & Sousa-Coutinho, 2012)  

Another study that contradicts the above results was that of Matos & Sousa-Coutinho 

(2012), in which the highest GP replacement was 20% and the testing duration was 

around 1.5 years. The results indicated that the compressive strength values of both 

WGPs at the 10% and 20% substitution levels were below the control specimen. In 

comparison, WGP at 10% outperformed the mix with 20% replacement (see Figure 

2.4). The flexural strength results also followed a similar pattern of compressive 

strength, and 10% replacement was the ideal substitution level. 

The in-situ performance of concrete was conducted by Shayan and Xu (2006). 

Compressive strength testing of cores was performed at 90, 220 and 404 days (see 

Figure 2.5). Mix 1 corresponds to the control mix, while Mix 3 and Mix 4 were 20% 

and 30% replacement respectively. The optimum substitution level was 20% GP, and 

despite having lower strength compared with the control at 90 and 220 days, it exceeded 

the control at 404 days. 
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Figure 2.5: Compressive strength of core samples (Shayan & Xu, 2006) 

Omran & Tagnit-Hamou (2016) reported the performance of GP concrete in field 

applications at various construction sites in Canada. The GP used for the research was 

less than 40 µm, with an average size of 12 µm. Interior slabs, exterior slabs/sidewalks 

and exterior structural wall elements were constructed with 10–30% partial replacement 

of cement with GP. SAQ refers to Société des alcools du Québec and Centre for 

sustainable development for CSD. SAQ-GP is the concrete slab cast with 20% partial 

replacement of cement with GP, and the performance of it is compared with another 

reference slab that has 0% GP (SAQ-Ref), as seen in Figure 2.6. The compression 

testing of the slabs was conducted for a prolonged period of two years. Contrary to the 

previous test results reported by Shayan & Xu (2006), 20% GP replacement yielded 

higher compressive strength at both early age and longer curing periods compared with 

the reference mix. A 7% increase in compressive strength was recorded by SAQ-GP at a 

curing age of 91 days. 
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Figure 2.6: Compressive strength test results of the tested mixes (Omran & Tagnit-

Hamou, 2016) 

For CSD, two structural elements—interior slabs (Int.Slab) and exterior sidewalk 

(Ext.Sdk)—were cast with a constant GP replacement percentage of 20%, and the 

strength values were compared with the reference mixes with an extension of ‘Ref’ (see 

Figure 2.7). Compressive strength testing was performed for a maximum duration of 91 

days. Despite using the same GP and a similar replacement level for both elements, GP 

substitution resulted in lower and higher compressive strength compared with the 

reference element that has 0% GP in internal slab and external sidewalk respectively. 

However, the strength gain from 28 to 91 days for both elements was higher than the 

respective reference elements due to the pozzolanic reaction of the GP employed. 
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Figure 2.7: Compressive strength of the mixes (Omran & Tagnit-Hamou, 2016) 

The results for the tensile and flexural strengths are presented in Figure 2.8. The tensile 

strength testing was performed on cylinders measuring 100 mm × 200 mm, and prisms 

of 100 mm × 100 mm × 400 mm were used for flexural testing according to ASTM 

C496 and ASTM C78 respectively. SAQ-Ref was not tested for both tensile and 

flexural strengths. The results showed superior performance of GP mixes compared 

with the reference mix. The maximum tensile and flexural strength increments of 35% 

and 4% respectively were reported by the mix with 20% GP replacement at 28 days of 

curing age. 
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(a) Tensile strength results

(b) Flexural strength results

Figure 2.8: Strength results of the tested mixes (Omran & Tagnit-Hamou, 2016) 

The inconsistency in compressive strengths discussed in this section resulted from 

several factors: quality of the GP; chemical and physical properties of the GP; 

replacement percentage; and particle size distribution of GP employed in the respective 

studies. 
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2.5.4 Heat of hydration 

Hydration is the collective term that describes the chemical and physical processes that 

take place between cement and water. It is assumed, although not completely valid, that 

the hydration of each of the four cement compounds takes place independently of the 

others. Hydration of cement is important because it is responsible for setting and 

hardening of the concrete. The following chemical reactions occur when cement comes 

into contact with water: 

2C3S + 6H → C3S2H3 + 3CH 

2C2S + 4H → C3S2H3 + CH 

C3A + C6AS3H32 + 4H → 3C4ASH12 

The hydration process involves five stages, which are outlined below. The relevant 

process is illustrated in Figure 2.9: 

1. hydration due to the initial pouring of water into cement 

2. inactive period during which the concrete sets 

3. accelerated hydration reaction, C3S peaks first and then C2S peaks 

4. deceleration of the hydration reaction, which determines the rate of early 

strength gain 

5. slower hydration rate determines late strength gain. 

Ideally, a lower heat of hydration is desired because a high temperature can cause 

thermal stresses, leading to expansion and finally cracking of concrete. The benefit of 

the lower heat of hydration is helpful in preventing thermal cracking, especially for 

structural members that have large thickness and for mass concreting. 
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Figure 2.9: Heat of Hydration—Stages (Tennis, 1999) 

Du &Tan (2014b) explored the heat evolution rate and cumulative amount of heat for 

pastes with a higher percentage of GP up to 60% (see Figure 2.10). The figure shows 

that the maximum heat evolution rate (see Figure 2.10(a)) and the total heat generated 

(see Figure 2.10(b)) reduced continuously with a GP replacement level. The highest 

Ordinary Portland Cement (OPC) replacement of 60% resulted in the least heat of 

evolution and cumulative heat because of the dilution of cement and the slower rate of 

the pozzolanic reaction of GP. 
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(a) Rate of heat evolution of mixes

(b) Cumulative heat of mixes

Figure 2.10: Heat development with various replacement level with glass (Du & 

Tan, 2014b)  

The reduction in the cumulative heat is in proportion to the replacement level. The 

maximum reduction in the total heat was observed in the mix 60GP (60% replacement 

of cement with GP) and the decrease was almost half compared with the mix OPC 
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(control mix). Kamali & Ghahremaninezhad (2016) reinforced this trend of decreasing 

heat of hydration with increasing GP replacement (see Figure 2.11). The temperatures 

of control cement paste and the pastes modified with FA (fly ash), GP1 and GP2 with a 

constant replacement of 20% were recorded with a semi-adiabatic calorimeter. 

As discussed previously, the reason for the decreasing temperature compared with that 

of the control cement paste was the dilution effect. Figure 2.11 shows that 20% GP1 had 

a higher hydration peak and rate of hydration than paste modified with 20% GP2 and 

20% FA. This improvement in the hydration of the mix 20% GP1 may be due to the 

high surface area of fine glass particles furnishing increased nucleation sites, which 

results in hydration enhancement. Additionally, the mix with 20% FA had delayed 

hydration and showed the lowest peak and rate of heat of hydration. 

Contrary to previous test results, experiments performed by Mirzahosseini & Riding 

(2014) showed an increase in the heat of hydration by paste samples modified with GP 

compared with the control specimen. Figure 2.12 shows the total heat of hydration for 

control samples and samples modified with clear and green glass of 0–25 µm particle 

size and hydrated at three different temperatures of 10 °C, 23 °C and 50 °C. As shown 

in Figure 2.12, the combined heat of hydration at 10 °C (see Figure 2.12 (a)) and 23 °C 

(see Figure 2.12 (b)) for a duration of 96 hours is similar for both types of glass, 

denoting that the degree of cement hydration at 96 hours is identical for both glass 

samples. When the temperature increased to 50 °C (see Figure 2.12 (c)), green glass 

exhibited 10% higher total heat of hydration compared with the clear glass, indicating 

the higher reactivity of green glass at an elevated temperature. 
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Figure 2.11: Hydration temperature evolution for the control paste and the pastes 

modified with 20% FA, 20% GP1 and 20% GP2 (Kamali & Ghahremaninezhad, 

2016)  

In conclusion, the samples containing GP showed slightly higher cumulative hydration 

heats than the control samples at all temperatures. This rise in the hydration rate was 

largely caused by a combination of higher effective w/c (at lower temperatures 10 °C 

and 23 °C) and the pozzolanic reaction of GP (at higher temperatures of 50 °C). 
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(a) At 10 °C

(b) At 23 °C
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(c) At 50 °C 

Figure 2.12: Total heat of hydration of paste samples (Mirzahosseini & Riding, 

2014) 

2.6 Durability Studies 

2.6.1 Alkali–silica reaction 

Deterioration of concrete as a result of a chemical reaction between the active silica 

constituents of the aggregate and the alkalis in the cement is termed ASR. The reaction 

begins with an attack of the siliceous minerals in the aggregate by the alkaline 

hydroxides derived from the alkalis (Na2O and K2O) in the cement forming an alkali–

silicate gel. This gel attracts water through either absorption or osmosis and thus tends 

to rise in volume. Since the gel is confined by the surrounding cement paste, internal 

pressures result and eventually lead to expansion, cracking and disruption of the cement 

paste. 

Waste glass was first employed in the construction industry as an aggregate 

replacement, and investigations revealed that the use of glass as an aggregate 
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substitution increased the chances of ASR (Etris et al., 1974, Topcu & Canbaz, 2004 

and Saccani & Bignozzi, 2010). Investigations have shown that the occurrence of ASR 

in concrete is dependent on the particle size distribution of the glass used; as the particle 

size decreases, the ASR probability decreases (Shao et al., 2000 and Shayan & Xu, 

2004). These outcomes inspired the researchers to apply glass as a cement replacement 

rather than an aggregate substitution to avoid ASR damage. Given the severity of the 

situation, it is imperative to check for the ASR possibility whenever GP is used as a 

cement replacement, even though studies have revealed that glass, when grinded to 

about 300 µm, showed negligible ASR (Shayan & Xu, 2004, Rajabipour et al., 2010 

and Du & Tan (2013, 2014a). 

According to ASTM 1567, cementitious mortar samples under consideration indicated a 

potential deleterious ASR reaction if the ASR expansion values are higher than 0.10% 

after 14 days’ immersion in Sodium hydroxide (NaOH). Matos & Sousa-Coutinho 

(2012) investigated the ASR expansion values for the paste samples modified with 

WGP at 10% and 20% replacement (see Figure 2.13). ‘CTL’ indicates the control mix 

without WGP, ‘WGP10’ is the mix with 10% WGP as a cement substitution, ‘WGP20’ 

is the mix corresponding to 20% WGP as a cement replacement, and ‘SF’ is the mix 

with 10% silica fume as a binder replacement. As depicted in Figure 2.13, out of all the 

mixes, both SF and WGP—especially at a higher replacement level of 20%—

significantly decrease ASR expansion. 



CHAPTER 2: LITERATURE REVIEW 

41 

Figure 2.13: Expansion vs. time due to ASR (Matos & Sousa-Coutinho, 2012) 

Increasing GP content resulted in lower expansion despite the high alkali content. The 

results reported in this study are in agreement with the outcomes stated by previous 

studies by Shao et al. (2000) and Jin et al. (2000). Hence, the ASR testing results 

confirmed that GP assisted in retarding expansion compared with control specimens, 

reaffirming the reports by other studies (Schwarz & Neithalath, 2008, Taha & Nounu, 

2008b and Saccani & Bignozzi, 2010). The justification for the above result was 

provided by Taha & Nounu (2008b), who stated that, due to the pozzolanic reaction, the 

available reactive silica in GP will dissolve very quickly and react with other chemicals 

to form the mineral phases of concrete. Consequently, the dissolved reactive silica of 

GP will be accommodated in the crystals of concrete minerals and would not be 

available for the ASR, which occurs in later stages. 

2.6.2 Effect of acid attack 

Siad et al. (2016) investigated the effect of incorporating GP as cement replacement on 

mortar resistance against a sulphuric acid attack. Figure 2.14 shows the percentage 
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changes in the mass of the cylindrical samples immersed in 5% H2SO4 solution. ‘M0’ is 

the control mix and ‘MGP15’, ‘MGP30’ and ‘MGP45’ are the mixes with cement 

replacement of 15%, 30% and 45% respectively with GP. 

 

Figure 2.14: Mass loss of mortar specimen immersed in 5% H2SO4 solution (Siad 

et al., 2016) 

After 12 weeks of immersion time, M0 showed the worst resistance to H2SO4, with a 

recorded mass loss of 39.1%. In mortars with GP, mass loss reduced gradually with GP 

substitution levels. In contrast, 3%, 10% and 15% mass differences were calculated 

between M0 and MGP15, MGP30 and MGP45 respectively. Other mixtures, such as 

MGPLP, MGPFA and MGPSG, are the binary mixtures prepared with GP and 

limestone powder, fly ash and slag respectively. These outcomes affirm the increased 

resistance of mortars containing GP, particularly with high GP substitution dosages. The 

literature articulates that the two products gypsum and ettringite, which are the primary 

reaction products of the cementitious materials subjected to a sulphuric acid attack are 

usually associated with volume expansion, cracking and spalling, thereby leading to 

mass loss. Bertolini et al. (2011) stated that the Calcium Hydroxide (CH) content of the 

hydrated mortar mix has a major influence on deterioration levels. Sobolev et al. (2007) 
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suggested that the pozzolanic reaction of GP consumes the available CH, so the mass 

loss is reduced in mortars modified with GP. 

The reduction in compressive strength of specimens immersed in a sulphuric acid 

solution is illustrated in Figure 2.15. Similar to mass, the mix M0 registered maximum 

strength loss after 12 weeks of immersion time. GP mixes MGP15, MGP30 and MGP45 

reported mass losses of 7%, 13% and 17% respectively with respect to the control mix 

M0. 

 

Figure 2.15: Compressive strength loss of specimens immersed in 5% H2SO4 

solution (Siad et al., 2016) 

2.6.3 Effect of sulphate attack 

The chemical reaction between the hydrated Portland cement (mainly the calcium 

hydroxide and alumina-bearing phases) and sulphate ions is termed a sulphate attack. In 

the presence of calcium hydroxide, when the cement paste comes into contact with 

sulphate ions, the alumina-containing hydrates are converted to ettringite. This ettringite 

generates excessive expansion in concrete, leading to its cracking. According to the 

Portuguese standard E-462, sulphate expansion at 26 weeks should be under 0.10%; 

hence, it is evident from Figure 2.16 that the Portland cement used in this study was not 
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sulphate-resistant. A 10% replacement of cement with WGP exhibited highest 

resistance to a sulphate attack since the expansion was very small—almost negligible—

at the end of 26 weeks of immersion time. 

Figure 2.16: Expansion during 26 weeks due to sulphate (Matos & Sousa-

Coutinho, 2012) 

The mix with SF had marginally fell within the maximum permissible limit. CH is the 

main requirement for the sulphate attack, and it is significantly consumed by the 

pozzolanic reaction of WGP (Sahmaran et al., 2007, and Aye & Oguchi, 2011). 

Sahmaran et al. (2007) added that the pozzolanic reaction has the dual beneficial effect 

of consuming the harmful CH and producing beneficial secondary C-S-H, which in turn 

reduces the capillary porosity of mortar and significantly improves the microstructure of 

the produced mortar or concrete. 

2.6.4 Permeability 

Permeability is the ease with which liquids or gases can travel through concrete. This 

property is particularly important to the water-tightness of liquid-retaining structures 
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and to chemical attack. Du & Tan (2015) evaluated the water penetration depth in 

concrete with several GP replacement percentages at different curing ages of 28 and 91 

days (see Figure 2.17). 

 

Figure 2.17: Water penetration depth at different curing ages (Du & Tan, 2015) 

‘OPC’ with no GP, 15GP, 30GP, 45GP and 60GP are the mixes with 15%, 30%, 45% 

and 60% replacement of cement with GP respectively. As seen in Figure 2.17, the water 

penetration depth of all GP mixes is very low compared with the control mix at both 28 

and 91 days of curing. The main reason attributed to this performance is the refined 

microstructure of bulk and interfacial transition zone (ITZ) paste due to the pozzolanic 

reaction of GP. The refinement that was brought in essentially blocks the pathways that 

transfer the water. A mix with 30% GP content exhibited the maximum reduced 

permeability. Further, the mix with 60% GP had a higher water penetration depth at 91 

days compared with that at 28 days. This may have been because of the dissolution of 

unstable C-S-H, which hydrates due to a low Ca/Si ratio in the longer curing period. 
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2.6.5 Resistance to chloride penetration 

The corrosion of reinforcing steel, which is caused by chloride ingress, is one of the 

major durability problems encountered by concrete structures—especially marine 

structures such as bridges and dams. Corrosion would result in reductions in strength 

and serviceability and would finally necessitate early repair or premature replacement of 

the structure (Stanish et al., 2001). A prevalent technique to prevent such damage is to 

block chlorides from penetrating the structure to the level of the reinforcing steel bar by 

producing relatively impenetrable concrete. The potential of chloride ions penetration in 

the concrete must be known for design and quality control purposes. However, the 

infiltration of concrete by harmful chloride ions cannot be determined directly in a 

timeframe that would be useful as a quality control measure since the actual penetration 

process is quite slow. 

Hence, to estimate the chloride penetration, a test method that accelerates the process is 

needed to allow the determination of diffusion values in a reasonable time. A rapid 

chloride permeability test (RCPT) is an effective technique for quantifying the 

resistance offered by the concrete/cementitious material to harmful chloride ingress. Shi 

et al. (1998) stated that RCPT results are an indicator of electrical conductivity because 

RCPT is a procedure that measures the accumulated charges (not only chloride) passing 

through the specimen under a constant voltage. The RCPT technique is regularly used 

in the literature, and Table 2.8 summarises some of the research conducted in the past 

using this technique. 
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Table 2.8: Summary of various studies on chloride ion penetration test 

Test Standard GP size 

(µm) 

Max rep 

(%) 

Interval 

(days) 

Source 

RCPT ASTM 

C1202 

0–100 60 56 (Du & Tan, 2017) 

RCPT ASTM 

C1202 

0–40 30 28–365 (Omran & Tagnit-Hamou, 2016) 

RCPT ASTM 

C1202 

0–45 20 28–91 (Kamali & Ghahremaninezhad, 

2015) 

RCPT ASTM 

C1202 

0–100 60 7–91 (Du & Tan, 2014b) 

RCPT ASTM 

C1202 

0–40 20 28–90 (Jain & Neithalath, 2010) 

Du & Tan (2017) employed the RCPT technique to determine the effect of GP as a 

cement replacement on chloride ion penetration (see Figure 2.18). The average quantity 

of charges passing the reference concrete made with 0% GP is 3,587 Coulombs, 

indicating moderate penetrability in accordance with the values given in Table 2.9. As 

the GP replacement level increases, the amount of charges passing decrease 

continuously up to a replacement percentage of 60%. The electrical conductivity of 

concrete is dependent on the pore solutions in addition to porosity and pore structure. In 

the case of plain cement paste, the pore solution is filled with hydration products. When 

GP replaces cement, the amount of hydroxyl and calcium ions will decrease. Moreover, 

alkalis might be simultaneously absorbed into the formed C-S-H gels with a low Ca/Si 

ratio. 
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Figure 2.18: Influence of glass powder on RCPT results of concrete (Du & Tan, 

2017) 

In conclusion, both the improved microstructure and reduced ion concentration in the 

pore solution result in a reduction of electrical conductivity. These outcomes indicate 

that concrete made with GP as a cement replacement exhibit higher resistance to 

chloride ingress when compared with concrete made with conventional Portland 

cement. A summary of previously published research on the application of GP as 

cement replacement during the past two decades is shown in Table 2.10. 

Table 2.9: RCPT ratings (ASTM C1202, 2012) 

Charge passed (coulombs) Chloride ion penetrability 

>4,000 High 

2,000–4,000 Moderate 

1,000–2,000 Low 

100–1,000 Very low 

<100 Negligible 
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Table 2.10: Experimental studies on GP as binder in mortar/concrete 

S 

No 

Size of the GP (µm) Max 

rep (%) 

Varying parameter Test conducted Reference 

1 0–100 30 % rep (10,20,30) @ w/b = 0.38 

Creep behaviour of GP modified concrete 

Creep, elastic modulus, compressive strength, mercury 

intrusion porosimetry (MIP), scanning electron 

microscopy (SEM) & nano indentation techniques 

He et al., 2019 

2 0–100 30 % rep (10,20,30) @ w/b = 0.72 

Mixing method on fresh & hardened properties 

Slump, density, water absorption, compressive strength 

& flexural strength 

Elaqra et al., 2019 

3 GP1 (<75) 

GP2 (<63) 

20 % rep (10,20,30) @ w/b = 0.72 

Effect of size and replacement level of GP 

Slump, compressive strength, tensile strength, water 

absorption & drying shrinkage 

Patel et al., 2019 

4 GP <75 20 20% rep @ w/b = 0.35 

Effect of waste glass powder (WGP) & waste glass 

sludge (WGS) 

Slump, air content, compressive strength, x-ray 

diffraction (XRD), porosity, resistance to frost damage 

& chloride transport 

Lee et al., 2018 

5 0–100 

(40% GP ≤ 10) 

60 % rep (15,30,45,60) @ w/b = 0.49 & cement 

content = 380 kg/m3 in reference 

XRD & thermos gravimetric analysis (TGA), porosity & 

microstructure, compressive strength, transport of water 

in GP concrete, electrical conductivity & transport of 

chloride ions in GP concrete 

Du and Tan, 2017 

6 Fine GP (50) 

Coarse GP (125–

200) 

30 Fine and coarse GPs @ 30% rep 

w/b = 0.4 (SEM-EDX, XRD, ASR) 

w/b = 0.5 (pore solution squeezes) 

Accelerated alkali silica reaction (ASR), isothermal 

calorimetry, XRD patterns, Rietveld calculation, pore 

solution composition, SEM-EDX 

Zheng, 2016 

7 GP1–(d50 = 8.4) 

GP2–(d50 = 8.4) 

20 % rep (5,10,15,20) @ w/b = 0.5 for GP 1 & 2 Heat of hydration, chemical shrinkage, setting time 

non-evaporable water content, TGA, XRD, electrical 

resistivity of cement pastes, image analysis, PH 

Kamali & 

Ghahremaninezhad, 

2016 
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S 

No 

Size of the GP (µm) Max 

rep (%) 

Varying parameter Test conducted Reference 

d50 = mean size measurement 

8 GP < 75 25 % rep (5,10,15,20,25) @ w/b = 0.5 & Cement 

content = 350 kg/m3 in control mix 1 

% rep (5,10,15,20,25) @ w/b = 0.35 & Cement 

content = 450 kg/m3 in control mix 2 

Effect of GP as cement replacement 

Pozzolanic effect of GP, water requirement, setting time, 

soundness, compressive strength & TGA 

Aliabdo et al., 2016 

9 (dmax = 40, d50 = 12) 30 Interior slabs (10% rep) 

Exterior slabs/sidewalks (20% rep) 

Exterior structural wall elements (10,30) % rep 

Slump, air content, unit weight, concrete temperature, 

ambient temperature, compressive strength, splitting 

tensile strength, flexural strength, modulus of elasticity, 

mercury porosity, resistance to chloride ion penetration, 

drying shrinkage deformation, resistance to freeze-thaw 

cycles and de-icing salts, isothermal deformation 

Omran & Tagnit-

Hamou, 2016 

10 0–100 

(40% GP ≤ 10) 

45 % rep (15,30,45) @ w/b = 0.45 & cement content = 

500 kg/m3 in reference 

Strength activity index, compressive strength, mass, 

ultrasonic pulse velocity (UPV) & resistivity of mortars 

(cubes & cylinders) before immersion 

Effect of water & sulphuric acid immersion—change of 

mass, change of compressive strength, change of UPV & 

change of electrical resistivity 

Microstructural observations: SEM-EDX & XRD 

Siad et al., 2016 

11 GP 1–(d50 = 8.4) 

GP 2–(d50 = 8.4) 

20 % rep (5,10,15,20) @ w/b = 0.5 & cement content = 

320 kg/m3 for GP 1 & 2 

Slump & density, compressive strength, flexural 

strength, ASR expansion, Glass dissolution, rapid 

chloride permeability, rapid migration of chloride, 

electrical resistivity & porosity 

Kamali & 

Ghahremaninezhad, 

2015 

12 0–100 

(40% GP ≤ 10) 

30 % rep (5,10,15,20,25,30) @ w/b = 0.51 & cement 

content = 400 kg/m3 in reference 

Fresh properties—Slump flow test, VSI test, V-funnel 

test, blocking ratio test, J-ring test, segregation index 

(GTM) test, air content, wet density test, setting time test 

Sharifi et al., 2015 
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S 

No 

Size of the GP (µm) Max 

rep (%) 

Varying parameter Test conducted Reference 

comparison of cost analysis 

13 (d50 = 3.4) 60 % rep (15,30,45,60) @ w/b = 0.49 & cement 

content = 380 kg/m3 in reference 

Compressive strength, chloride migration coefficient, 

chloride diffusion coefficient, water permeability, water 

sorptivity, water absorption, permeable voids & SEM 

Du & Tan, 2015 

14 Clear glass (0–25) 

Green glass (0–25) 

25 Pozzolanicity of clear & green glass at three diff 

curing temp (10 ,23 & 50 °C) is measured 

Leaching, Isothermal calorimetry, chemical shrinkage, 

TGA, SEM, compressive strength & water sorptivity 

Mirzahosseini & 

Riding, 2014 

15 (d50 = 10) 60 % rep (15,30,45,60) @ w/b = 0.49 & cement 

content = 380 kg/m3 in reference 

Rheological properties using Roto Visco 1, 

heat of hydration, XRD, TGA, MIP, compressive 

strength, rapid chloride permeability test (RCPT) of 

concrete, water penetration resistance & SEM 

Du & Tan, 2014 

16 (d50 = 10) 20 % rep (10,20) @ w/b = 0.5 & cement content = 450 

kg/m3 in reference 

Pozzolanic activity, setting time, soundness, specific 

gravity, chemical analysis, compression test, flexural 

test, strength activity index, ASR, chloride diffusion, 

absorption by capillarity, carbonation, sulphate attack, 

XRD & SEM 

Matos & Sousa-

Coutinho, 2012 

17 (d50 = 20) 20 % rep (10,20) @ w/b = 0.4 RCPT, non-steady-state migration (NSSM), steady state 

conduction (SSC), XRD, TGA & EIS 

Jain & Neithalath, 

2010 

18 (d50 = 45) 20 20 % rep of cement 

Influence of pozzolanic glass powder (PGP) on 

expansion induced by ASR 

ASR, x-ray fluorescence (XRF) & XRD Taha & Nounu, 

2008b 

19 10–15 30 % rep (20,30) @ w/b = 0.49 & cement content = 

380 kg/m3 in reference 

Slump, density, compressive strength, flexural strength, 

split tensile strength, dynamic modulus of elasticity, 

UPV, VPV, drying shrinkage, AAR expansion, RCP, 

SEM-EDX 

Shayan & Xu, 2006 
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S 

No 

Size of the GP (µm) Max 

rep (%) 

Varying parameter Test conducted Reference 

20 GP fine (40–700) 

GP dust (20% ≤ 10) 

GP 4000 (0–300) 

GP 6000 (0–100) 

20 GP fine (20% rep) , w/b = 0.465 

GP dust (20% rep) , w/b = 0.471 

GP 4000 (20% rep) , w/b = 0.480 

GP 6000 (20% rep) , w/b = 0.485 

SEM, Blaine fineness, particle size distribution, strength 

activity index, compressive strength & AAR expansion 

Shi et al., 2005 

21 75 < GP 1 < 150 

38 < GP 2 < 75 

GP 3 < 38 

30 30% rep by volume Activity of ground glass with lime, compressive strength 

& ASR expansion 

Shao et al., 2000 
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2.7 Mix Design 

2.7.1 Water–cement ratio 

Mix design is performed to estimate the quantities of ingredients in concrete based on the 

strength and durability requirements. The w/c varies according to the strength and durability 

specifications, and when a pozzolan is used in concrete, the water to cementitious material 

ratio (w/cm) must be considered. ACI 211.1-91 recommends treating the w/cm ratio as 

equivalent to the w/c ratio of a Portland cement mix, and the design can be performed either 

by employing the same weight or volume of the cementitious material equivalent to the 

cement content in the cement-only mix. Since pozzolans generally have a lower specific 

gravity (SG) than cement, the volume of cementitious material is greater than that of the 

cement mix, resulting in a lower mass of cementitious material compared with the cement 

content when volume-based mix design in employed. In effect, the resulting mix will have a 

higher w/cm ratio than the w/c ratio. This issue can be resolved by employing a weight-based 

mix design that can result in identical values in both w/cm and w/c ratios. 

2.7.2 Fly ash mix design 

Pozzolanic material like pulverised fuel ash (PFA), also called fly ash, has been successfully 

employed as a cement replacement in producing concrete. Fly ash has dual beneficial effects: 

it reduces water demand and increases the strength at a later age due to the pozzolanic 

reaction. For constant workability as a cement-only mix, there is an increase in the reduction 

in water content with a rise in the replacement percentage. The lower early strength of fly ash 

mix is caused by delayed pozzolanic reaction and reduced cement content. The combined 

mass of the cementitious material is to be greater than that of the cement-only mix to produce 

concrete that results in the same strength after 28 days of curing. The water reductions and 

corresponding replacement percentages are given in Table 2.11. 
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Table 2.11: Reductions in free water contents when using fly ash 

Slump (mm) 0–10 10–30 30–60 60–180 

Proportion fly 

ash (%) 

 

Reductions in water content (kg/m3) 

10 5 5 5 10 

20 10 10 10 15 

30 15 15 20 20 

40 20 20 25 25 

50 25 25 30 30 

As stated in the previous paragraph, due to its pozzolanic characteristic, fly ash contributes to 

the strength increment at a later stage, and this contribution increases with age. This infers 

that the fly ash is providing strength equivalent to that of cement having a lower mass. Based 

on this notion, Smith (1967) proposed cementing efficiency factor (k) to be employed, where 

kF is the mass of Portland cement equivalent to a mass F of fly ash. This k value varies with 

the type of fly ash employed and increases with time. Concrete made with cement and fly ash 

will have the same strength as a cement-only mix of similar workability if the following 

condition is implemented: 

W/(C + kF) = W1/C1 

Where W, C and F are the free water, cement and fly ash contents respectively. W1 and C1 

are the free water and cement contents of the Portland cement concrete. The k value depends 

on the type of fly ash and the Portland cement used, and it is generally in the range of 0.2–

0.45. An average value of 0.3 is usually taken as the k value. Table 2.12 presents the 

compressive strength values of different types of cement with k = 0.3. The characteristic 

compressive strength of concrete made with W/(C+0.3F) is given in Table 2.12. 
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Table 2.12: Compressive strengths of Portland cement/fly ash concrete mixes made with 

W/(C + 0.30F) of 0.5 

Type of cement Type of coarse 

aggregate 

28-day compressive  

strength (MPa) 

Type A / D uncrushed 39 

Type A / D crushed 46 

Type B uncrushed 45 

Type B crushed 54 

The cement content can be deduced from the following equation: 

P = 100F/(C + F) 

Where P is the replacement percentage of fly ash, and C and F are the cement and fly ash 

contents. 

The fly ash mix design can be applied to GP concrete or mortar mixes only if the GP addition 

is leading to the slump increment. As discussed earlier, some studies reported in the literature 

review gave higher slump values with GP replacement, while a few had a reverse trend with 

the GP substitution. 

2.8 Knowledge Gap 

The above literature review demonstrated that the application of GP as binder in preparing 

mortar/concrete in laboratory and field studies has been performed for almost two decades. 

However, there are still some unexplored areas, which are discussed in this section as the 

research gap pertaining to GP concrete: 

• Past studies pertaining to GP as cement replacement reported contrary outcomes, 

especially in properties such as workability, density, compressive strength and heat of 

hydration. 
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• Most researchers have concentrated on fine GP (<100 µm) due to the increment in the 

pozzolanic characteristic of GP with a decrease in its size. However, few studies with 

coarse GP (>100 µm) have resulted in SAI values of below 100%. 

• Previous published research shows that the water reduction technique applied on GP 

mortar/concrete akin to fly ash mix design was limited to 10% GP replacement. 

2.9 Summary 

This chapter presented a systematic up-to-date literature review pertaining to the use of GP in 

place of cement in preparing concrete. The effect of GP replacement on various fresh, 

mechanical and durability properties of concrete was discussed with the previous published 

outcomes, and any contradictions were highlighted. The chapter finished by listing the gaps 

identified in the research that has been conducted to date. 
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CHAPTER 3: RESEARCH PROJECT 

3.1 Introduction 

This chapter provides a brief outline of the research work performed, as well as the materials 

employed, specifications and their associated testing procedures. Common experimental 

procedures relating to casting, such as mixing, placing, moulding and curing, are also 

addressed in this chapter. 

3.2 Overview 

The complete experimental program was divided into three stages, as shown in Figure 3.1. 

The first stage had two phases that employed two different GPs with two diverse replacement 

levels in each phase. The first phase employed GP replacement levels of 20%, 40% and 60%, 

while GP substitutions of 15%, 30% and 50% were executed in the second phase. The w/b 

ratio employed in both phases was 0.4. Details of the mix design can be seen in subsequent 

chapters. Around 200 cylinders of standard dimensions were cast for this stage, and the basic 

purpose of the experimental work in this stage was to assess the pozzolanic performance of 

GP and to select a GP to be used for the subsequent stages. 

The effect of different curing conditions on the pozzolanic performance of GP was 

investigated in the second stage of the research work. A coarser GP was subjected to three 

different curing regimes—namely, ambient, steam and water. The w/b ratio used was 0.35, 

and around 180 cylinders were cast in this stage. The mix design employed, and the 

experimental parameters incorporated are elaborated in the following chapters. 

The last stage of the experimental work optimised the pozzolanic characteristic of a coarser 

GP by modifying the mix design. It was again divided into two phases, and cubes of standard 
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dimensions were cast in the first phase to check the efficiency of the adopted new mix design. 

Since the employed alterations to the mix design gave positive results, cylinders were cast 

using the same modifications with different w/cm ratios in the second phase of the research 

project. In total, around 180 cylinders, 36 cubes and 36 prisms were cast, and around 12 

temperature probes were employed in this stage. 

Overall, around 600 cylinders were cast for the entire experimental program, and 

compressive strength testing was performed for around 91 days in each stage. Details of the 

casting procedures, specimens and testing process are provided in subsequent sections. Figure 

3.1 depicts the various stages and phases of the experimental program. 

 

Figure 3.1: Experimental program—overview 
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3.3 Material 

This experimental study focused on concrete, so it is important to discuss the components of 

concrete used to create the mixes. Concrete is generally composed of cement, water, fine 

aggregate and coarse aggregate. The mixing of cement and water to form a paste is crucial, as 

the w/c ratio is the governing factor in deciding the overall quality of the concrete mix. The 

remainder of the mix comprises fine aggregate (e.g., sand and crushed stone) and coarse 

aggregate (e.g., gravel and large stones). Aggregates as a whole are stronger and more 

durable than the paste itself and are therefore used as filler to add bulk to the concrete without 

impeding any quality requirements. Coarse aggregates were omitted from this investigation to 

limit the number of parameters. This is acceptable because a mortar composed of only water, 

cement and fine aggregate is sufficient to achieve both accurate and reliable results. 

3.3.1 Cement 

The cement used in this project was CEMIX general purpose cement, which complies with 

all of the regulations and requirements highlighted in AS 3972 for general purpose and 

blended cement (see Figure 3.2). Cement is a substance used to bind other materials together. 

It is made by heating materials—usually limestone and another substance containing clay—to 

a calcining temperature, and the result is a cement clinker that is then ground into cement. 

The chemical composition of the cement used in this experiment can be found in Table 3.1. 
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Figure 3.2: Cement 

Table 3.1: Chemical composition of the CEMIX general purpose cement (CEMIX 

material safety data sheet) 

Chemical identity Proportion 

Portland cement clinker <97% 

Crystalline quartz <1% 

Hexavalent chrome (CRM) <20 ppm 

Gypsum (CaSO4.2H20) 2–5% 

Calcium oxide (CaO) 1–3% 

Non-hazardous ingredients 4–5% 

3.3.2 Glass powder 

The GP used in this study was provided by Enviro Sand, a company located in Brisbane, 

Australia. Enviro Sand creates GP by first collecting waste and sorting it using a shaker 

machine. The glass is then crushed into the appropriate sizes and stored in a controlled 

environment. There were two different samples, with particle sizes of 75 μm and 150 μm. 

The particle sizes were so small that the GPs appeared to be a fine white powder, as 

illustrated in Figure 3.3. 
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(a) Fine GP (<75 µm) (b) Coarse GP (<150 µm) 

Figure 3.3: GPs used in the research 

3.3.3 Sand 

The sand used in this study was EASY MIX double-washed river sand, which was provided 

by Griffith University (see Figure 3.4). A sieve analysis was performed to determine its 

fineness modulus in accordance with AS 1141.11 (2009) to check the grading of the material. 

The technical properties of the employed sand are presented in Table 3.2. The values reported 

are from the safety data sheet of the material. 

 

Figure 3.4: Sand 
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Table 3.2: Technical properties of EASY MIX double-washed river sand 

Material property Composition 

Appearance Dry, mid-size, brown 

Size/grading 0.2–0.8 mm 

Moisture content <0.1% 

Bulk density approx. Approx. 1,400 kg/m³ 

Contamination <0.5% 

Acid solubility <1% 

Silt <75 um <1% 

Chloride content <0.5% 

3.3.4 Water 

The water used in this project was tap water from Griffith University. It was taken at room 

temperature, approximately 20 °C. 

3.4 Testing 

3.4.1 Sieve analysis of sand 

A procedure for conducting a sieve analysis to determine the particle size distribution of a 

sample is outlined in AS 1141.11 (2009). The information provided by these tests is crucial in 

confirming the quality control of the samples as well as the fineness modulus of the sand. A 

riffle box was used to separate the dry samples into two batches for testing after ensuring a 

random sample of about 500 grams was taken. Sieves were arranged in order of decreasing 

size of opening from top to bottom (see Figure 3.5(a)). The samples were then poured into the 

top sieve and placed in a mechanical shaker (see Figure 3.5(b)) to sort the particle sizes. The 

agitation was performed for about 10 minutes. Each sieve was then weighed to determine the 

amount of mass retained at each particle size. 
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(a) Sieves (b) Mechanical shaker 

Figure 3.5: Sieve analysis of sand 

3.4.2 Water absorption of sand 

The procedure for testing the water absorption of sand is detailed in AS 1141.5 (2000). A 

sample of the sand was submerged in water for 24 hours and then drained and set on a flat 

surface. It was dried slowly with light heat from a heater, as shown in Figure 3.6. The sample 

was constantly stirred until it was dry enough to slump upon testing. Several samples were 

then placed in a pycnometer and weighed to determine the water absorption of the sand. This 

test was undertaken to check whether any allowances had to be made in the concrete mix 

design. The water absorption was found to be low and was therefore ignored during the 

design phase. 
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Figure 3.6: Water absorption of sand test 

3.4.3 Density and specific gravity of sand 

The density of the sand was determined by filling a container of known volume and mass 

with sand to perform a simple density calculation (see Figure 3.7(a)). The SG of the sand was 

tested in accordance with ASTM Standard C128. Several small samples of sand were placed 

in pycnometers and filled with a sufficient amount of water. They were then placed inside a 

vacuum desiccator (see Figure 3.7(b)) to remove the air from the samples. The mass of the 

samples was then recorded, and the SG was calculated. The purpose of these experiments was 

to have a record of the properties of the sand and ensure the experiment is replicable. 
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(a) Density test (b) Specific gravity test 

Figure 3.7: Density and specific gravity testing of sand 

3.4.4 X-ray fluorescence 

The chemical composition of cement and GPs employed in this research study were 

evaluated with the X-ray fluorescence (XRF) technique using Bruker S8 TIGER (see Figure 

3.8(a)). The basic advantage of XRF analysis is that it is independent of the chemical bonding 

of the elements in the sample and can directly analyse each element in the specimen non-

destructively. Unlike other methods, specimen preparation is quite simple. Additionally, 

Bruker S8 TIGER has a sample magazine that can be loaded either manually or automatically 

for different sizes of the specimen, as seen in Figure 3.8(b). 
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(a) Bruker S8 TIGER (b) Sample magazine 

Figure 3.8: XRF testing instrument (www.bruker-axs.de) 

The specimen is excited due to the bombardment of X-rays, and it generates XRF, as seen in 

Figure 3.9. The X-rays hit individual electrons of the elements out of the atoms—particularly 

out of the inner atomic shells K and L. This results in vacancies, which are filled by electrons 

from higher energy shells. Due to the movement of electrons from higher to lower energy 

shells, excess energy is released in the form of XRF radiation. This discharged radiation is 

characteristic for each element, like a fingerprint, and it is independent of the atom’s 

chemical bond. The intensity of the emitted radiation is proportional to the concentration of 

the element in the specimen. 

XRF can be performed in two different ways: energy-dispersive XRF (EDXRF) and 

wavelength-dispersive XRF (WDXRF). The technique used in the present work was EDXRF, 

which simultaneously acquires all X-ray energies emitted from the specimen, and a single X-

ray detector aligned in a fixed position is used to separate the characteristic energies. 
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Figure 3.9: XRF analysis process (www.bruker-axs.de) 

3.4.5 Scanning electron microscopy 

The microstructure observations of samples was conducted using a JSM-7100F field 

emission scanning electron microscope (SEM), as shown in Figure 3.10. The JSM-7100F is 

an easy-to-operate high-resolution SEM equipped with a field emission gun that acts as an 

electron source, and the image display system possesses state-of-the-art computer technology. 

The electron probe illuminates the specimen and emits secondary electrons, backscattered 

electrons, transmitted electrons and X-rays typical to the composition of the sample, as 

shown in Figure 3.11. The JSM-7100F has a variety of optional attachments that are applied 

to use these signals to obtain the desired output. 

Samples of cement and the two GPs were examined to appreciate the size difference and 

morphology of the binders applied in the research study. In addition, three mortar specimens 

(M10S3P2-0GP, M11S3P2-15GP and M12S3P2-30GP) were tested to determine the effect of 

GP substitution on cement mortar microstructure. In total, six samples were examined, and 
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each specimen had three backscattered electron images at an accelerating voltage of 20 kV. 

Magnifications of 200, 500 and 1200 were employed for each sample to obtain a 

characteristic morphology of the microstructure. 

 

Figure 3.10: SEM testing machine (https://www.jeolbenelux.com/JEOL-BV-News/jsm-

7100f-thermal-field-emission-electron-microscope) 
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Figure 3.11: SEM procedure (Copyright 2000 JEOL Ltd.) 

3.5 Casting Procedure 

3.5.1 Mixing 

The procedure for mixing the mortar was performed in accordance with AS 1012.2 (2014), 

which details the methods for mixing mortar. Each material was separately poured into 

buckets and weighed to the specified amounts, as per the respective mix design employed. 

The materials were hand loaded into the cement mixer (see Figure 3.12(a)), as outlined by AS 

1012.2 (2014): sand was poured first, along with enough water to wet the sand; the mixture 

was then mixed for 30 seconds and stopped; cement and GP were then added and, to prevent 

the loss of the powdered materials, they were covered with sand; and mixing was started as 

shown in Figure 3.13 from AS 1012.2 (2014). The mixing of mortar can be seen in Figure 

3.12(b). 
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(a) Cement mixer 

 

(b) Mortar  

Figure 3.12: Mortar mixing 
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Figure 3.13: Mixing procedure (AS 1012.2, 2014) 

3.5.2 Moulding 

The cylindrical moulds used in this experiment were provided by Griffith University and 

conformed to the standards outlined in AS 1012.8 (2014). The cylinders had a height of 

200 mm and a diameter of 100 mm. The moulding was performed using the procedure 

outlined in AS 1012.8 (2014), as follows: 

0 min 

2 min 

4 min 

6 min 

9 min 

11 min 

14 min 
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1. The inside surface of the mould was cleaned of any set concrete from previous use 

and coated with a mould release agent to prevent the mortar from sticking. Figure 

3.14(a) shows a mould being cleaned, and Figure 3.14(b) shows the mould release 

agent used to coat the moulds in a bowl. 

2. After mixing, mortar was poured into the test cylinders in two approximately equal 

layers. 

3. Each layer was compacted using either the tamping rod or vibration table to minimise 

the number of air voids present in the hardened mortar. Figure 3.14(c) demonstrates 

the mortar being poured into the moulds. 

   

(a) Mould cleaning (b) Mould release agent (c) Mortar pouring and 

vibration 

Figure 3.14: Preparation and placement of mortar samples 

A tamping rod was used in the entire experimental program, and the method outlined in 

Section 7.3 of AS 1012.8.1 (2014) was used, which specified 25 strokes for each of the two 

layers. Any voids on the surface of each layer were removed by tapping the sides of the 

mould with a mallet. The top layer was overfilled and scraped off after compaction. Figure 

3.15 shows a completed batch of mix samples. 
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Figure 3.15: Completed mortar mix batch 

3.5.3 Curing 

The mortar curing was performed in two stages—initial curing and water curing—as 

stipulated by AS 1012.8.1 (2014). Initially, the samples were stored in their moulds for 

approximately 24 hours. They were then removed from their moulds and placed in a water 

bath. Curing occurred at approximately 23 °C in accordance with the standard. The water 

bath was composed of lime-saturated water, and the samples were fully submerged. Curing of 

the mortar cylinders was performed for periods of 7, 28 and 91 days. Figure 3.16(a) shows 

the samples demoulded and labelled, and Figure 3.16(b) shows the samples being placed into 

the water bath for curing. 
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(a) Demoulded and labelled samples (b) Water bath 

Figure 3.16: Demoulding and curing of specimens 

3.6 Summary 

This chapter provided a basic overview of the complete experimental process executed in the 

current research project. The particulars of the materials employed, the specifications and the 

key testing procedures were outlined. Further, the casting process that is common to all stages 

of the experimental program was detailed in this chapter to avoid duplication in subsequent 

chapters. The next chapter details the experimental process performed in each stage. 
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CHAPTER 4: EXPERIMENTAL STUDIES 

4.1 Introduction 

This chapter elaborates the complete experimental work performed to investigate the 

pozzolanic characteristic of the GPs employed. The three stages of the experimental program 

are reported sequentially, and particulars of the study, including experimental variables, 

materials used, the mix design and tests performed in each stage are discussed. In each stage, 

the performance of the GP mixes subjected to different conditions are compared with a 

reference mix with 0% GP to obtain the optimum replacement level of the GP under 

investigation. 

4.2 Preliminary Experimental Program—Stage 1 

4.2.1 Material employed 

The materials used were cement, fine and coarse GPs, sand and water. Details of the material 

properties, such as particle size, SG, water absorption and chemical composition, were 

provided in previous chapters (see Section 3.3). 

4.2.2 Experimental parameters 

Two GPs—GP1 and GP2—were used in this stage, which enabled the researcher to study the 

size of the effect of GP on pozzolanic performance. The experimental work in this stage was 

divided into two phases. The GP replacement levels in each phase are different, and their 

details are provided in the next section. 

4.2.3 Mix design 

A weight-based mix design was employed in both phases (see Table 4.1 for details). A w/b 

ratio of 0.4 was applied in both phases; however, the replacement levels are distinct in each 
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phase. The letters M, S and P in the mix designation stand for mix, stage and phase 

respectively, mix M1S1P1-0GP denotes the first mix in stage one and phase one having 0% 

GP. Phase 1 had GP replacement levels of 20%, 40% and 60%, while GP substitution levels 

of 15%, 30% and 50% were executed in the second phase. A control mix with 0% GP was 

employed in both phases to assess the pozzolanic performance of the GPs used in the 

experimental work. Each phase had four mixes, and 15 cylinders of standard dimensions 

were cast for each mix to test five cylinders at each curing age: 7, 28 and 91 days. The GP 

mixes in each phase were repeated at each replacement level, as two GPs were assessed in 

both phases. In total, close to 100 cylinders were cast in each phase. The number of tests and 

the procedures employed will be discussed in subsequent sections. The procedures of casting, 

such as mixing, moulding and curing the specimens, are discussed in detail in previous 

chapters (see Sections 3.5–3.7). 

Table 4.1: Proportion of mixes (V = 1 m3) 

Phase 1 (GP < 75 & 150 µm) 

Mix designation GP (%) Water (kg) Cement (kg) GP (kg) Sand (kg) W/(C+GP) 

M1S1P1-0GP 0 240 600 0 630 0.40 

M2S1P1-20GP 20 240 480 120 630 0.40 

M3S1P1-40GP 40 240 360 240 630 0.40 

M4S1P1-60GP 60 240 240 360 630 0.40 

Phase 2 (GP < 75 & 150 µm) 

Mix designation GP (%) Water (kg) Cement (kg) GP (kg) Sand (kg) W/(C+GP) 

M1S1P2-0GP 0 240 600 0 630 0.40 

M2S1P2-15GP 15 240 510 90 630 0.40 

M3S1P2-30GP 30 240 420 180 630 0.40 

M4S1P2-50GP 50 240 300 300 630 0.40 
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4.2.4 Tests 

4.2.4.1 Slump 

A slump test was performed for each mix to measure the slump and determine the 

relationship between the particle size and workability. Figure 4.1(a) shows the apparatus and 

measuring procedure (see Figure 4.1(b)) used for the slump test. The procedure outlined in 

AS 1012.3.1 (2014) was followed: 

1. The mould was cleaned to ensure there was no set concrete from previous tests. 

2. The mould was placed on a smooth, horizontal surface and held in place. 

3. The mould was filled in three layers, with each layer receiving 25 strokes of the 

tamping rod to remove any air pockets, noting that the top layer was overfilled. 

4. Any excess concrete was scraped off the top to ensure the mould was filled exactly. 

The mould was removed and the difference between the height of the mould and the average 

height of the top of the mortar surface was measured and reported as the slump of the mix. 

  

(a) Slump cone filling (b) Slump measurement 

Figure 4.1: Slump test 
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4.2.4.2 Hardened density 

The mass per unit volume of the hardened samples was obtained by determining the mass of 

the specimen and volume as calculated from the dimensions of the samples and then dividing 

the mass by the volume. The procedure given in AS 1012.12 (1998) was followed for the test. 

The height was measured with a ruler and the diameter was measured with a calliper, taking 

the average of three measurements around the cylinder (see Figure 4.2(a)). Finally, the mass 

was measured to determine the hardened density of each sample, as shown in Figure 4.2(b). 

  

(a) Dimension measurements (b) Mass recording 

Figure 4.2: Hardened density test of cylinders 

4.2.4.3 Compressive strength 

The procedure for compression testing is outlined in AS 1012.9 (2014). The cylinders were 

removed from the water bath 24 hours prior to testing to ensure they would be completely 

dry. The testing machine was provided by Griffith University and complies with the 

requirements listed in AS 1012.9 (2014). Figure 4.3 shows that the machine was certified as 

correctly calibrated during the period it was used. To begin the testing, the platens of the 

machine were cleaned and brushed to ensure the surface was devoid of grit. For the 
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compression tests, the sample was placed in the centre of the testing machine, as seen in 

Figure 4.4(a). A force of 2.4 kN/s was applied until the specimen broke, as shown in Figure 

4.4(b). The loading was stopped at this stage, and the maximum stress was noted as the 

compressive strength of the cylinder, as depicted in Figure 4.5.  

 

Figure 4.3: Compression testing machine calibration certificate 
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(a) Testing machine (b) Broken specimen 

Figure 4.4: Compressive strength testing of cylinders 

 

Figure 4.5: Compressive strength value in MPa 



CHAPTER 4: EXPERIMENTAL STUDIES 

 81 

4.2.4.4 Tensile strength 

A splitting tensile test was used to measure the tensile strength of the samples. The procedure 

followed is drafted in AS 1012.10 (2014). The testing machine employed for the test was the 

same one used for the prior test of compressive strength measurements of cylinders. The 

procedure followed is almost similar to the compressive testing, but with variations to the 

alignment of the cylinder and the loading rate. The diameter and height of the cylinder were 

made by measuring the dimensions to the nearest 0.2 mm, and the average of at least three 

measurements was taken as the final value for each specimen. The hardboard bearing strips 

were aligned between the top and bottom of the cylinder. The cylinder was centred in the 

bottom platen in the testing machine (see Figure 4.6(a)), and loading was performed at the 

rate of 1 kN/s until the cylinder broke. The cylinder broke into approximately two equal 

halves after failure (see Figure 4.6(b)). The maximum force applied to the cylinder as 

indicated by the testing machine was reported as the tensile strength of the specimen. 
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(a) Placement of the sample (b) Cylinder broken into two halves 

Figure 4.6: Tensile strength testing of cylinders 

4.3 Detailed Experimental Program—Stage 2 

4.3.1 Material employed 

The materials used in this stage were cement, coarse GP, sand and water. The specifications 

of the applied materials, such as particle size, SG, water absorption and chemical 

composition, were provided in section 3.3. 

4.3.2 Experimental parameters 

Three different curing conditions were employed to evaluate the pozzolanic behaviour of the 

coarse GP, as shown in Figure 4.7. For ambient curing (see Figure 4.7(a)), the cylinders were 

removed from the mould after 24 hours and kept in a room at a controlled temperature and 

humidity of 23 ºC and 50% respectively until the testing age. Elevated temperature curing 

(ETC) (see Figure 4.7(b)) was conducted at 40 °C, and cylinders were kept in a chamber for 
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24 hours at a constant temperature of 40 °C. Subsequently, the samples were removed from 

the chamber and kept in the room under ambient conditions until the testing time. Water-

curing (see Figure 4.7(c)) was performed by immersing and keeping the cylinders submerged 

in a limewater bath until testing time. This process of curing was compliant with the standard 

AS 1012.2 (2014). 

   

(a) Ambient (b) ETC@40 C (c) Water 

Figure 4.7: Cylinders subjected to three different curing regimes 

4.3.3 Mix design 

A weight-based mix design for the concrete was employed, and the replacement levels 

employed were 0%, 15%, 30% and 50%, as shown in Table 4.2. Around 180 cylinders were 

prepared, each mix had 45 cylinders and 15 specimens from each mix were subjected to three 

different curing conditions. An average of five samples was taken as the final value at every 

testing age to calculate the density, compressive strength and chloride resistance. 
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Table 4.2: Mix design (V = 1 m3) 

GP2(<150 µm)— (ambient, ETC and water) 

Mix designation GP (%) Water (kg) Cement (kg) GP (kg) Sand (kg) W/(C+GP) 

M1S2-0GP 0 210 600 0 630 0.35 

M2S2-15GP 15 210 510 90 630 0.35 

M3S2-30GP 30 210 420 180 630 0.35 

M4S2-50GP 50 210 300 300 630 0.35 

4.3.4 Tests 

4.3.4.1 Slump 

The workability of the mixes was evaluated using the slump cone test. The details of this 

procedure were provided in section 4.2.4.1. 

4.3.4.2 Hardened density 

The density of hardened cylindrical specimens was evaluated according to the standard AS 

1012.12 (1998). The details of this process were provided in section 4.2.4.2. Samples kept for 

compressive strength were used for the density calculations, and the test was conducted prior 

to subjecting the cylinders to compression loading. Measurements were taken for each curing 

age: 7, 28 and 91 days. 

4.3.4.3 Compressive strength 

The maximum force the cylinders can resist under compression loading was measured in 

accordance with the standard AS 1012.9 (2014). The methodology of the test was outlined in 

section 4.2.4.3. Given that hardened density and resistance to chloride ion penetration testing 

are non-destructive, these tests were conducted prior to compression testing because the same 

samples were used for all tests. 
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4.3.4.4 Resistance to chloride ion penetration 

Resistance to chloride ion permeability was measured using Resipod (see Figure 4(c)), which 

complies with the standard AASHTO T358 (2015). Resipod is a fully integrated four-point 

Wenner probe that is used to non-destructively measure the electrical resistivity of concrete 

cylinders. A current was applied at the two outer probes, and the resulting potential difference 

between the two inner probes was reported as the resistivity of the specimen. The applied 

current was passed through the ions in the pore liquid. Four indelible marks were made on the 

top circular face of the cylinder (the finish face) marking the 0 °, 90 °, 180 ° and 270 ° points 

of the circle’s circumference. One of these marks was randomly assigned 0 °, then the next, 

counter-clockwise mark was assigned 90 ° and so on, as seen in Figure 4(a). The marks were 

extended onto the longitudinal sides of the specimen, where the centre of the sample’s 

longitudinal length was marked to use as a visual reference during testing. 

The Resipod was placed on the longitudinal side of the specimen, ensuring that the 

longitudinal centre mark was equidistant between the two inner probes, as depicted in Figure 

4(b). For each cylinder, an average of eight readings was recorded as the final resistivity 

value expressed in kΩcm. The measurement for the display unit was recorded when the 

number became stable, as shown in Figure 4(c). Based on the obtained resistivity value, the 

probability of chloride ion permeability can be predicted using Table 4.3. The results from 

the Resipod were verifiable because, in most cases, the resistivity output from the Resipod 

revealed strong agreement with established chloride exposure tests such as ASTM C1556 

(2011), provided the cylinders were cast from the same concrete mix (Hamilton et al., 2007). 
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(a) Cylinder marking (b) Alignment (c) Recording 

Figure 4.8: Resistivity measurements of samples 

Table 4.3: Probability of chloride ion penetration based on measured resistivity 

(AASHTO T358, 2015) 

Chloride ion penetrability Resistivity (kΩcm) 

High <12 

Moderate 12–21 

Low 21–37 

Very low 37–254 

4.4 Detailed Experimental Program—Stage 3 

4.4.1 Materials employed—Phase 1 

The materials used in this stage were cement, coarse GP, sand and water. The specifications 

of the applied materials, such as particle size, SG, water absorption and chemical 

composition, were provided in section 3.3. 

4.4.2 Experimental parameters—Phase 1 

Prior to proceeding with the experimental program, SG testing of cement, GP and fly ash was 

performed, as illustrated in Figure 4.9. Although the SG values of cement and GP were 

available from the material data sheets of their respective providers, the testing proceeded to 

validate the methodology practised. Two samples for each material were taken, and the 

average of the two readings was taken as the final SG value, as seen in Figure 4.9(a). A 
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desiccator (see Figure 4.9(b)) was used for testing according to the standard ASTM C128 

(2001). A detailed procedure was provided in Section 3.3.3. 

  

(a) Samples (b) Desiccator 

Figure 4.9: Specific gravity measurements 

The obtained relative densities of cement and GP were 3.14 and 2.56, while the material data 

sheet gives values of 3.09 and 2.55 respectively, showing an excellent agreement and thereby 

validating the procedure that was followed. In addition, the SG of fly ash was close to GP, 

with a value of 2.48. Since the earlier studies in which GP was used as binder replacement 

yielded better workability compared with the control mix, and as the SG of GP and fly ash 

were almost similar, hence applied an efficiency factor (k = 0.3) similar to fly ash mix design 

in mixing the proportions for the present experimental study. 

4.4.3 Mix design—Phase 1 

The mix design followed for the casting is presented in Table 4.4. To check the effectiveness 

of the new alterations of the mix design, cubes with sides of 75 mm were cast (see Figure 

4.10(a)). Four mixes were employed in this experimental work, and each had 9 cubes. In 

total, 36 cubes were cast for this pilot study. Three plastic cubic moulds that had three cubes 

apiece were used for every mix, as depicted in Figure 4.10(b). The w/cm ratio employed was 
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0.47, which was much higher than the previous mix designs. This was done deliberately to 

cater for the high sand content and water reductions applied. 

Table 4.4: Mix design (V = 1 m3) 

Mix designation GP (%) 
Water 

(kg) 

Cement 

(kg) 
GP (kg) 

Sand 

(kg) 
W/(C + 0.3GP) 

M1S3P1-0GP 0 230 488 0 1500 0.47 

M2S3P1-15GP 15 224 450 79 1500 0.47 

M3S3P1-30GP 30 210 395 169 1500 0.47 

M4S3P1-50GP 50 200 326 326 1500 0.47 

  

(a) Cube samples (b) Cubic mould 

Figure 4.10: Pilot studies 
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4.4.4 Tests—Phase 1 

4.4.4.1 Slump 

The workability of the mixes was evaluated using the slump cone test. The detailed procedure 

is outlined in section 4.3.4.1. 

4.4.4.2 Compressive strength 

The maximum force the cubes can resist under compression loading was measured in 

accordance with the standard AS 1012.9 (2014). The methodology of the test was outlined in 

section 4.3.4.2. The testing apparatus and mixing procedures followed were similar to those 

used in previous sections. The only difference from the previous procedure was the sample 

size and shape. A cylinder was used in the previous case, and a cube was used in the present 

pilot study, as shown in Figure 4.11(a). The cube specimen after failure can be seen in Figure 

4.11(b). 

 
 

(a) Cube testing (b) Sample after failure 

Figure 4.11: Compression testing of cube specimens 
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4.4.5 Material employed—Phase 2 

The materials used were cement, coarse GP, sand and water. The specifications of the applied 

materials, such as particle size, SG, water absorption and chemical composition, were 

provided in section 3.3. 

4.4.6 Experimental parameters—Phase 2 

As the new mix design gave positive results, cylinders of standard dimensions were cast 

using the same mix design and different w/cm ratios. The earlier studies reported in the 

literature and the experimental work performed in the previous stages denoted that 30% is the 

ideal replacement level (beyond that, pozzolanic activity ceases due to the absence of lime). 

Therefore, the experimental work in this stage limited the maximum replacement level of GP 

to 30%. 

4.4.7 Mix design—Phase 2 

A weight-based mix design was employed (see Table 4.5). Four different water–binder (w/b) 

ratios—0.5, 0.45, 0.42 and 0.39—were used with GP replacement levels of 0%, 15% and 

30%. In detail, 12 mixes were conducted, and 15 standard cylinders were cast for each mix 

design. To determine the compressive strength, an average of five cylinders was taken as the 

final strength value at each curing age: 7, 28 and 91 days. In total, around 180 cylinders were 

cast for measuring the compressive strength. 
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Table 4.5: Mix design (V = 1 m3) 

Mix designation GP (%) 
Water 

(kg) 

Cement 

(kg) 
GP (kg) 

Sand 

(kg) 
W/(C + 0.3GP) 

M1S3P2-0GP 0 250 500 0 1467 0.5 

M2S3P2-15GP 15 237 450 80 1467 0.5 

M3S3P2-30GP 30 230 407 177 1467 0.5 

M4S3P2-0GP 0 250 557 0 1400 0.45 

M5S3P2-15GP 15 237 500 86 1400 0.45 

M6S3P2-30GP 30 230 453 193 1400 0.45 

M7S3P2-0GP 0 250 597 0 1367 0.42 

M8S3P2-15GP 15 237 537 93 1367 0.42 

M9S3P2-30GP 30 230 483 207 1367 0.42 

M10S3P2-0GP 0 250 640 0 1333 0.39 

M11S3P2-15GP 15 237 577 103 1333 0.39 

M12S3P2-30GP 30 230 520 223 1333 0.39 

Given that the workability of the mixes was low, a high range water-reducing 

superplasticiser, Sikament NN, was used to improve the slump of the mixes (see Figure 4.12). 

The dosage of the superplasticiser was kept constant at 1% of the cementitious material of the 

mix. 
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Figure 4.12: Superplasticizer 

4.4.8 Tests 

4.4.8.1 Slump 

The workability of the mixes was evaluated using the slump cone test. Detailed procedures 

were presented in Section 4.3.4.1. 

4.4.8.2 Compressive strength 

The maximum force the cylinders can resist under compression loading was measured in 

accordance with the standard AS 1012.9 (2014). The methodology of the test is provided in 

section 4.3.4.2. 
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4.4.8.3 Resistance to chloride ion penetration 

Resipod is used to measure the resistance offered by cylinders against chloride ion 

penetration. The detailed procedure is provided in section 4.3.4.4. 

4.4.8.4 Heat of hydration 

The heat liberated from the hydration of the cementitious material was evaluated using an 

EL–USB–TC–LCD thermocouple data logger, as shown in Figure 4.13(a). Fresh mortar was 

poured into a vacuum flask, the lid of which was drilled to enable one end of the K-type 

temperature probe into the mortar, while the other end was connected to the thermocouple 

data logger, as seen in Figure 4.13(b). Temperature measurements for each mix were 

recorded over for a period of seven days at every five-minute interval. 

  

(a) Configuration (b) Recording 

Figure 4.13: Temperature measurements 

4.4.8.5 Drying shrinkage 

Reductions in length caused by drying were recorded, as per the standard AS 1012.13 (2015). 

Cast iron moulds with three prisms of 75 mm x 75 mm x 275 mm were used for the casting, 



CHAPTER 4: EXPERIMENTAL STUDIES 

 94 

as seen in Figure 4.14(a). In total, 36 prisms (see Figure 4.14(b)) were cast. Each mix had 

three prisms, and an average of three readings were taken to obtain the final shrinkage value. 

  

(a) Shrinkage moulds (b) Rectangular prisms 

Figure 4.14: Drying shrinkage of rectangular prisms 

Demoulding was done after 24 hours of casting, and the prisms were submerged in a 

limewater bath for one week. After seven days, an initial measurement length was taken by 

removing the prisms one at a time from the lime-saturated water. Before placing the prisms in 

the length comparator, the surface of the prisms was dried with a damp cloth, and the ends of 

the gauge studs were cleaned and polished. A horizontal length comparator capable of 

measuring lengths of over 300 mm with a precision of 0.001 mm was used. A reference bar 

was used to check the precision and operation of the comparator, and a zero reading was 

made before proceeding with the measurements. 

The sample was placed in the comparator so the axis was aligned with the measuring anvil 

(see Figure 4.15). The length difference was recorded when the anvils were in contact with 

the prism. The specimen was removed, and the measurement process was repeated until at 

least five consecutive calculations had been made, all of which were within 0.001 mm of the 

average value. The prisms were then placed in a drying chamber with controlled temperature 

and humidity of 23 ºC and 50% respectively. Length measurements for each specimen were 
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taken following the procedure discussed above after total periods of air drying of 7, 14, 21, 

28 and 56 days. For each period of drying, the difference in length between the measured 

length and the initial length was noted and divided by the original gauge length of 250 mm to 

obtain the shrinkage in microstrain. 

 

Figure 4.15: Strain measurements 

4.5 Summary 

This chapter outlined each stage of the complete experimental program in detail. The 

particulars of the materials employed, experimental parameters, the mix design and tests 

performed in each stage were detailed. The next chapter will present the test results of the 

entire experimental program in sequence. 
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CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1 Introduction 

This chapter presents the test results obtained in each stage of the entire experimental 

program. The relevant reasoning and discussions of the various test outcomes are specified 

accordingly. The results are compared with previous published research where appropriate to 

validate the current results. The possible cost and energy efficiencies of employing GP as a 

cement replacement are depicted. In addition, a design chart is prepared to predict the 

characteristic compressive strength of GP mortar based on w/cm and a/cm ratios. 

5.2 Results and Discussions 

5.2.1 Material testing 

5.2.1.1 Sieve analysis of cement and GP 

The particle size distribution of the binders used in the current experimental work are 

depicted in Figure 5.1. The data of the sieve analysis were obtained from the respective 

material data sheets of the materials used. The sieve analysis shows that both fine and coarse 

GPs are much coarser than the cement employed in the research project. 
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Figure 5.1: Particle size distribution of binders employed 

5.2.1.2 Sieve analysis of sand 

The sieve analysis of sand is presented in Figure 5.2. This analysis was performed to 

determine whether the supplied material was in accordance with the product specifications 

provided in the material safety data sheet. The fineness modulus obtained is 2.5. 

 

Figure 5.2: Sieve analysis of EASY MIX double-washed river sand 
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5.2.1.3 Water absorption of sand 

The water absorption of the sand was determined to be 1.890%, taken as an average of the 

three test samples in Table 5.1. Saturated surface dry (SSD) occurs when the particles are 

saturated with water, but the surface of the aggregate is dry. Oven dry (OD) is the weight of 

the sample when the particles have no water in them. As the water absorption was less than 

2%, this was not considered in the mix design. 

Table 5.1: Water absorption of sand 

Sample no. Wt of SSD sample (g) Wt of OD sample (g) Absorption (%) 

1 500.03 490.85 1.870 

2 500.03 490.85 1.870 

3 500.01 490.61 1.916 

5.2.1.4 Density and specific gravity of sand 

The density of the sand was determined to be 1.517 g/cm3. This was done by dividing the 

mass of the sand filling a volumetric container by the volume of the container. This was 

equivalent to 1517 kg/m3, which is around 8% larger than the 1,400 kg/m3 advertised by the 

manufacturer, as shown in section 3.2.3. Table 5.2 presents the raw data for this experiment. 

Table 5.2: Density of sand 

Weight of empty 

container (g) 

Volume of empty 

container (cm3) 

Weight of container 

filled with 

compacted sand (g) 

Weight of 

sand (g) 

Density of 

sand (g/cm3) 

3,362 2,608 7,319 3,957 1.517 

 

The SG of the sand was calculated as 2.69. The average of the four test samples is presented 

in Table 5.3. SG was not provided by the manufacturer, but river sand is typically 2.5, which 
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is again an approximately 8% difference. The purpose of these two tests was to verify the 

material properties and ensure that the experiment could be replicated accurately. 

Table 5.3: Specific gravity of sand 

Sample no. Wt (g) Container Wt (g) SG 

1 50.58 36.26 2.673 

2 50.04 37.63 2.693 

3 20.22 33.18 2.696 

4 20.02 32.06 2.691 

5.2.1.5 X-ray fluorescence results 

The XRF results of cement and GP used in the research study are presented in Table 5.4. As 

mentioned in earlier chapters, Bruker S8 TIGER was used to evaluate the chemical 

composition of the samples. Since the sum of three oxides (SiO2, Al2O3 and Fe2O3) of GP is 

greater than 70%, it qualifies for the requirements of a cementitious material to be used as 

pozzolan (Class N/F/C) according to ASTM C618 (2003). 

Table 5.4: Chemical composition of cement and GP 

Composition Cement Glass powder 

SiO2 21.00 69.77 

Al2O3 5.50 1.42 

Fe2O3 3.25 0.29 

CaO 63.50 10.00 

MgO 2.05 0.67 

SO3 2.15 0.19 

Alkalis (Na2O, K2O) 0.85 12.53 
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5.2.1.6 SEM results 

The SEM test results of the cement and the two GPs employed in this experimental study are 

shown in Figure 5.3. The images of the samples are presented at the same magnification to 

appreciate the size difference in the particles employed in the research project. The images 

reinforce the size variance between cement and GPs, which was highlighted in Section 

5.2.1.1. Unlike cement, the particles of glass are much larger, angular and prismatic. 

  

(a) Cement @ 200 magnification (b) Cement @ 500 magnification 

  

(c) Fine GP @ 200 magnification (d) Fine GP @ 500 magnification 
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(e) Coarse GP @ 200 magnification (f) Coarse GP @ 500 magnification 

Figure 5.3: SEM results 

5.2.2 Preliminary experimental results—Phase 1 

5.2.2.1 Slump—Phase 1 

The workability of the mixes executed in Phase 1 is depicted in Figure 5.4. As the GP content 

increases, the slump value increases irrespective of the GP employed. The rise in slump 

follows a similar pattern in both GPs. After an initial increase at 20% replacement, the slump 

decreases with the GP substitution, and at 60% replacement, the workability is almost similar 

to the control mix for GP1, while it is still higher for GP2. Comparing both GPs at a given 

replacement level, the coarse GP performed much better than its finer counterpart. In fact, the 

coarse GP resulted in slump values twice that of the fine GP at almost all replacement levels. 

The control mix with 0% GP had the same slump of 50 mm irrespective of the GP employed, 

and in both phases, as it was casted only once to avoid wastage of materials and time because 

of repetition. For the fine GP, the highest slump of 80 mm was recorded by a mix with 20% 

GP substitution, while a maximum slump of 150 mm was reported at the same replacement 

level using coarse GP. With respect to the control mix, the increase in slump was about 60% 

with fine GP, while the coarse GP led to a rise in workability of 200% at 20% GP 
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replacement of cement. Hence, for the Phase 1 mixes, 20% is the ideal replacement level 

because it gave the maximum workability regardless of the GP employed. GP substitution 

tends to increase the slump: this increase in workability is most likely due to the lower water 

absorption of the GP compared to the cement and increase in effective water to cement ratio 

in GP modified mixes. Another possible reason for this positive outcome may be due to the 

reduced specific surface area, since the GP used in the current study is coarser than the 

cement and hence a lower amount of water was consumed, which resulted in an increase in 

slump for the GP mixes. 

 

Figure 5.4: Workability of Phase 1 mixes 

5.2.2.2 Hardened density—Phase 1 

The hardened densities of the Phase 1 mixes at the curing ages of 7 and 28 days are shown in 

Figure 5.5. As shown, density decreases with an increase in GP content. While the reduction 

was minor with fine GP, it looked more pronounced with coarse GP, especially at the 

maximum replacement level of 60% at the curing ages of 7 and 28 days. The control mix 

M1S1P1-0GP recorded the highest densities at all curing ages regardless of the GP employed. 

The seven-day densities decreased by 2.9%, 3.1% and 4.6% with fine GP at replacement 
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percentages of 20%, 40% and 60% respectively, while coarse GP recorded reductions of 

3.2%, 6.6% and 11.5% at the same substitution levels respectively with respect to the control 

mix having 0% GP. Comparing the two GPs, the decline in densities was almost similar at the 

lower replacement level of 20%, whereas the density drop in coarse GP was more than 

double that of the fine GP at seven days of curing, as seen in Figure 5.5(a). 

Figure 5.5(b) illustrates the density values of mixes at various replacement levels at a curing 

age of 28 days. The maximum density reductions of 4.4%, 6.4% and 11.4% were reported 

with coarse GP at replacement percentages of 20%, 40% and 60% respectively, while fine GP 

recorded decreases of 2.5%, 3.3% and 6.9% at the same substitution levels respectively with 

respect to the plain mix having 0% GP. Similar to the seven-day trend, the decline in 28-day 

densities reported by coarse GP was almost double compared with fine GP at almost all 

substitution levels, as depicted in Figure 5.5(b). The decrease in densities in GP mixes may 

be due to the difference in the specific gravities of cement (3.15) and GP (2.56) employed in 

this experimental study. While comparing the two GPs, GP1 reported slightly better density 

values at all ages than GP2 this may be due to the increased microstructure densification 

brought about by the secondary hydration owing to the pozzolanic reaction. Since finer the 

GP better the pozzolanic reaction, hence GP1 outperformed GP2 at all curing ages reported. 

Comparing the density values of the mixes at both curing ages, all mixes showed increments 

in the density, with the curing age barring mix M4S1P1-60GP, which showed almost similar 

values at both seven and 28 days of curing. This rise in densities of mixes with respect to the 

curing age indicates progressive hydration reaction, which in turn densifies the microstructure 

of the mix. In summary, GP replacement of 20% is the ideal replacement level because it 

recorded the least reductions in densities with both GPs employed in the current study. 



CHAPTER 5: RESULTS AND DISCUSSIONS 

 104 

 

(a) 7-day density of mixes 

 

(b) 28-day density of mixes 

Figure 5.5: Density of Phase 1 mixes 

5.2.2.3 Compressive strength—Phase 1 

The compressive strength results of the Phase 1 mixes are shown in Figure 5.6. Given that the 

hardened density and compressive strength are directly proportional, the strength also 

followed a pattern similar to the density values reported in the earlier section (refer section 

5.2.2.2). As the percentage of GP replacement increases, the compressive strength decreases 
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irrespective of the GP used at all curing ages. The strength values are reported for three 

different curing ages of 7 (see Figure 5.6(a)), 28 (see Figure 5.6(b)) and 91 (see Figure 5.6(c)) 

days for both GPs employed. Regardless of the GP employed and the substitution percentage 

exhibited, all mixes increase in strength with curing age, indicating a progressive hydration 

reaction. 
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(c) 91-day  

Figure 5.6: Compressive strength of Phase 1 mixes 

The control mix M1S1P1-0GP showed maximum compressive strength of all mixes at all 

curing ages, with values of 48 MPa, 65 MPa and 66 MPa at 7, 28 and 91 days of curing 

respectively. In regard to the GP mixes, the mix with 20% GP1 substitution exhibited 

maximum strengths of 28 MPa, 50 MPa and 52 MPa at 7, 28 and 91 days of curing 

respectively, while GP2 at the same replacement level and similar age reported the highest 

strengths of 32 MPa, 47 MPa and 50 MPa respectively. The highest replacement percentage 

of 60% with both GPs recorded the least strength at all curing ages. However, GP mixes have 

outperformed the control mix in the aspect of strength gain, especially from 7 to 28 days. The 

plain mix M1 with 0% GP could achieve a strength increase of 35% from 7 to 28 days, while 

GP1 mixes M2S1P1-20GP, M3S1P1-40GP and M4S1P1-60GP exhibited a strength gain of 

76%, 52% and 50% respectively during the same period. Coarse GP with replacement levels 

of 20%, 40% and 60% have reported strength hikes of 48%, 50% and 49% during the same 

period. 
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The SAI of the GP modified mixes calibrated from the compressive strength values is shown 

in Figure 5.7. According to ASTM C618 (2003), for a material to be qualified as a pozzolan, 

the SAI should be at least 75%. As the mix with 20% GP gave the maximum compressive 

strength, the SAI of the mix is much better than other mixes. Mix M2S1P1-20GP with GP1 

reported SAI values of 58%, 76% and 79% at 7, 28 and 91 days of curing respectively, while 

SAI values of 66%, 72% and 75% were recorded by GP2 at the same replacement level and 

at similar curing ages. 
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(b) 28-day 

 

(c) 91-day 

Figure 5.7: Strength activity index of Phase 1 mixes 
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the same substitution level satisfies the requirement of a pozzolanic material at a later curing 

age of 91 days. 

5.2.2.4 Tensile strength 

Concrete is strong in compression; hence, it is designed to resist compressive forces. In 

contrast, tensile strength is not significant, but it is recommended to have an estimate of it to 

determine the onset of cracks. The tensile strength results of some of the cylinders for testing 

at 7 and 28 days are shown in Figure 5.8. Usually, the tensile strength of concrete is about 

10–15% of the compressive strength, and this was the case for most reported values, although 

some of them were less than 10%. The tensile strength results were similar to the 

compressive strength results and followed a similar pattern of decreasing strength with 

increments in the GP content at both testing ages of 7 and 28 days. All mixes that were tested 

showed an increase in strength with age, barring mix M2S1P1-20GP, which exhibited almost 

similar strengths at both curing ages. Apropos to the control mix M1S1P1-0GP, GP mixes 

M2S1P1-20GP, M3S1P1-40GP and M4S1P1-60GP projected tensile strengths of 69%, 61% 

and 34% respectively at the end of 28 days of curing. 

 

Figure 5.8: Tensile strength of mixes 
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5.2.3 Preliminary experimental results—Phase 2 

5.2.3.1 Slump—Phase 2 

The slump values of Phase 2 mixes are illustrated in Figure 5.9. Similar to the Phase 1 results, 

both GPs employed led to increments in workability. The slump value increases with the 

replacement percentage in both GPs until 30% replacement, having almost a linear pattern, 

which was strikingly different from the Phase 1 results. The rise in workability is consistent 

with the increase in the replacement level in fine GP mixes, while mixes with coarse GP 

exhibited an initial jump at 15% substitution and thereafter followed a pattern analogous to 

fine GP. At the highest replacement of 50%, the slump dropped in both GPs. With reference 

to the control mix, the slump value was the same in fine GP with 50% substitution, while it 

was almost double that of the plain mix with coarse GP at the same replacement level. 

Similar to the Phase 1 results, the workability of coarse GP was consistently higher than its 

finer counterpart at all GP substitution percentages. 

A 30% replacement led to the highest slump of 70 mm with fine GP, while a maximum 

workability of 130 mm was reported by coarse GP at the same substitution level. There was a 

40% increment in slump with fine GP but a rise of 150% with coarse GP with respect to the 

control mix at 30% substitution. Lower water absorption of GP and the increment in effective 

w/c ratio were the main contributors to the positive outcome of the rise in the slump in the GP 

modified mixes. The size difference in the GPs employed also had a significant effect on 

workability. As the size increased, it decreased the specific surface area, which in turn 

resulted in lower water consumption, thereby increasing the slump of the coarse GP mixes. 
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Figure 5.9: Workability of Phase 2 mixes 

5.2.3.2 Hardened density—Phase 2 
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GP (see Figure 5.10(a)). Comparing the two GPs, the decline in the densities was almost 
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respect to the plain mix having 0% GP. Similar to the seven-day trend, the decline in 28-day 

densities reported by coarse GP was more than that of fine GP at all substitution levels, as 

depicted in Figure 5.10(b). 

Comparing the density values of the mixes at both curing ages, all mixes showed increments 

in density with the curing age, except for mix M4S1P1-60GP, which showed almost similar 

values at both 7 and 28 days of curing. This rise in densities of mixes with respect to the 

curing age indicates a progressive hydration reaction, which in turn densifies the 

microstructure of the mix. In summary, GP replacement of 30% is the ideal replacement level 

because it is the maximum replacement level with density reductions within 5% of the control 

mix at both curing ages, regardless of the GP employed in the current study. 
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(a) 7-day 

 

(b) 28-day 

Figure 5.10: Density of Phase 2 mixes 
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employed. The plain mix with 0% GP exhibited the maximum strength at all curing ages. The 

mix was casted only once but is shown twice in Figure 5.11 for better interpretation of the 

results. Similar to Phase 1 mixes, all mixes showed a strength increase with the curing period, 

suggesting a continuous hydration reaction. 

The maximum compressive strengths of 33 MPa, 54 MPa and 56 MPa were reported by GP1 

at 15% replacement, while GP2 at same substitution recorded strengths of 36 MPa, 52 MPa 

and 54 MPa at 7, 28 and 91 days of curing, respectively. The least strength of all mixes was 

exhibited by mix M4S1P2-50GP at all curing ages and with both GPs. As with Phase 1, fine 

GP showed better strength values compared with coarse GP at all replacement levels. Despite 

having a lower initial strength at 7 days, the strength gain of the GP mixes was much higher 

compared with the control mix. Fine GP mixes with 15%, 30% and 50% replacement 

illustrated strength gains of 64%, 65% and 53% respectively during 7 to 28 days, while the 

plain mix with 0% GP ended up with a strength increment of 35% during the same period. 

Meanwhile, strength improvements of 44%, 52% and 54% were reported by GP2 with 15%, 

30% and 50% replacement respectively. Strength increment beyond 28 days also followed a 

similar pattern, wherein GP mixes—both fine and coarse—outperformed the control mix, 

although the percentage of the strength increase was much smaller compared with the prior 

curing interval. 
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(b) 28-day 
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(c) 91-day 

Figure 5.11: Compressive strength of Phase 2 mixes 
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values of 69%, 83% and 85% with GP1 at 7, 28 and 91 days respectively, whereas GP2 at the 

same substitution level and similar age recorded SAI values of 75%, 80% and 82% 

respectively. As the reported SAI values are over 75%, both GPs with 15% substitution level 

qualify to be used as a pozzolan at 28 and 91 days of curing. 
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(c) 91-day 

Figure 5.12: Strength activity index of Phase 2 mixes 

The main purpose of altering the GP replacement levels in this phase was to optimise the 

substitution level. The experimental work performed in Phase 1 resulted in 20% as the ideal 

replacement level, and the research conducted in Phase 2 revealed 15% as the optimal 

substitution level. Additionally, 40% replacement yielded maximum SAI values of 56% and 

46% with GP1 and GP2, whereas the highest SAI values of 68% and 61% were recorded by 

30% substitution with the same GPs. Although the 30% replacement of GP did not meet the 

strength requirement, it is worth investigating the performance of GP at that replacement 

level because it reported better results in workability and comparable density values. 

Moreover, ideally, a higher optimum GP replacement level would be better for promoting the 

cause of sustainability and environmental conservation. To increase the ideal replacement 

level to 30% and to preserve the energy consumed for grinding the GP particles fine, GP2 is 

used in the subsequent sections. The pozzolanic performance of the selected coarse GP is 

enhanced by altering the curing regimes and modifying the mix design, the results of which 

will be discussed in the subsequent sections. 
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5.2.4 Detailed experimental results—Stage 2 

5.2.4.1 Slump 

The workability of the mixes is shown in Table 5.5. As shown, the mix with 30% GP 

recorded a maximum slump of 90 mm, which is approximately double that of the control mix 

with 0% GP. Mix with 50% GP gave the least slump of 40 mm, which is slightly below that 

of the control mix. GP substitution tends to increase the slump, and this increase in 

workability is most likely due to lower water absorption of the GP compared with the cement 

and an increase in the effective w/c ratio in GP modified mixes. Another reason for this 

positive outcome may be the reduced specific surface area, because the GP used in the 

current study is coarser than the cement; hence, a lower amount of water was consumed, 

which resulted in an increase in the slump for the GP mixes. 

In general, workability does not influence strength directly, but this increased workability can 

be used to produce GP mixes with a lower w/c ratio for a given cement content, thereby 

producing concrete with similar workability, improved strength and better durability than the 

control mix. 

Table 5.5: Slump of mixes 

Mix designation GP (%) Slump (mm) 

M1S2-0GP 0% 50 

M2S2-15GP 15% 70 

M3S2-30GP 30% 90 

M4S2-50GP 50% 40 
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5.2.4.2 Hardened density 

Hardened densities of all mixes subjected to various curing conditions are depicted in Figure 

5.13. It is evident that irrespective of the curing condition employed, the density values 

decreased with the addition of GP. It is interesting to note that, regardless of the GP 

replacement level, all mixes exhibited the highest densities at either 7 or 28 days for ambient 

and ETC regimes, but for water-cured cylinders, all mixes reached their maximum density at 

a prolonged curing age of 91 days. This improvement in the densities in water-cured 

specimens—particularly at a longer curing duration of 91 days—may be due to the persistent 

hydration reaction. Mixes with 50% GP recorded the least densities of all mixes, regardless of 

the curing condition, and at all curing ages, except ETC at seven days, where the mix with 

30% GP showed slightly lesser density than the 50% GP mix (see Figure 5.13(a)). 

The seven-day densities of all mixes is shown in Figure 5.13(a). ETC resulted in the highest 

density for the control and mix with 15% GP, while mixes with 30% and 50% GP 

substitution recorded the maximum density values at ambient and water-cured conditions 

respectively. There was a striking dissimilarity in the density reduction trend with GP 

addition in the three curing regimes employed, especially at the early curing age of seven 

days. At seven days, an ambient-cured specimen showed an initial increase in density at 15% 

GP replacement and subsequently recorded lower density values with the GP addition. While 

the decreasing trend was linear in water-cured specimens, this was not the case with the 

samples subjected to ETC. 
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(c) 91-day 

Figure 5.13: Density of Stage 2 mixes 

Ambient, ETC and water-cured specimens exhibited an identical decreasing trend at the 

curing age of 28 (see Figure 5.13(b)) and 91 (see Figure 5.13(c)) days. In summary, 

compared with the control mix with 0% GP, the maximum density reductions of 14%, 12% 

and 6% in ambient, steam and water-curing conditions respectively were reported by a mix 

with 50% GP at the end of 28 days of curing. A possible reason for this decrease is the lower 

SG of GP (2.56) compared with that of cement (3.15) used in the study. Given that GP is 

resulting in a less dense concrete, it would be apt in places where lightweight concreting is 

preferred. 
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performance of GP mixes—particularly at longer curing periods—is due to the formation of 

secondary C-S-H gel, which was formed due to the reaction between the amorphous silica 

present in GP and the Ca2+ from lime in the presence of water. 

ETC specimens reported the lowest reduction in strength of only 4% by mix with 15% GP at 

91 days of curing, while the same age mix with 30% GP showed a strength reduction of 13% 

under ambient conditions. The mix with the highest GP replacement of 50% did not show 

acceptable results because the pozzolanic reaction ceases beyond a replacement level of 30% 

due to the absence of lime. In such cases, the additional GP would be acting as an inert filler. 

Given the fact that the 0% GP or control mix was designed for 50 MPa, 15% and 30% GP 

substitution yielded 28-day compressive strengths of 45 MPa and 39 MPa, respectively (see 

Figure 5.14(b)). Further, due to the secondary hydration as a result of the pozzolanic effect of 

GP, the strengths increased to 49 MPa and 45 MPa, respectively at 91 days of curing (see 

Figure 5.14(c)). These results validate the pozzolanic attribute of the GP used in the current 

research. 
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(b) 28-day 

 

(c) 91-day 

Figure 5.14: Compressive strength of Stage 2 mixes 

In terms of the effect of different types of curing on the pozzolanic performance of the GP, as 

expected, ETC resulted in the highest strengths in all mixes, regardless of the GP substitution 

level, especially at the early curing age of seven days (see Figure 5.14(a)). This positive 

effect is due to the increment in rate of hydration brought about by the enhanced temperature. 
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showed slightly better strength compared with ETC specimens at GP replacement percentage 

of 30% (see Figure 5.14(c)). 
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(c) 91-day 

Figure 5.15: Strength activity index of Stage 2 mixes 

The SAI values of all mixes containing GP are depicted in Figure 5.15. The mixes with 15% 

and 30% GP had SAI values of more than 75% for all curing conditions, thereby validating 

the pozzolanic characteristic of the GP used in the current research. The highest SAI values 

of 81%, 92% and 96% were recorded for mixes with 15% GP at 7, 28 and 91 days, 

respectively, all being subjected to ETC, while 30% GP ambient-cured samples have shown 

maximum SAI values of 75%, 89% and 89% at 7, 28 and 91 days, respectively. Although 

mixes with 15% GP showed higher SAI values, 30% GP is treated as the ideal replacement 

level because it is the highest possible GP substitution, which exhibited similar SAI values 

compared with the mixes with 15% GP. 
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The feasibility of chloride ion penetration depending on the resistance values is given in 
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and 50% GP exhibited resistances of 13, 12, 12 and 18 kΩcm, respectively, while the 

corresponding ETC specimens showed values of 14, 13, 15 and 16 kΩcm, respectively (see 

Figure 5.16(a)). Resistances of 18, 17, 20 and 82 kΩcm were recorded for ambient-cured 

specimens with 0%, 15%, 30% and 50% GP, respectively, all at 91 days. The corresponding 

steam-cured samples displayed resistances of 17, 18, 22 and 78 kΩcm (see Figure 5.16(b)). 

ETC, improved the resistances in all mixes and for both curing periods, except the mix with 

50% GP, in which ambient-cured specimens showed slightly better resistances for both 

curing ages. Mixes with 50% GP showed the highest resistances for both curing conditions 

and periods. A 50% substitution of GP increased the resistance from 13 to 18 kΩcm for 28-

day ambient-cured specimens. Likewise, for ETC cylinders, the resistance changed from 14 

to 16 kΩcm for the same duration (see Figure 5.16(a)). However, for 91 days of curing, 

mixes with 50% GP exhibited a more stupendous rise in resistance from 18 to 82 kΩcm and 

17 to 78 kΩcm for ambient and steam-cured cylinders, respectively (see Figure 5.16(b)). 

These increments in resistances due to GP replacement of 50%—particularly for longer 

curing ages—may be due to the combined effect of pozzolanic reaction, increased hydration 

and reduction in voids, which resulted in microstructural refinements in GP mixes. 

Water-cured cylinders have consistently reported lower resistance values at all replacement 

levels and at all curing ages. The main reasons for this negative outcome are discussed here. 

First, limewater curing: since Resipod is a non-destructive instrument, only one set of 

cylinders were made to measure compressive strength and resistance to chloride ion 

penetration. According to AS 1012.8.1 (2014), the water-curing condition necessitates the 

specimens to be immersed in a limewater bath until testing time; however, this limewater 

curing, on average, reduces the resistance value measured by Resipod by at least 10%. 

Second, when water-curing the specimens, the testing standard states that the resistance 
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measurements using Resipod need to be taken at the instance the cylinder is removed from 

the water. Unfortunately, this could not be implemented; instead, cylinders were removed 

from the limewater tank and kept in a controlled room for 24 hours before taking the 

resistivity measurements. The methodology was practised deliberately because the same set 

of cylinders was used for the compression testing, and the standard for compression testing 

requires the specimens to be taken out of the water so they are completely dry and devoid of 

moisture before placing them in the compression machine. 
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(a) 28-day 

 

(b) 91-day 

Figure 5.16: Resistivity results of Stage 2 mixes 

5.2.5 Detailed experimental results—Stage 3 

5.2.5.1 Slump—Phase 1 

The workability of the mixes is given in Table 5.6. All four mixes, irrespective of the GP 

replacement level, depicted very low workability of 5 mm as seen in Figure 5.17. This is 

0

2

4

6

8

10

12

14

16

18

20

Ambient ETC Water

2
8

d
-R

es
is

ti
v

it
y

 (
k

Ω
cm

)

Curing regime

M1S2-0GP M2S2-15GP M3S2-30GP M4S2-50GP

0

10

20

30

40

50

60

70

80

90

Ambient ETC Water

9
1

d
-R

es
is

ti
v

it
y

 (
k

Ω
cm

)

Curing regime

M1S2-0GP M2S2-15GP M3S2-30GP M4S2-50GP



CHAPTER 5: RESULTS AND DISCUSSIONS 

 130 

primarily due to high sand content in the mixes, the ratio of aggregate to cementitious 

material (a/cm) is over 3. Additionally, the water reductions employed in the GP mixes 

hampered the movement of the ingredients in the mix, thereby reducing the workability. 

Table 5.6: Workability of mixes 

Mix designation GP (%) Slump (mm) 

M1S3P1-0GP 0% 5 

M2S3P2-15GP 15% 5 

M3S3P1-30GP 30% 5 

M4S3P2-50GP 50% 5 

 

 

Figure 5.17: Dry mix (M3S3P1-30GP) 

5.2.5.2 Compressive strength—Phase 1 

The compressive strength results of the mixes is shown in Figure 5.18. The control mix with 

0% GP illustrated maximum strengths of 31 MPa, 38 MPa and 43 MPa at the testing ages of 

7, 28 and 91 days respectively. GP mixes with 15% replacement yielded strength values of 30 

MPa, 34 MPa and 37 MPa, while compressive strengths of 30 MPa, 37 MPa and 40 MPa 

were reported by 30% substitution at the same curing age. The significant outcome of this 
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mix design was a considerable improvement in the performance of the GP mixes with 30% 

replacement, particularly at later curing ages. Mixes with 30% GP outperformed the other GP 

mixes at all curing ages—this was primarily due to the combined effect of pozzolanic 

reaction and water reduction. The current mix design also slightly improved the performance 

of the mix with the highest GP replacement level of 50% compared with earlier mix designs 

employed. 

 

Figure 5.18: Compressive strength results of cube specimens 

The results of the SAI values of the mixes deduced from the compressive strength values are 

depicted in Figure 5.19. Mix M3S3P1-30GP showed consistently higher SAI values of 97%, 

97% and 93% at the curing ages of 7, 28 and 91 days respectively, while SAI values of 97%, 

89% and 86% were reported by mix M2S3P1-15GP at the same age. The lowest SAI values 

of 71% , 66% and 60% were reported by mix with 50% GP substitution at 7, 28 and 91 days 

of testing. Although the SAI values reported by 50% GP in the current experimental phase 

were on the lower side, it is much better compared with the mix designs executed in the 

previous stages, as the earlier studies resulted in maximum SAI of 35% to 47% with the same 

GP and replacement level. 
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Figure 5.19: Strength activity index of cube samples 

5.2.5.3 Slump—Phase 2 

The new mix design resulted in an almost zero slump, which was evident through the pilot 

test results (see Table 5.7) and resulted from the high sand content of the mixes. To overcome 

this issue, a superplasticiser with a long-range water-reducing ability was used. The dosage of 

the superplasticiser was kept constant at 1% of the cementitious material, and the slump 

measured is provided in Table 5.7. All mixes with GP content resulted in lower workability 

compared with the plain mix, regardless of the w/cm ratio used. This was mainly due to the 

applied water reductions of 12.5 kg/m3 and 20 kg/m3 at 15% and 30% GP substitution levels 

respectively. 
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Table 5.7: Slump of mixes 

Mix designation GP (%) W/(C+0.3GP) Slump (mm) 

M1S3P2-0GP 0 0.5 120 

M2S3P2-15GP 15 0.5 90 

M3S3P2-30GP 30 0.5 80 

M4S3P2-0GP 0 0.45 100 

M5S3P2-15GP 15 0.45 85 

M6S3P2-30GP 30 0.45 70 

M7S3P2-0GP 0 0.42 85 

M8S3P2-15GP 15 0.42 70 

M9S3P2-30GP 30 0.42 60 

M10S3P2-0GP 0 0.39 65 

M11S3P2-15GP 15 0.39 50 

M12S3P2-30GP 30 0.39 40 

5.2.5.4 Compressive strength—Phase 2 

The results of the compressive testing are shown in Figure 5.20. The water reductions applied 

to the GP mixes yielded better strength performances in the mixes than in the control, 

especially at the lower w/cm ratio of 0.39. All mixes showed an increment in compressive 

strength with curing age, indicating a progressive hydration reaction. As expected, mix 

M12S3P2-30GP with the least w/cm ratio of 0.39 produced the best results, irrespective of 

the GP substitution level. At 91 days of curing, the control mix M10S3P2-0GP resulted in the 

maximum compressive strength of 43 MPa, while the GP mixes M11S3P2-15GP and 

M12S3P2-30GP at 15% and 30% replacement reported higher strength values of 46 MPa and 

50 MPa respectively. 
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While GP-as-binder replacement resulted in lower strengths at the early age of 7 days, after 

prolonged curing of 28 and 91 days, the GP mixes showed higher strength gains than the 

plain mix. Mix M1S3P2-0GP with 0% GP showed a maximum strength increase of 17% 

during the period from 7 to 28 days, while mixes M8S3P2-15GP and M9S3P2-30GP at 15% 

and 30% GP resulted in the best gains in strength of 32% and 37% respectively during the 

same period. Beyond 28 days, the pattern was similar, as GP mixes M11S3P2-15GP and 

M9S3P2-30GP with 15% and 30% replacement reported ultimate strength gains of 33% and 

17% individually. Conversely, a maximum strength increase of 9% was achieved by the 

control mix M1S3P2-0GP. These results indicate that GP outperformed cement in strength 

gains, especially at later curing ages, because of the secondary hydration of the GP. 

The compressive strength results of the mixes made with w/cm 0.5 at curing ages of 7, 28 and 

91 days are illustrated in Figure 5.20(a). Regardless of the GP content, all mixes showed 

increases in compressive strength values, with testing age denoting the progressive hydration 

reaction. Mixes M1S3P2-0GP, M2S3P2-15GP and M3S3P2-30GP with GP replacement of 

0%, 15% and 30% reported strength gains of 17%, 18% and 33% respectively from 7 to 28 

days, while the same mixes during the period from 28 to 91 days resulted in strength 

increments of 9%, 19% and 10% respectively. The 28-day characteristic compressive 

strengths of 34 MPa, 26 MPa and 20 MPa were recorded by mixes M1S3P2-0GP, M2S3P2-

15GP and M3S3P2-30GP respectively. Additionally, compressive strengths of 37 MPa, 31 

MPa and 22 MPa were reported by the same mixes at a prolonged curing age of 91 days. 

The SAI values of the GP mixes calculated from the strength results are shown in Figure 

5.20(b). Mix M2S3P2-15GP resulted in SAI values of 75%, 80% and 82% at 7, 28 and 91 

days of curing respectively, while SAI values of 52%, 58% and 60% were recorded by mix 

M3S3P2-30GP during the same period. Based on the obtained SAI values, GP replacement of 
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15% satisfied the requirement of the pozzolanic material because the SAI values that were 

reported were consistently over 75% at all curing ages of 7, 28 and 91 days. 

 

(a) Compressive strength 

 

(b) Strength activity index (SAI) 

Figure 5.20: Compressive strength and SAI of mixes with (W/(C+0.3GP)) of 0.5 

The compressive strength results of the mixes made with w/cm 0.45 at curing ages of 7, 28 

and 91 days are illustrated in Figure 5.21(a). Regardless of the GP content, all mixes showed 
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an increase in compressive strength values, with testing age denoting the progressive 

hydration reaction. Mixes M4S3P2-0GP, M5S3P2-15GP and M6S3P2-30GP with GP 

replacement of 0%, 15% and 30% reported strength gain of 16%, 14% and 38% respectively 

from 7 to 28 days, while mixes M4S3P2-0GP and M6S3P2-30GP during the period from 28 

to 91 days resulted in strength increments of 5% and 6% respectively. Mix with M5S3P2-

15GP did not result in any strength gains beyond 28 days of curing. The 28-day characteristic 

compressive strengths of 37 MPa, 32 MPa and 33 MPa were recorded by mixes M4S3P2-

0GP, M5S3P2-15GP and M6S3P2-30GP respectively. Additionally, compressive strengths of 

39 MPa, 32 MPa and 35 MPa were reported by same mixes at a prolonged curing age of 91 

days. 

The SAI values of the GP mixes calculated from the strength results are shown in Figure 

5.21(b). Mix M5S3P2-15GP resulted in SAI values of 86%, 86% and 83% at 7, 28 and 91 

days of curing respectively, while SAI values of 75%, 89% and 89% were recorded by mix 

M6S3P2-30GP during the same period. Based on the obtained SAI values, GP replacement of 

both 15% and 30% satisfied the requirement of the pozzolanic material since the SAI values 

reported were consistently over 75% at all curing ages of 7, 28 and 91 days. 
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(a) Compressive strength 

 

  (b) Strength activity index (SAI) 

Figure 5.21: Compressive strength and SAI of mixes with (W/(C+0.3GP)) of 0.45 

The compressive strength results of the mixes made with w/cm 0.42 at curing ages of 7, 28 

and 91 days are illustrated in Figure 5.22(a). Regardless of the GP content, all mixes showed 

an increase in compressive strength values with testing age denoting the progressive 

hydration reaction. Mixes M7S3P2-0GP, M8S3P2-15GP and M9S3P2-30GP with GP 

replacement of 0%, 15% and 30% reported strength gains of 15%, 33% and 17% respectively 
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from 7 to 28 days, while the same mixes during the period from 28 to 91 days resulted in 

strength increments of 8%, 25% and 17% respectively. The 28-day characteristic 

compressive strengths of 38 MPa, 32 MPa and 35 MPa were recorded by mixes M4S3P2-

0GP, M5S3P2-15GP and M6S3P2-30GP respectively. Additionally, compressive strengths of 

41 MPa, 40 MPa and 41 MPa were reported by the same mixes at a prolonged curing age of 

91 days. 

The SAI values of the GP mixes calculated from the strength results are shown in Figure 

5.22(b). Mix M8S3P2-15GP resulted in SAI values of 74%, 85% and 98% at 7, 28 and 91 

days of curing respectively, while SAI values of 90%, 93% and 101% were recorded by mix 

M9S3P2-30GP during the same period. Based on the obtained SAI values, GP replacement of 

15% and 30% satisfied the requirement of the pozzolanic material because the SAI values 

that were reported were consistently over 75% at all curing ages of 7, 28 and 91 days. 
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(a) Compressive strength 

 

(b) Strength activity index (SAI) 

Figure 5.22: Compressive strength and SAI of mixes with (W/(C+0.3GP)) of 0.42 

The compressive strength results of the mixes made with w/cm 0.39 at curing ages of 7, 28 

and 91 days are illustrated in Figure 5.23(a). Regardless of the GP content, all mixes showed 

an increase in compressive strength values with testing age denoting the progressive 

hydration reaction. Mixes M10S3P2-0GP, M11S3P2-15GP and M12S3P2-30GP with GP 

replacement of 0%, 15% and 30% reported strength gains of 14%, 13% and 16% respectively 

0

5

10

15

20

25

30

35

40

45

7-d 28-d 91-d

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
 (

M
P

a
)

Curing period (days)

M7S3P2-0GP M8S3P2-15GP M9S3P2-30GP

0

15

30

45

60

75

90

105

7-d 28-d 91-d

S
tr

en
g

th
 a

ct
iv

it
y

 i
n

d
ex

 (
%

)

Curing period (days)

M8S3P2 M9S3P2



CHAPTER 5: RESULTS AND DISCUSSIONS 

 140 

from 7 to 28 days, while the same mixes during the period from 28 to 91 days resulted in 

strength increments of 8%, 35% and 14% respectively. The 28-day characteristic 

compressive strengths of 40 MPa, 34 MPa and 44 MPa were recorded by mixes M10S3P2-

0GP, M11S3P2-15GP and M12S3P2-30GP respectively. Additionally, compressive strengths 

of 43 MPa, 46 MPa and 50 MPa were reported by the same mixes at a prolonged curing age 

of 91 days. 

The SAI values of the GP mixes calculated from the strength results are shown in Figure 

5.23(b). Mix M11S3P2-15GP resulted in SAI values of 86%, 86% and 106% at 7, 28 and 91 

days of curing respectively, while SAI values of 108%, 112% and 117% were recorded by 

mix M12S3P2-30GP during the same period. Based on the obtained SAI values, GP 

replacement of both 15% and 30% satisfied the requirement of the pozzolanic material 

because the SAI values that were reported were consistently over 75% at all curing ages of 7, 

28 and 91 days. 
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(a) Compressive strength 

 

(b) Strength activity index (SAI) 

Figure 5.23: Compressive strength and SAI of mixes with (W/(C+0.3GP)) of 0.39 

According to the standard ASTM C618 (2003), for any material to be used as pozzolan, the 

SAI value should be at least 75%, irrespective of the curing age. As shown in Figure 20(b), 

all mixes met the required SAI value, except for mix M3S3P2-30GP with 30% GP at a 0.5 

w/cm ratio, which recorded an SAI of 60% at 91 days of curing. For 15% GP, mix M11S3P2-

15GP reported the best SAI values of 86%, 86% and 106% at 7, 28 and 91 days of curing 
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respectively. The highest SAI values of 108%, 112% and 117% were observed in the mix 

M12S3P2-30GP with 30% GP at the same ages. The SAI values of all the mixes with 30% 

GP were consistently higher than those of the 15% GP mixes at all w/b ratios employed, 

except 0.5. This improved performance of GP at 30% substitution, particularly at lower w/b 

ratios, may be a consequence of the combined effects of maximum pozzolanic activity and 

water reduction. 

5.2.5.5 Resistance to chloride ion penetration—Phase 2 

The resistivity results of the mixes having w/cm ratio of 0.5 at 28 and 91 days of curing are 

shown in Figure 5.24. There was a linear increase in the resistivity values of all mixes with 

increment in curing age regardless of the GP substitution level. This is due to a steady 

progressive hydration with time, which makes the pore structure denser, thereby resulting in a 

rise in durability. Mixes M1S3P2-0GP, M2S3P2-15GP and M3S3P2-30GP with GP 

replacement of 0%, 15% and 30% reported resistivity values of 14, 16 and 18 kΩcm 

respectively at 28 days, while at prolonged curing age of 91 days, the same mixes resulted in 

resistance to chloride ion penetration of 16, 18 and 21 kΩcm respectively. The recorded 

resistivity increase from 28 to 91 days was 14%, 13% and 17% in mixes M1S3P2-0GP, 

M2S3P2-15GP and M3S3P2-30GP respectively. In comparison with the control mix 

M1S3P2-0GP having 0% GP, mixes M2S3P2-15GP and M3S3P2-30GP with 15% and 30% 

GP substitution recorded increment in resistance of 13% and 31% respectively. 
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Figure 5.24: Resistivity of mixes with (W/(C+0.3GP)) of 0.5 

Since all the mixes reported resistivity values of over 12 kΩcm at both curing ages, the 

probability of chloride ion penetration in all mixes is moderate according to values reported 

in Table 4.3. 

The resistance to chloride ion penetration measured using Resipod for the mixes with w/cm 

ratio of 0.45 is illustrated in Figure 5.25. Mixes M4S3P2-0GP, M5S3P2-15GP and M6S3P2-

30GP with GP replacement of 0%, 15% and 30% reported resistivity values of 14, 13 and 15 

kΩcm respectively at 28 days, while at prolonged curing age of 91 days, the same mixes 

resulted in resistance to chloride ion penetration of 17, 18 and 22 kΩcm respectively. The 

recorded resistivity increase from 28 to 91 days was 21%, 38% and 47% in mixes M4S3P2-

0GP, M5S3P2-15GP and M6S3P2-30GP respectively. In comparison with the control mix 

M4S3P2-0GP having 0% GP, mixes M5S3P2-15GP and M6S3P2-30GP with 15% and 30% 

GP substitution recorded increments in resistance of 6% and 29% respectively. 
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Figure 5.25: Resistivity of mixes with (W/(C+0.3GP)) of 0.45 

The resistance to chloride ion penetration measured using Resipod for the mixes with w/cm 

ratio of 0.45 is illustrated in Figure 5.26. Mixes M7S3P2-0GP, M8S3P2-15GP and M9S3P2-

30GP with GP replacement of 0%, 15% and 30% reported resistivity values of 14, 16 and 18 

kΩcm respectively at 28 days, while at prolonged curing age of 91 days, the same mixes 

resulted in resistance to chloride ion penetration of 19, 23 and 25 kΩcm respectively. The 

recorded resistivity increase from 28 to 91 days was 36%, 44% and 39% in mixes M7S3P2-

0GP, M8S3P2-15GP and M9S3P2-30GP respectively. In comparison with the control mix 

M7S3P2-0GP having 0% GP, mixes M8S3P2-15GP and M9S3P2-30GP with 15% and 30% 

GP substitution recorded increments in resistance of 21% and 32% respectively. 
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Figure 5.26: Resistivity of mixes with (W/(C+0.3GP)) of 0.42 

Similar to the compressive strength results, the mixes with the lowest w/cm ratio of 0.39 gave 

the best chloride resistivity results, irrespective of their substitution levels and curing ages at 

all w/cm ratios employed. At 28 days, mixes M10S3P2-0GP, M11S3P2-15GP and 

M12S3P2-30GP with 0%, 15% and 30% GP exhibited the maximum resistivity values of 18, 

19 and 20 kΩcm respectively, as seen in Figure 5.27. Further, the resistance levels of 37, 39 

and 42 kΩcm were reported by the same mixes after a prolonged curing of 91 days (see 

Figure 5.27). Regardless of the GP replacement percentage, all three mixes resulted in a 

humongous increase in resistance compared with mixes made with other w/cm ratios during 

the period of 28 to 91 days. The recorded resistivity increase from 28 to 91 days was 106%, 

105% and 110% in mixes M10S3P2-0GP, M11S3P2-15GP and M12S3P2-30GP 

respectively. In comparison with the control mix M10S3P2-0GP with 0% GP, mixes 

M11S3P2-15GP and M12S3P2-30GP with 15% and 30% GP substitution recorded 

increments in resistance of 5% and 14% respectively. At 91 days of curing, the mix with 30% 

GP content resulted in resistance increases of 31%, 29%, 32% and 14% at w/cm ratios of 0.5, 

0.45, 0.42 and 0.39 respectively. 
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Figure 5.27: Resistivity of mixes with (W/(C+0.3GP)) of 0.39 

All mixes with 30% GP exhibited the highest resistance values in their respective w/cm ratios 

at both 28 and 91 days of curing. This arose from the formation of a secondary calcium 

silicate hydrate (C-S-H), which reduced the concentration of ions such as Ca2+ and OH‾. 

Additionally, alkalis may have been absorbed into the formed C-S-H because of its low Ca/Si 

ratio. In conclusion, pore refinement in the microstructure and decreased ion concentration 

brought about by the pozzolanic characteristic of GP were the main reasons behind the 

improvements in chloride resistance of the cement pastes modified with GP. Similar results 

showing the improved chloride resistivity of mortars with GP replacement have been reported 

elsewhere, although the size of the GP employed was much finer than the one used in the 

present study (Kamali & Ghahremaninezhad, 2015). 

5.2.5.6 Heat of hydration—Phase 2 

The heat of hydration of the mixes made with a w/cm ratio of 0.5 can be seen in Figure 5.28. 

The temperature for each mix was recorded for a period of seven days but, since all mixes 

demonstrated a constant value after about 2,500 minutes, the graph depicts the pattern of heat 

evolution until that time. As the replacement percentage increases, the peak temperature 
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decreases (see Figure 5.28), maximum temperatures of 43.5 °C, 40.5 °C and 37.5 °C were 

reported by mixes with GP replacement of 0%, 15% and 30% respectively. Mix M2S3P1-

15GP with 15% GP showed a reduction in temperature by 7%, while a decrease in heat by 

14% was recorded by mix M3S3P2-30GP having 30% GP compared with the control mix 

M1S3P2-0GP with no GP. This decline in the temperature in GP mixes can be attributed to a 

low surface area of coarse glass particles, providing decreased nucleation sites and resulting 

in hydration impediment. 

 

Figure 5.28: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.5 

A similar pattern of heat evolution was observed in mixes with a w/cm ratio of 0.45, as seen 

in Figure 5.29. Mixes with 0%, 15% and 30% GP substitution levels resulted in maximum 

temperatures of 45.5 °C, 41.5 °C and 35 °C respectively. A substantial temperature reduction 

of 23% was recorded by mix M6S3P2-30GP with 30% GP, whereas mix M5S3P2-15GP 

made with 15% GP as partial cement replacement reported a modest 10% drop in temperature 

with reference to the plain mix M4S3P2-0GP having 0% GP. 
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Figure 5.29: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.45 

The heat of hydration of mixes with w/cm ratio of 0.42 measured in terms of temperature 

progression with respect to time is depicted in Figure 5.30. There is a depletion in the heat 

with the increase in the GP replacement level, similar to the heat pattern observed in the 

mixes made with w/cm ratios of 0.5 and 0.45. Maximum temperatures of 52 °C, 49 °C and 

41.5 °C were reported by mixes with GP replacement of 0%, 15% and 30% respectively. 

Temperature reductions of 6% and 20% were reported by mixes M8S3P2-15GP and 

M9S3P2-30GP with 15% and 30% GP respectively in comparison with the control mix 

M7S3P2-0GP with 0% GP. 
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Figure 5.30: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.42 

Lastly, the heat of hydration of the mixes made with w/cm ratio of 0.39 is shown in Figure 

5.31. As expected, the recorded temperature of the mixes was highest regardless of the GP 

replacement level in comparison with preceding mixes made with different w/cm ratios 

because of the lowest w/cm ratio of 0.39. As the replacement percentage increases, the peak 

temperature decreases (see Figure 5.30), maximum temperatures of 64.5 °C, 58.5 °C and 

48.5 °C were reported by mixes with GP replacement of 0%, 15% and 30% respectively. Mix 

M11S3P1-15GP with 15% GP showed a reduction in temperature by 9%, while a maximum 

decrease in heat by 24% was recorded by mix M12S3P2-30GP with 30% GP compared with 

the control mix M10S3P2-0GP with no GP. 
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Figure 5.31: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.39 

The heat of hydration for all mixes assessed in this experimental phase is detailed in Table 

5.8. It is evident that GP plays a significant role in the hydration temperature. As the GP 

replacement increased, the heat of hydration decreased in all four of the w/cm ratios 

employed; this was mainly because of the dilution effect. In fact, like other pozzolanic 

materials such as fly ash, the use of pozzolans reduce heat generation in concrete due to a 

delayed pozzolanic reaction and a reduction in cement content in concrete which dominate 

heat of hydration at early age. Further, GP mixes at both replacement levels took more time 

to reach their peak hydration temperatures than the control mix, except for mix M5S3P2-

15GP with 15% GP replacement. GP mixes have slightly broader peaks than the control mix 

at all w/cm ratios studied, confirming the notion that the rate of hydration in GP mixes is 

slower than in the plain mix. 

These results indicate that GP use as cement replacement may have a substantial effect on the 

rate of hydration, which is a similar result to the finding by Kamali & Ghahremaninezhad 

(2016) that GP produces a reduction in hydration peaks and a lower rate of hydration than is 

found in the control mix.  
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Table 5.8: Heat of hydration of all mixes 

Mix designation Maximum temperature (°C) 
Time taken for the peak temperature 

(minutes) 

M1S3P2-0GP 43.5 690 

M2S3P2-15GP 40.5 870 

M3S3P2-30GP 37.5 1020 

M4S3P2-0GP 45.5 690 

M5S3P2-15GP 41.5 630 

M6S3P2-30GP 35.0 960 

M7S3P2-0GP 52.0 690 

M8S3P2-15GP 49.0 780 

M9S3P2-30GP 41.5 720 

M10S3P2-0GP 64.5 570 

M11S3P2-15GP 58.5 660 

M12S3P2-30GP 49.0 720 

5.2.5.7 Drying shrinkage—Phase 2 

The reduction in length resulting from capillary evaporation of mixes made with w/cm ratio 

of 0.5 is illustrated in Figure 5.32. There is little variation in the shrinkage values within the 

first seven days of the drying period, regardless of the GP substitution level employed. Mixes 

M1S3P2-0GP, M2S3P2-15GP and M3S3P2-30GP with GP substitution levels of 0%, 15% 

and 30% resulted in reduction in lengths of 390, 450 and 430 microstrain respectively at an 

early drying age of seven days. The same mixes reported shrinkage of 680, 770 and 750 

microstrain after drying for a period of 28 days, while a prolonged drying interval of 56 days 

resulted in linear depletions of 820, 865 and 880 microstrain (see Figure 5.32). Both the GP 

mixes resulted in higher shrinkage values compared with the plain mix at the end of 56 days 
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of drying. Apropos to the control mix M1S3P2-0GP, higher shrinkage of 5% and 7% were 

reported by mixes M2S3P2-15GP and M3S3P2-30GP respectively. 

 

Figure 5.32: Drying shrinkage of mixes with (W/(C+0.3GP)) of 0.5 

The drying shrinkage of mixes made with w/cm ratio of 0.45 is illustrated in Figure 5.33. 

Mixes M4S3P2-0GP, M5S3P2-15GP and M6S3P2-30GP with GP substitution levels of 0%, 

15% and 30% resulted in reduction in lengths of 305, 345 and 437 microstrain respectively at 

an early drying age of seven days. This was much less than the shrinkage values of the mixes 

reported earlier at the same age. The improvement is basically the result of a reduction in 

water content of the current mixes compared with the earlier ones. The same mixes reported 

shrinkage of 580, 580 and 550 microstrain after drying for a period of 28 days, while a 

prolonged drying interval of 56 days resulted in linear depletions of 703, 668 and 730 

microstrain. Mix M6S3P2-30GP recorded a 4% increase in shrinkage, whereas a 5% 

reduction in shrinkage values was reported by mix M5S3P2-15GP with respect to the plain 

mix M4S3P2-0GP at a final drying period of 56 days. 
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Figure 5.33: Dyring shrinkage of mixes with (W/(C+0.3GP)) of 0.45 

The reduction in length resulting from capillary evaporation of mixes made with w/cm ratio 

of 0.42 is illustrated in Figure 5.34. Mixes M7S3P2-0GP, M8S3P2-15GP and M9S3P2-30GP 

with GP substitution levels of 0%, 15% and 30% resulted in reduction in lengths of 460, 480 

and 500 microstrain respectively at an early drying age of seven days. The same mixes 

reported shrinkage of 620, 665 and 630 microstrain after drying for a period of 28 days, while 

a prolonged drying interval of 56 days resulted in linear depletions of 730, 710 and 690 

microstrain. Both GP mixes resulted in higher shrinkage values compared with the plain mix 

having 0% GP at the end of the maximum drying interval of 56 days. Apropos to the control 

mix M7S3P2-0GP, lower shrinkages of 3% and 5% were reported by mixes M8S3P2-15GP 

and M9S3P2-30GP respectively. 
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Figure 5.34: Dyring shrinkage of mixes with (W/(C+0.3GP)) of 0.42 

The reduction in length resulting from the capillary evaporation of mixes made with w/cm 

ratio of 0.39 is illustrated in Figure 5.35. Mixes M10S3P2-0GP, M11S3P2-15GP and 

M12S3P2-30GP with GP substitution levels of 0%, 15% and 30% resulted in a reduction in 

lengths of 403, 383 and 437 microstrain respectively at an early drying age of seven days. 

The same mixes reported shrinkages of 550, 570 and 580 microstrain after drying for a period 

of 28 days, while a prolonged drying interval of 56 days resulted in linear depletions of 647, 

682 and 706 microstrain. Similar to the mixes made with a w/cm ratio of 0.5, both GP mixes 

resulted in higher shrinkage values compared with the plain mix at the end of 56 days of 

drying. Apropos to the control mix M10S3P2-0GP, higher shrinkages of 5% and 9% were 

reported by mixes M11S3P2-15GP and M12S3P2-30GP respectively. 
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Figure 5.35: Dyring shrinkage of mixes with (W/(C+0.3GP)) of 0.39 

In summary, the drying shrinkage values of all mixes—aside from those with a higher w/cm 

ratio of 0.5—fell within the acceptable limit of 750 microstrain at 56 days of drying, as set by 

AS 3600. This was expected, as a higher w/cm ratio would mean more water, which would 

result in increased evaporation, leading to greater shrinkage. Overall, the GP mixes exhibited 

slightly higher shrinkage values than the control mix, with the exception of the M5S3P2-

15GP, M8S3P2-15GP and M9S3P2-30GP mixes, which resulted in slightly lower shrinkage 

values than the control mix. With reference to the control mix, M12S3P2-30GP recorded the 

highest increment in shrinkage at 9%, while the lowest shrinkage of 5% was reported by 

M8S3P2-15GP. For a given GP replacement level, the least shrinkage values were reported 

by mixes made with 0.39 w/cm ratio, as they had the least water content of all other mixes 

with different w/cm ratios. 

5.2.5.8 SEM—Phase 2 

The microstructural observation of mixes with 0%, 15% and 30% GP using SEM can be seen 

in Figure 5.36. Out of all the mixes cast, three mixes—M10S3P2-0GP, M11S3P2-15GP and 

M12S3P2-30GP—were investigated as employing SEM because they exhibited the 
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maximum compressive strength and the highest levels of chloride resistance. All images 

displayed in Figure 5.36 were taken after a prolonged curing period of 13 weeks. Each mix 

was explored under three different magnifications to study the microstructure in detail. GP 

tends to refine its pore structure, exhibiting a dense and mature structure, especially at 30% 

replacement, as seen in Figure 5.36(i), while Figure 5.36(c) depicts a slender structure with 

crystal formations of lime in the plain mix. 

The secondary hydration from the pozzolanic characteristic of GP was the main reason for 

this pore refinement, because it converts the crystalline lime to an amorphous C-S-H. The 

mix with 15% GP also showed C-S-H gel formations, as shown in Figure 5.36(f); however, 

this densification in microstructure was not evident in 30% GP. These findings are in 

agreement with Sobolev et al. (2007), whose investigation reported that the major difference 

between plain cement and mortar containing GP arises from a reduction in lime content 

because of the pozzolanic reaction of glass particles. 
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(a) M10S3P2-0GP @ x200 (b) M10S3P2-0GP @ x500 (c) M10S3P2-0GP @ x1200 

   

(d) M11S3P2-15GP @ x200 (e) M11S3P2-15GP @ x500 (f) M11S3P2-15GP @ x1200 

   

(g) M12S3P2-30GP @ x200 (h) M12S3P2-30GP @ x500 (i) M12S3P2-30GP @ x1200 

Figure 5.36: SEM images of mortar samples 

5.3 Cost and Environmental Benefits 

The use of recycled waste GP as a cement replacement could have a dual beneficial effect on 

the atmosphere. First, employing GP as a cement substitute would lead to a decrease in 

cement consumption, thereby lowering cement production and depleting CO2 emissions. 

Second, this substitution would lead to a reduction in the dumping of non-biodegradable 
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material into landfill, saving limited landfill space and minimising the unsustainable effects 

of waste GP on the environment. 

The latest statistics from the Australian Cement Industry Federation revealed that cement 

production in Australia reached about 9.7 million tonnes between 2015 and 2016, which 

generated around 5.3 million tonnes of CO2 emissions (Cement Industry Federation, 2017). 

The research study presented herein revealed 30% as the ideal replacement level, which, if 

employed as a form of cement substitution, would reduce the cement industry’s total annual 

CO2 discharge by 1.6 million tonnes in Australia. Globally, the depletion of CO2 emissions 

would be approximately 750 million tonnes per annum. 

Moreover, employing waste GP as a cement replacement would result in economical 

construction. Recycling a tonne of GP consumes about 6.5 kW of electric power, 1.0 litres of 

diesel and about 0.27 litres of gasoline; summing up the costs, the price of GP employed in 

the research study is A$ 270.00/tonne. The current price of general-purpose cement on the 

local market is around A$ 300 to $330/tonne. Therefore, a 30% replacement would result in 

17% higher compressive strength than the control mix and would be approximately 6% 

cheaper than the plain cement mix, as seen in Figure 5.37. The annual cost savings are around 

A$ 20 million in the local Australian market, while the reduction in construction costs is 

much higher worldwide. 
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Figure 5.37: Cost and strength comparison of GP with cement 

5.4 Design Chart 

The pozzolanic performance of the GP is dependent on several factors, such as colour, size, 

chemical composition and mix design. Few studies have employed GPs of the same size, but 

reported diverse pozzolanic performance because of the distinct chemical compositions of the 

GPs used. Hence, a design chart with the employed coarse GP is developed. Previous 

research outcomes using similar size GPs are not included in the design chart because of the 

diverse nature of GP and also due to the unique efficiency factor of 0.3 used in the present 

experimental program. 

Similar to any pozzolanic material, GP gains strength after 28 days of curing due to 

secondary hydration; however, the graph is made using 28-day compressive strength because, 

in general, the design charts for strength are prepared considering the characteristic 

compressive strength, which is usually at 28 days of curing. The design chart shown in Figure 

5.38(a) can be used to predict the strength of mortar made with either 15% or 30% coarse GP 

replacement, and the range of w/cm ratio is from 0.35 to 0.55. The strength design chart at 

later curing age of 91 days is shown in Figure 5.38(b). As discussed in the earlier sections, 
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GP strength gain is much higher compared to the plain mix especially at longer curing 

duration of 91 days and at higher GP substitution level of 30%. It is predicted from the design 

chart (see Figure 5.38 (b)) that a maximum strength of about 70 MPa could be achieved using 

the 30% coarse GP at w/cm ratio of 0.35. 

 

(a) 28-day Compressive strength 

 

(b) 91-day Compressive strength 

Figure 5.38: Design chart w.r.t w/cm ratio 
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The 0.3 efficiency factor that was employed in the w/cm ratio in the last stage of the 

experimental program was limited to the 30% GP replacement level. As discussed in the 

previous chapters, to compare all GP substitution percentages from 0% to 60%, a strength 

design chart with varying a/cm ratio was prepared, as seen in Figure 5.39. Like the previous 

design chart, 28-day compressive strength was considered for developing the graph, and the 

a/cm ratio ranged from 1 to 3.5. As the a/cm ratio increases, the strength increases at all GP 

replacement levels because of the increment in the cement content for a given aggregate 

volume. The comparative chart can be used to predict the strength for a given GP 

replacement percentage from 0% to 60% and at a desired a/cm ratio ranging from 1 to 3.5. 

Unlike the previous chart, this graph contains some of the previous experimental studies to 

compare the strength development with respect to the GP replacement percentage. 

 

Figure 5.39: Compressive strength comparison w.r.t a/cm ratio 

0

10

20

30

40

50

60

70

80

90

1 1.5 2 2.5 3 3.5

2
8
-d

a
y
 C

o
m

p
re

ss
iv

e 
S

tr
en

g
th

 (
M

P
a
)

a/cm

0%GP

0GP Siad et al. (2016)

0GP Matos & Joana

(2012)
10GP Matos & Joana

(2012)
15%GP

15GP Siad et al. (2016)

20%GP

20GP Shi et al. (2005)

20GP Matos & Joana

(2012)
30%GP

30GP Siad et al. (2016)

40%GP

45GP Siad et al. (2016)

50%GP

60%GP



CHAPTER 5: RESULTS AND DISCUSSIONS 

 162 

5.5 Summary 

This chapter presented the test results of the entire experimental program. To maximise the 

replacement percentage and save the energy required for grinding, coarse GP exhibiting an 

SAI value of 61% at 30% cement substitution was chosen at the end of the Stage 1 

experimental work. The subsequent stage consisted of optimising the curing regimes, which 

resulted in the increment of SAI to 89% at the same replacement level. Finally, the last stage 

mix design alteration resulted in a maximum SAI of 117%. In addition, it resulted in higher 

resistance to chloride ion penetration of 17% and about 23% lower heat of hydration than the 

control mix at 30% replacement of the coarse GP. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The overall aim of this research was to determine the suitability of the available GP as 

pozzolanic cement. Specifically, the principal objectives were to: 

• assess the pozzolanic performance of the GP used in the research 

• conduct tests to ascertain the effect of the GP size, percentage replacement, curing 

conditions and mix design alterations on fresh, mechanical and durability properties 

of the GP concrete 

• determine the optimum percentage of cement replacement and the best possible size 

of the GP in the current research 

• investigate the cost and energy efficiencies of GP concrete with reference to 

conventional concrete. 

These research objectives were formulated following the research gaps identified in the most 

up-to-date literature review. These research gaps were: 

• Past experimental studies pertaining to GP as cement replacement reported contrary 

outcomes, especially in properties such as workability, density, compressive strength 

and heat of hydration.  

• Most researchers concentrated on fine GP (<100 µm) due to the increment in the 

pozzolanic characteristic of GP with a decrease in its size; however, few studies with 

coarse GP (>100 µm) resulted in SAI values of below 100%. 

• Previous published research shows that the water reduction technique applied to GP 

mortar/concrete similar to the fly ash mix design was limited to 10% GP replacement. 
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Hence, research on coarse GP as pozzolanic cement replacement has remained relatively 

unexplored. An extensive experimental programme was undertaken to investigate some of the 

shortcomings. The complete research project was divided into three stages. The pozzolanic 

performance of GPs of two different sizes—fine (<75 µm) and coarse (<150 µm)—was 

compared in the first stage of the experimental work. The Stage 1 preliminary study was 

further split into two phases, with each phase having distinct GP replacement percentages. As 

expected, the GP with fine size distribution performed better compared with its coarse 

counterpart. However, despite showing lesser strength than the fine GP mixes, the coarse GP 

mixes exhibited higher workability—especially 30% coarse GP—as cement substitution 

resulted in an almost 200% increase in slump compared with mixes made with fine GP at the 

same replacement level. These positive outcomes were decisive in selecting coarse GP in the 

subsequent stages of the research project. Another purpose for choosing coarse GP was to 

optimise the grinding energy, as a considerable amount of energy would be used to pulverise 

the coarse glass particles into fine particles, and the energy saved would thereby lead to a 

decrease in harmful CO2 emissions and reduced costs. In summary, at the end of the Stage 1 

experimental program, a coarse GP exhibiting an SAI value of 61% at 30% GP replacement 

was preferred for the following research project. 

Since the coarse GP exhibited pozzolanic characteristics in the first stage of the experimental 

work, the Stage 2 research program dealt with enhancing the pozzolanic attribute of the 

coarse GP by varying the curing conditions. Mixes casted in this stage were subjected to three 

different curing conditions—namely, ambient, ETC and water. Similar to the prior stage, 

compressive strength testing was conducted for a maximum period of 91 days. In addition to 

the fresh and mechanical properties, durability attributes of the mixes were evaluated using 

the Resipod resistivity meter. The optimisation of the curing conditions resulted in maximum 

SAI values of 89% at 30% GP replacement percentage of cement, and the GP mixes led to 
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higher resistance to chloride ion penetration compared with the control mix. In summary, 

ETC exhibited higher strengths for all mixes especially at early curing age of seven days 

while, water cured specimens consistently showed higher strengths especially, the control 

mixes at higher curing ages of 28 and 91 days. For GP mixes, despite ETC resulting in higher 

SAI at 15% GP, ambient curing is ideal as it gave the best SAI value at higher GP 

substitution of 30%. 

The third and the final stage of the experimental investigation of GP as pozzolanic cement 

was divided into two phases. Since the coarse GP mixes have consistently exhibited higher 

workability than the control mix in the previous stages, a water reduction technique was 

introduced in this stage in the mix design, similar to the fly ash mix design, to augment the 

pozzolanic characteristic of the GP. The modifications to the mix design were first applied to 

the cubic specimens as a pilot test in the first phase, and since the results were more than 

satisfactory, the mix design alterations were applied to cylindrical samples in the second 

phase of the experimental program. In addition to the tests done in the previous stages, heat 

of hydration and drying shrinkage of the mixes were evaluated. Heat of hydration was 

estimated for seven days and the shrinkage strain was evaluated for a total drying period of 

56 days. Conclusively, the last stage mix design optimisation resulted in the highest SAI of 

117%. It also resulted in higher resistance to chloride ion penetration of 17% and about 23% 

lower heat of hydration than the control mix at 30% replacement of coarse GP. 

Overall, based on the research outcomes obtained, it can be concluded that the research aim 

and objectives have been accomplished. 

6.2 Recommendations and Scope for Future Research 

The following related areas of research on GP application in concrete have been relatively 

unexplored and could form the basis of future research: 
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• fire resistance of structural concrete made with GP as binder replacement is to be 

investigated in order to ascertain the effect of glass particles on fire 

• compatibility of GP with various forms of reinforcement such as steel, carbon fibre 

and organic fibre is to be assessed, further the fresh, mechanical and durability 

properties of reinforced GP concrete is to be compared with the conventional concrete 

to determine the efficiency of GP  

• application of GP with other waste materials like rubber, plastic and sawdust in 

preparation of concrete/mortar is to be investigated 

• utilisation of GP in preparing pre and post-tensioned concrete elements is to be 

explored to further promote GP in structural concrete applications 
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APPENDIX A: SIEVE ANALYSIS  

Table A.1: Sieve analysis of sand 

Sample Mass = 500 g 

Sieve 

Size 

(mm) 

Sieve 

Mass 

(g) 

Sieve + 

Sample 

Retained 

(g) 

Mass 

Retained 

(g) 

Cumulative 

Mass 

Retained 

(g) 

Cumulative 

% Retained 

Cumulative 

% Passing 

4.75 549.19 549.62 0.43 0.43 0.09 99.91 

2.36 538.72 582.28 43.56 43.99 8.8 91.2 

1.18 491.33 565.89 74.56 118.55 23.7 76.3 

0.6 489.87 671.24 181.37 299.92 59.97 40.03 

0.425 457.16 532.25 75.09 375.01 74.98 25.02 

0.3 434.03 492.72 58.69 433.7 86.72 13.28 

0.15 407.83 466.29 58.46 492.16 98.41 1.59 

0.075 406.87 413.55 6.68 498.84 99.74 0.26 

Pan 240.85 242.09 1.24 500.08 99.99 0.01 
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APPENDIX B: HARDENED DENSITY 

Table B.1: Hardened density of stage 1 mixes made with fine GP (Phase 1) 

Mix Id S No 
7-d  

7-d Avg 

(kg/m3) 28-d 

28-d Avg 

(kg/m3) 

M1S1P1-0GP 

1 2155 

2147 

2191 

2183 

2 2139 2177 

3 2145 2186 

4 2153 2170 

5 2141 2189 

M2S1P1-20GP 

1 2093 

2085 

2137 

2129 

2 2074 2122 

3 2081 2133 

4 2090 2125 

5 2088 2127 

M3S1P1-40GP 

1 2088 

2080 

2120 

2112 

2 2071 2103 

3 2077 2117 

4 2085 2115 

5 2079 2106 

M4S1P1-60GP 

1 2058 

2049 

2041 

2032 

2 2040 2025 

3 2047 2030 

4 2053 2038 

5 2045 2027 
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Table B.2: Hardened density of stage 1 mixes made with coarse GP (Phase 1) 

Mix Id S No 
7-d  

7-d Avg 

(kg/m3) 28-d 

28-d Avg 

(kg/m3) 

M1S1P1-0GP 

1 2155 

2147 

2191 

2183 

2 2139 2177 

3 2145 2186 

4 2153 2170 

5 2141 2189 

M2S1P1-20GP 

1 2087 

2079 

2095 

2087 

2 2071 2080 

3 2082 2090 

4 2075 2084 

5 2080 2086 

M3S1P1-40GP 

1 2014 

2006 

2052 

2044 

2 2000 2036 

3 2002 2042 

4 2010 2049 

5 2005 2039 

M4S1P1-60GP 

1 1906 

1901 

1943 

1935 

2 1891 1928 

3 1896 1938 

4 1902 1932 

5 1909 1936 
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Table B.3: Hardened density of stage 1 mixes made with fine GP (Phase 2) 

Mix Id S No 
7-d  

7-d Avg 

(kg/m3) 28-d 

28-d Avg 

(kg/m3) 

M1S1P2-0GP 

1 2155 

2147 

2191 

2183 

2 2139 2177 

3 2145 2186 

4 2153 2170 

5 2141 2189 

M2S1P2-15GP 

1 2109 

2100 

2150 

2143 

2 2092 2136 

3 2098 2148 

4 2105 2139 

5 2095 2141 

M3S1P2-30GP 

1 2103 

2096 

2138 

2130 

2 2087 2121 

3 2100 2128 

4 2091 2136 

5 2097 2125 

M4S1P2-50GP 

1 2073 

2065 

2050 

2057 

2 2057 2065 

3 2063 2060 

4 2071 2054 

5 2060 2058 
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Table B.4: Hardened density of stage 1 mixes made with coarse GP (Phase 2) 

Mix Id S No 
7-d  

7-d Avg 

(kg/m3) 28-d 

28-d Avg 

(kg/m3) 

M1S1P2-0GP 
 

1 2155 

2147 

2191 

2183 

2 2139 2177 

3 2145 2186 

4 2153 2170 

5 2141 2189 

M2S1P2-15GP 
 

1 2088 

2096 

2119 

2111 

2 2103 2103 

3 2100 2107 

4 2092 2115 

5 2098 2113 

M3S1P2-30GP 
 

1 2049 

2041 

2086 

2078 

2 2034 2070 

3 2045 2082 

4 2038 2074 

5 2040 2076 

M4S1P2-50GP 

1 1950 

1942 

1984 

1976 

2 1934 1968 

3 1944 1975 

4 1936 1980 

5 1948 1972 
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Table B.5: Hardened density of ambient cured cylinders (Stage 2) 

Mix Id S 

No 

7-d  7-d Avg 

(kg/m3) 

28-d 28-d Avg 

(kg/m3) 

91-d 91-d Avg 

(kg/m3) 

M1S2-0GP 

1 2182 

2176 

2222 

2215 

2181 

2175 

2 2167 2209 2170 

3 2190 2218 2174 

4 2160 2212 2179 

5 2179 2216 2172 

M2S2-15GP 

1 2200 

2199 

2144 

2138 

2133 

2125 

2 2216 2132 2118 

3 2192 2134 2128 

4 2190 2140 2120 

5 2195 2142 2124 

M3S2-30GP 

1 2134 

2130 

2117 

2110 

2111 

2103 

2 2122 2104 2096 

3 2127 2109 2107 

4 2125 2114 2098 

5 2140 2106 2105 

M4S2-50GP 

1 1980 

1974 

1916 

1908 

1916 

1909 

2 1972 1900 1901 

3 1978 1905 1912 

4 1968 1911 1908 

5 1970 1906 1910 
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Table B.6: Hardened density of ET cured cylinders (Stage 2) 

Mix Id S 

No 

7-d  7-d Avg 

(kg/m3) 

28-d 28-d Avg 

(kg/m3) 

91-d 91-d Avg 

(kg/m3) 

M1S2-0GP 

1 2273 

2266 

2255 

2247 

2220 

2211 

2 2257 2239 2202 

3 2265 2247 2208 

4 2270 2250 2216 

5 2267 2242 2210 

M2S2-15GP 

1 2239 

2230 

2155 

2163 

2147 

2139 

2 2223 2170 2130 

3 2232 2166 2136 

4 2226 2169 2141 

5 2232 2157 2143 

M3S2-30GP 

1 2032 

2024 

2073 

2065 

2042 

2034 

2 2015 2058 2025 

3 2019 2065 2031 

4 2027 2069 2038 

5 2025 2060 2035 

M4S2-50GP 

1 2043 

2036 

1991 

1984 

1963 

1956 

2 2025 1977 1948 

3 2030 1985 1952 

4 2039 1981 1960 

5 2042 1988 1955 
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Table B.7: Hardened density of water cured cylinders (Stage 2) 

Mix Id S 

No 

7-d  7-d Avg 

(kg/m3) 

28-d 28-d Avg 

(kg/m3) 

91-d 91-d Avg 

(kg/m3) 

M1S2-0GP 

1 2250 

2242 

2233 

2226 

2264 

2256 

2 2234 2218 2248 

3 2239 2222 2253 

4 2246 2229 2260 

5 2243 2227 2257 

M2S2-15GP 

1 2180 

2172 

2186 

2179 

2199 

2190 

2 2165 2170 2181 

3 2170 2176 2188 

4 2177 2183 2194 

5 2168 2180 2186 

M3S2-30GP 

1 2121 

2113 

2152 

2144 

2155 

2147 

2 2104 2136 2139 

3 2109 2149 2145 

4 2118 2138 2153 

5 2111 2147 2141 

M4S2-50GP 

1 2056 

2048 

2099 

2090 

2115 

2108 

2 2040 2081 2100 

3 2051 2088 2111 

4 2044 2094 2104 

5 2049 2086 2109 
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APPENDIX C: COMPRESSIVE STRENGTH 

Table C.1: Compressive strength of stage 1 mixes made with fine GP (Phase 1) 

Mix Id S No 
7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S1P1-0GP 

1 52 

48 

67 

65 

68 

66 

2 45 64 65 

3 48 65 66 

4 50 64 65 

5 45 65 65 

M2S1P1-20GP 

1 31 

28 

55 

50 

56 

52 

2 25 50 50 

3 28 47 52 

4 27 48 50 

5 30 50 50 

M3S1P1-40GP 

1 26 

23 

40 

36 

40 

37 

2 22 32 35 

3 21 35 36 

4 20 38 36 

5 24 36 38 

M4S1P1-60GP 

1 13 

10 

20 

16 

25 

22 

2 10 15 20 

3 8 14 20 

4 10 16 24 

5 10 17 20 
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Table C.2: Compressive strength of stage 1 mixes made with coarse GP (Phase 1) 

Mix Id 
S 

No 7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S1P1-0GP 
 

1 52 

48 

67 

65 

68 

66 

2 45 64 65 

3 48 65 66 

4 50 64 65 

5 45 65 65 

M2S1P1-20GP 
 

1 36 

32 

50 

47 

53 

50 

2 30 45 50 

3 29 48 48 

4 30 46 50 

5 35 45 51 

M3S1P1-40GP 
 

1 22 

19 

31 

28 

34 

30 

2 20 25 30 

3 18 27 28 

4 16 25 30 

5 20 30 28 

M4S1P1-60GP 

1 10 

8 

15 

12 

20 

16 

2 9 10 15 

3 7 10 16 

4 8 12 15 

5 8 13 15 
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Table C.3: Compressive strength of stage 1 mixes made with fine GP (Phase 2) 

Mix Id S No 
7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S1P2-0GP 

1 52 

48 

67 

65 

68 

66 

2 45 64 65 

3 48 65 66 

4 50 64 65 

5 45 65 65 

M2S1P2-15GP 

1 36 

33 

58 

54 

60 

56 

2 32 53 54 

3 33 55 55 

4 32 52 54 

5 33 52 57 

M3S1P2-30GP 

1 30 

26 

47 

43 

50 

45 

2 25 41 45 

3 27 43 44 

4 25 42 44 

5 25 43 44 

M4S1P2-50GP 

1 20 

17 

29 

26 

34 

30 

2 15 23 29 

3 16 25 28 

4 15 27 32 

5 18 28 29 
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Table C.4: Compressive strength of stage 1 mixes made with coarse GP (Phase 2) 

Mix Id 
S 

No 7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S1P2-0GP 
 

1 52 

48 

67 

65 

68 

66 

2 45 64 65 

3 48 65 66 

4 50 64 65 

5 45 65 65 

M2S1P2-15GP 
 

1 40 

36 

55 

52 

57 

54 

2 34 50 52 

3 35 51 54 

4 38 50 52 

5 35 54 57 

M3S1P2-30GP 
 

1 29 

25 

42 

38 

43 

40 

2 24 37 38 

3 26 40 40 

4 24 36 38 

5 24 37 43 

M4S1P2-50GP 

1 15 

13 

24 

20 

26 

23 

2 12 20 22 

3 15 19 23 

4 12 20 22 

5 13 19 24 
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Table C.5: Compressive strength of ambient cured cylinders (Stage 2) 

Mix Id 
S 

No 7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S2-0GP 

1 44 

41 

48 

44 

53 

50 

2 40 45 51 

3 38 41 48 

4 39 44 47 

5 42 42 50 

M2S2-15GP 

1 40 

36 

42 

38 

45 

42 

2 35 40 43 

3 37 37 38 

4 36 35 39 

5 34 36 44 

M3S2-30GP 

1 33 

31 

42 

39 

48 

45 

2 30 40 46 

3 28 37 43 

4 32 35 41 

5 30 40 45 

M4S2-50GP 

1 22 

19 

25 

22 

27 

23 

2 20 20 20 

3 18 18 25 

4 16 20 22 

5 17 25 22 
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Table C.6: Compressive strength of ET cured cylinders (Stage 2) 

Mix Id 
S 

No 7-d  

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S2-0GP 

1 50 

47 

52 

49 

54 

50 

2 45 50 46 

3 43 48 50 

4 47 46 52 

5 48 48 48 

M2S2-15GP 

1 41 

38 

48 

45 

52 

49 

2 36 45 50 

3 37 42 46 

4 38 48 48 

5 36 44 50 

M3S2-30GP 

1 35 

31 

40 

37 

42 

39 

2 30 38 37 

3 28 35 40 

4 32 33 38 

5 30 38 40 

M4S2-50GP 

1 26 

22 

32 

28 

32 

28 

2 20 25 27 

3 20 30 26 

4 22 26 30 

5 20 28 26 
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Table C.7: Compressive strength of water cured cylinders (Stage 2) 

Mix Id 
S 

No 7-d 

7-d Avg 

(MPa) 28-d 

28-d Avg 

(MPa) 91-d 

91-d Avg 

(MPa) 

M1S2-0GP 

1 45 

41 

54 

51 

55 

52 

2 40 50 50 

3 38 48 53 

4 40 50 50 

5 40 51 50 

M2S2-15GP 

1 37 

33 

44 

40 

50 

45 

2 32 40 45 

3 30 36 42 

4 35 40 45 

5 32 38 45 

M3S2-30GP 

1 36 

32 

40 

36 

43 

40 

2 29 35 40 

3 30 33 38 

4 34 36 40 

5 32 38 39 

M4S2-50GP 

1 22 

19 

30 

26 

34 

30 

2 20 25 30 

3 17 24 28 

4 16 25 30 

5 20 28 30 
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Table C.8: Compressive strength of cube specimens (Stage 3, Phase 1) 

Mix Id S 

No 

7-d  7-d Avg 

(MPa) 

28-d 28-d Avg 

(MPa) 

91-d 91-d Avg 

(MPa) 

M1S3P1-0GP 

1 35 

31 

40 

38 

45 

43 

2 30 35 42 

3 32 39 42 

4 29 34 39 

5 30 40 45 

M2S3P1-15GP 

1 33 

30 

36 

34 

40 

37 

2 30 32 35 

3 27 35 38 

4 26 31 35 

5 32 35 37 

M3S3P1-30GP 

1 32 

30 

40 

37 

43 

40 

2 30 35 38 

3 28 33 40 

4 27 38 40 

5 31 39 38 

M4S3P1-50GP 

1 25 

22 

28 

25 

30 

26 

2 20 25 25 

3 18 22 26 

4 22 24 24 

5 24 25 25 
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Table C.9: Compressive test of cylinders with (W/(C+0.3GP)) of 0.5 (Stage 3, Phase 2) 

Mix Id S 

No 

7-d  7-d Avg 

(MPa) 

28-d 28-d Avg 

(MPa) 

91-d 91-d Avg 

(MPa) 

M1S3P2-0GP 

1 32 

29 

37 

34 

42 

37 

2 28 33 35 

3 32 32 34 

4 29 31 37 

5 26 35 35 

M2S3P2-15GP 

1 26 

22 

25 

26 

34 

31 

2 20 23 30 

3 19 30 27 

4 22 27 32 

5 23 25 30 

M3S3P2-30GP 

1 15 

15 

24 

20 

25 

21 

2 20 20 20 

3 15 18 18 

4 14 20 20 

5 13 16 22 
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Table C.10: Compressive test of cylinders with (W/(C+0.3GP)) of 0.45 (Stage 3, Phase 2) 

Mix Id S 

No 

7-d  7-d Avg 

(MPa) 

28-d 28-d Avg 

(MPa) 

91-d 91-d Avg 

(MPa) 

M4S3P2-0GP 

1 36 

32 

40 

37 

42 

39 

2 30 35 40 

3 34 32 38 

4 28 38 35 

5 33 40 38 

M5S3P2-15GP 

1 30 

28 

36 

32 

37 

32 

2 26 34 28 

3 24 30 35 

4 28 28 32 

5 30 30 30 

M6S3P2-30GP 

1 28 

24 

36 

33 

38 

35 

2 22 32 30 

3 25 29 35 

4 22 32 36 

5 24 34 35 

 

 

 

 

 

 

 

 

 

 



APPENDIX C: COMPRESSIVE STRENGTH 

 192 

Table C.11: Compressive test of cylinders with (W/(C+0.3GP)) of 0.42 (Stage 3, Phase 2) 

Mix Id S 

No 

7-d  7-d Avg 

(MPa) 

28-d 28-d Avg 

(MPa) 

91-d 91-d Avg 

(MPa) 

M7S3P2-0GP 

1 35 

33 

40 

38 

43 

41 

2 30 35 38 

3 32 38 40 

4 34 35 42 

5 35 41 40 

M8S3P2-15GP 

1 27 

24 

35 

32 

40 

40 

2 22 30 42 

3 25 32 38 

4 23 35 40 

5 25 30 38 

M9S3P2-30GP 

1 32 

30 

38 

35 

42 

41 

2 30 32 40 

3 26 35 39 

4 28 34 42 

5 32 37 40 
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Table C.12: Compressive test of cylinders with (W/(C+0.3GP)) of 0.39 (Stage 3, Phase 2) 

Mix Id S 

No 

7-d  7-d Avg 

(MPa) 

28-d 28-d Avg 

(MPa) 

91-d 91-d Avg 

(MPa) 

M10S3P2-0GP 

1 38 

35 

42 

40 

45 

43 

2 32 35 40 

3 35 42 42 

4 34 40 42 

5 35 40 44 

M11S3P2-15GP 

1 33 

30 

38 

34 

50 

46 

2 30 32 45 

3 27 35 44 

4 28 32 45 

5 30 33 46 

M12S3P2-30GP 

1 40 

38 

46 

44 

52 

50 

2 36 40 50 

3 36 42 46 

4 38 47 50 

5 38 44 51 
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APPENDIX D: CHLORIDE RESISTANCE 

Table D.1: 28-day chloride resistivity of ambient cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 12 11 14 13 11 11 14 13 12 

2 13 13 13 13 15 12 11 12 13 

3 15 15 14 12 12 11 15 14 14 

4 13 13 12 12 12 13 14 12 13 

5 14 15 15 15 14 16 16 15 15 

Final value 13 

M2S2-15GP 

1 12 11 13 12 10 10 13 12 12 

2 12 12 12 12 14 11 10 11 12 

3 14 14 13 11 11 10 14 13 13 

4 12 12 11 11 11 12 13 11 12 

5 13 14 14 14 13 15 15 14 14 

Final value 12 

M3S2-30GP 

1 12 10 14 13 11 11 12 12 12 

2 13 11 13 11 15 10 11 12 12 

3 14 13 12 10 12 11 13 14 12 

4 12 13 10 12 10 13 14 10 12 

5 12 13 13 15 12 14 14 14 13 

Final value 12 

M4S2-50GP 

1 19 18 18 17 17 18 20 16 18 

2 17 17 16 15 17 18 19 17 17 

3 18 18 19 18 20 18 20 17 19 

4 17 17 18 19 19 16 16 18 18 

5 16 17 18 19 17 18 18 19 18 

Final value 18 
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Table D.2: 28-day chloride resistivity of ET cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 12 13 13 12 11 11 15 14 13 

2 14 14 12 12 13 11 11 14 13 

3 14 15 15 14 14 13 15 14 14 

4 14 15 13 12 12 13 15 12 13 

5 14 15 15 13 14 16 16 15 15 

Final value 14 

M2S2-15GP 

1 11 12 13 14 12 12 13 14 13 

2 14 13 12 12 16 11 11 13 13 

3 14 14 15 13 13 12 14 13 14 

4 13 15 12 12 13 14 13 13 13 

5 15 15 15 15 13 15 16 15 15 

Final value 13 

M3S2-30GP 

1 16 15 15 16 16 15 15 16 16 

2 16 16 15 14 16 15 15 16 15 

3 16 15 14 14 14 15 15 16 15 

4 15 16 16 16 16 14 15 16 16 

5 16 15 15 15 14 13 17 16 15 

Final value 15 

M4S2-50GP 

1 17 14 15 15 15 14 15 17 15 

2 18 16 18 18 16 15 15 16 17 

3 17 16 16 16 16 15 15 16 16 

4 15 16 16 16 16 15 15 16 16 

5 16 19 18 17 17 18 19 16 18 

Final value 16 
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Table D.3: 28-day chloride resistivity of water cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 5 8 8 7 7 6 6 6 7 

2 6 8 8 8 8 5 6 6 7 

3 7 7 7 9 9 9 6 6 8 

4 7 8 8 6 8 6 8 7 7 

5 6 7 8 8 6 6 6 6 7 

Final value 7 

M2S2-15GP 

1 5 4 4 7 6 6 7 6 6 

2 6 5 5 5 5 6 7 7 6 

3 7 6 6 8 8 7 7 7 7 

4 6 7 7 6 7 6 6 6 6 

5 7 7 7 6 6 6 6 7 7 

Final value 6 

M3S2-30GP 

1 6 7 7 7 8 7 8 7 7 

2 6 7 7 7 8 6 7 6 7 

3 9 6 6 9 9 8 6 6 7 

4 8 7 8 7 9 9 7 8 8 

5 9 8 7 6 8 7 6 6 7 

Final value 7 

M4S2-50GP 

1 12 11 10 9 10 10 10 9 10 

2 9 9 10 9 11 11 10 11 10 

3 13 12 13 11 12 12 13 10 12 

4 10 10 11 11 9 9 9 11 10 

5 10 10 10 9 9 10 9 9 10 

Final value 10 
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Table D.4: 91-day chloride resistivity of ambient cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 20 17 19 16 18 17 19 16 18 

2 18 16 17 15 18 17 18 18 17 

3 19 18 19 19 19 20 19 18 19 

4 18 17 19 20 19 16 17 17 18 

5 17 16 17 18 18 19 18 19 18 

Final value 18 

M2S2-15GP 

1 16 18 17 17 17 16 16 16 17 

2 17 18 16 15 15 15 15 18 16 

3 15 17 17 16 16 17 17 17 17 

4 15 18 17 16 16 16 15 14 16 

5 16 17 18 19 17 18 18 19 18 

Final value 17 

M3S2-30GP 

1 20 21 21 18 18 19 21 21 20 

2 18 18 20 22 18 19 20 22 20 

3 19 19 20 19 21 19 21 18 20 

4 18 18 19 20 20 21 21 19 20 

5 20 18 19 20 18 19 19 20 19 

Final value 20 

M4S2-50GP 

1 79 80 80 82 82 78 80 81 80 

2 84 81 80 80 82 82 82 80 81 

3 83 83 82 82 82 81 82 82 82 

4 84 84 84 82 82 82 85 85 84 

5 80 82 82 82 84 84 81 81 82 

Final value 82 
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Table D.5: 91-day chloride resistivity of ET cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 17 17 16 17 16 17 17 18 17 

2 18 17 17 16 16 14 15 17 16 

3 16 18 18 15 16 18 17 17 17 

4 14 17 17 17 18 18 14 15 16 

5 17 18 17 18 18 18 18 19 18 

Final value 17 

M2S2-15GP 

1 20 17 16 16 18 20 20 20 18 

2 17 17 20 16 16 16 20 17 17 

3 20 17 16 15 20 17 16 17 17 

4 20 17 16 18 18 20 18 18 18 

5 17 18 16 20 18 17 18 19 18 

Final value 18 

M3S2-30GP 

1 23 21 21 22 21 21 22 23 22 

2 20 23 20 22 21 21 20 22 21 

3 22 22 20 24 24 20 20 20 22 

4 21 22 22 23 23 23 22 22 22 

5 20 22 21 21 21 22 22 22 21 

Final value 22 

M4S2-50GP 

1 79 80 80 78 78 78 77 78 79 

2 78 77 78 78 78 77 79 80 78 

3 78 78 78 78 76 75 77 77 77 

4 79 78 79 78 78 78 79 79 79 

5 77 77 79 79 79 78 78 77 78 

Final value 78 
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Table D.6: 91-day chloride resistivity of water cured cylinders (Stage 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S2-0GP 

1 11 10 9 8 9 9 9 8 9 

2 8 8 9 8 10 10 9 10 9 

3 12 11 12 10 11 11 12 9 11 

4 9 9 10 10 8 8 8 10 9 

5 9 9 9 8 8 9 8 8 9 

Final value 9 

M2S2-15GP 

1 7 8 8 8 9 8 9 8 8 

2 7 8 8 8 9 7 8 7 8 

3 10 7 7 10 10 9 7 7 8 

4 9 8 9 8 10 10 8 9 9 

5 10 9 8 7 9 8 7 7 8 

Final value 8 

M3S2-30GP 

1 12 11 10 12 10 10 10 12 11 

2 13 13 10 11 11 11 10 11 11 

3 13 12 13 11 12 12 13 10 12 

4 10 10 11 11 12 12 12 11 11 

5 11 11 11 10 10 11 11 12 11 

Final value 11 

M4S2-50GP 

1 49 48 48 52 52 48 50 49 50 

2 52 52 50 48 47 48 49 54 50 

3 48 54 49 48 50 48 50 54 50 

4 47 47 48 49 49 46 46 48 48 

5 54 52 52 49 51 50 50 50 51 

Final value 50 
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Table D.7: 28-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.5 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S3P2-0GP 

1 13 12 14 13 12 12 16 15 13 

2 15 13 13 13 14 12 12 13 13 

3 14 15 15 13 13 12 14 13 14 

4 13 14 12 11 11 12 14 11 12 

5 15 16 16 14 13 15 16 16 15 

Final value 14 

M2S3P2-15GP 

1 15 17 16 16 18 15 15 15 16 

2 17 17 15 16 16 16 14 17 16 

3 14 17 16 15 15 16 17 17 16 

4 14 17 16 15 15 15 14 13 15 

5 16 17 18 19 17 18 18 19 18 

Final value 16 

M3S3P2-30GP 

1 19 18 18 17 17 18 20 16 18 

2 17 17 16 15 17 18 19 17 17 

3 18 18 19 18 20 18 20 17 19 

4 17 17 18 19 19 16 16 18 18 

5 16 17 18 19 17 18 18 19 18 

Final value 18 
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Table D.8: 91-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.5 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M1S3P2-0GP 

1 17 17 15 16 18 16 16 17 17 

2 17 16 16 14 17 16 15 16 16 

3 16 15 15 15 16 14 15 17 15 

4 15 16 15 15 15 17 16 16 16 

5 16 17 17 19 16 16 18 17 17 

Final value 16 

M2S3P2-15GP 

1 19 19 17 16 17 17 18 17 18 

2 17 17 17 19 17 18 18 17 18 

3 18 20 16 17 17 19 19 17 18 

4 17 17 16 15 15 19 20 18 17 

5 16 16 18 17 17 19 20 19 18 

Final value 18 

M3S3P2-30GP 

1 22 21 19 21 19 18 20 20 20 

2 20 21 21 22 20 20 19 20 20 

3 20 20 20 22 20 21 21 20 21 

4 22 22 21 20 20 20 21 22 21 

5 20 21 22 22 20 21 20 20 21 

Final value 21 

 

 

 

 

 

 

 



APPENDIX D: CHLORIDE RESISTANCE 

 202 

Table D.9: 28-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.45 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M4S3P2-0GP 

1 13 13 15 13 15 12 14 14 14 

2 15 13 13 14 14 12 13 13 13 

3 13 14 15 14 15 12 12 14 14 

4 14 14 13 16 15 14 13 13 14 

5 15 15 15 16 14 15 15 15 15 

Final value 14 

M5S3P2-15GP 

1 15 12 12 13 13 13 14 14 13 

2 14 14 14 13 13 12 12 12 13 

3 14 13 12 12 12 13 14 15 13 

4 14 15 15 15 14 12 14 13 14 

5 15 15 14 14 13 13 12 12 14 

Final value 13 

M6S3P2-30GP 

1 16 15 14 14 15 15 16 14 15 

2 15 15 15 14 16 16 14 14 15 

3 16 16 16 15 15 15 16 16 16 

4 14 14 16 15 15 14 14 13 14 

5 16 12 12 13 13 13 15 16 14 

Final value 15 
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Table D.10: 91-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.45 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M4S3P2-0GP 

1 16 17 15 16 17 17 18 18 17 

2 16 16 17 17 17 16 15 15 16 

3 17 15 16 16 15 15 17 18 16 

4 18 19 15 17 17 16 15 18 17 

5 17 16 16 18 17 15 18 17 17 

Final value 17 

M5S3P2-15GP 

1 19 18 18 17 18 16 16 18 18 

2 16 15 15 18 18 19 19 18 17 

3 19 19 17 16 18 18 20 18 18 

4 18 18 17 16 16 18 19 19 18 

5 17 17 18 16 16 18 19 19 18 

Final value 18 

M6S3P2-30GP 

1 21 20 20 20 20 21 21 21 21 

2 23 23 21 20 20 20 24 24 22 

3 22 22 20 22 20 21 21 22 21 

4 23 23 21 20 20 24 24 24 22 

5 21 22 24 22 21 22 23 21 22 

Final value 22 
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Table D.11: 28-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.42 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M7S3P2-0GP 

1 14 13 12 14 13 13 15 14 14 

2 13 13 14 14 15 13 13 13 14 

3 15 14 14 13 12 12 12 13 13 

4 15 15 13 12 12 11 12 12 13 

5 15 14 14 15 15 14 15 15 15 

Final value 14 

M8S3P2-15GP 

1 16 16 15 15 16 16 16 17 16 

2 16 17 17 17 15 15 14 16 16 

3 15 16 16 15 14 15 16 16 15 

4 15 16 17 16 15 15 16 16 16 

5 17 16 19 18 16 19 19 18 18 

Final value 16 

M9S3P2-30GP 

1 17 18 18 18 17 18 18 19 18 

2 17 17 19 19 20 17 18 18 18 

3 18 18 18 19 20 20 19 19 19 

4 17 18 17 18 20 17 17 19 18 

5 17 16 17 18 18 19 17 18 18 

Final value 18 
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Table D.12: 91-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.42 (Stage 3, 

Phase 2) 

Mix Id S 

No 

0 90 180 270 0 90 180 270 Avg (kΩcm) 

M7S3P2-0GP 

1 20 20 18 18 19 19 20 20 19 

2 18 18 17 16 18 19 18 18 18 

3 20 20 19 18 18 19 20 20 19 

4 19 18 18 18 19 20 19 19 19 

5 20 20 20 18 18 19 20 20 19 

Final value 19 

M8S3P2-15GP 

1 22 21 21 22 22 23 21 22 22 

2 24 22 22 25 20 21 21 24 22 

3 24 23 23 24 25 25 22 21 23 

4 25 24 24 24 23 23 22 22 23 

5 24 23 24 25 25 25 24 22 24 

Final value 23 

M9S3P2-30GP 

1 25 25 26 24 24 25 25 26 25 

2 27 27 25 25 24 25 24 24 25 

3 26 25 25 27 27 25 26 26 26 

4 25 25 24 24 24 25 26 25 25 

5 25 26 26 26 25 25 27 27 26 

Final value 25 
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Table D.13: 28-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.39 (Stage 3, 

Phase 2) 

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M10S3P2-0GP 

1 17 16 16 18 18 17 19 19 18 

2 19 18 17 17 18 18 18 17 18 

3 18 19 17 17 17 18 18 18 18 

4 17 19 19 17 16 17 17 16 17 

5 18 18 18 17 18 18 18 18 18 

Final value 18 

M11S3P2-15GP 

1 20 19 17 17 19 19 20 20 19 

2 18 18 18 20 20 19 19 17 19 

3 20 18 18 20 20 18 20 20 19 

4 20 20 21 21 19 21 21 19 20 

5 20 20 21 21 19 19 19 20 20 

Final value 19 

M12S3P2-30GP 

1 21 21 20 20 18 20 18 19 20 

2 19 20 20 21 18 18 19 19 19 

3 20 21 21 21 21 19 19 18 20 

4 19 19 19 20 20 20 21 20 20 

5 20 21 21 21 19 20 20 19 20 

Final value 20 
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Table D.14: 91-day chloride resistivity of cylinders with (W/(C+0.3GP)) of 0.39 (Stage 3, 

Phase 2)  

Mix Id S No 0 90 180 270 0 90 180 270 Avg (kΩcm) 

M10S3P2-0GP 

1 38 36 38 38 38 36 36 38 37 

2 37 36 36 34 37 36 35 36 36 

3 36 35 39 39 36 39 35 37 37 

4 35 36 35 35 35 37 36 36 36 

5 37 37 37 39 36 36 38 37 37 

Final value 37 

M11S3P2-15GP 

1 39 39 37 40 37 40 39 39 39 

2 40 40 40 39 37 38 38 37 39 

3 38 40 39 37 37 39 39 40 39 

4 37 37 36 35 35 39 40 38 37 

5 40 40 40 38 40 39 40 39 40 

Final value 39 

M12S3P2-30GP 

1 42 41 44 43 43 44 44 44 43 

2 40 41 41 42 40 40 39 40 40 

3 40 40 40 42 40 41 41 40 41 

4 42 42 41 44 43 43 41 42 42 

5 40 41 42 42 40 41 44 40 41 

Final value 42 
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APPENDIX E: HEAT OF HYDRATION 

Table E.1: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.5 

Time (Mins) M1S3P20GP M2S3P2-15GP M3S3P230GP 

0 25 25.5 29 

30 25 25 28.5 

60 25 25.5 28.5 

90 25 25.5 28 

120 25 25.5 28 

150 25 25 27.5 

180 25 25 27.5 

210 25 25 27 

240 25 25 27 

270 25 25 26.5 

300 25.5 25 26.5 

330 25.5 25 26.5 

360 25.5 25 26.5 

390 26.5 25 26 

420 27 25 26 

450 28 25 26 

480 29 25 26 

510 30.5 25.5 26 

540 32 26 26 

570 34 26.5 26.5 

600 36 27.5 26.5 

630 39 28.5 27 

660 42 29.5 27.5 
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Time (Mins) M1S3P20GP M2S3P2-15GP M3S3P230GP 

690 43.5 31 28 

720 43.5 32.5 29 

750 43.5 34 29.5 

780 43.5 36.5 30.5 

810 43.5 39 31 

840 43 40 32 

870 42.5 40.5 32.5 

900 42 40.5 34 

930 41.5 40 35.5 

960 41 40 36.5 

990 40.5 39.5 37 

1020 39.5 39 37.5 

1050 39 38.5 37.5 

1080 38.5 38.5 37.5 

1110 38 38 37 

1140 37 37.5 37 

1170 36.5 37 37 

1200 36 36.5 36.5 

1230 35.5 36 36 

1260 35 35.5 36 

1290 34.5 35 35.5 

1320 34 34.5 35.5 

1350 33.5 34 35 

1380 33 33.5 34.5 

1410 32.5 33 34 
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Time (Mins) M1S3P20GP M2S3P2-15GP M3S3P230GP 

1440 32 32.5 34 

1470 31.5 32 33.5 

1500 31.5 32 33 

1530 31 31.5 33 

1560 30.5 31 32.5 

1590 30.5 31 32 

1620 30 30.5 32 

1650 29.5 30.5 31.5 

1680 29.5 30 31 

1710 29.5 29.5 31 

1740 29 29.5 30.5 

1770 28.5 29 30.5 

1800 28.5 29 30 

1830 28.5 28.5 30 

1860 28 28.5 29.5 

1890 28 28 29.5 

1920 27.5 28 29 

1950 27.5 28 29 

1980 27.5 27.5 29 

2010 27.5 27.5 28.5 

2040 27 27.5 28.5 

2070 27 27 28 

2100 27 27 28 

2130 26.5 27 28 

2160 26.5 26.5 28 
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Time (Mins) M1S3P20GP M2S3P2-15GP M3S3P230GP 

2190 26.5 26.5 27.5 

2220 26.5 26.5 27.5 

2250 26.5 26.5 27.5 

2280 26 26.5 27 

2310 26 26 27 

2340 26 26 27 

2370 26 26 27 

2400 26 26 27 

2430 25.5 26 26.5 

2460 25.5 25.5 26.5 

2490 25.5 26 26.5 

2520 25.5 25.5 26.5 
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Table E.2: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.45 

Time (Mins) M4S3P20GP M5S3P2-15GP M6S3P230GP 

30.00 26.00 25 26 

60.00 26.50 25.5 25.5 

90.00 26.00 25.5 25.5 

120.00 26.00 25.5 25 

150.00 26.00 26 25 

180.00 26.00 26.5 25 

210.00 26.00 27 25 

240.00 26.50 28 25 

270.00 26.50 29 24.5 

300.00 27.00 30 24.5 

330.00 27.50 31 24.5 

360.00 28.00 32.5 24.5 

390.00 29.00 33.5 24.5 

420.00 30.50 35 24.5 

450.00 31.50 36 24.5 

480.00 33.50 36.5 25 

510.00 35.00 38 25.5 

540.00 36.50 39 25.5 

570.00 39.00 40 26 

600.00 41.00 41 26.5 

630.00 43.50 41.5 27 

660.00 45.00 41.5 28 

690.00 45.50 41.5 28.5 

720.00 45.50 41 29 
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Time (Mins) M4S3P20GP M5S3P2-15GP M6S3P230GP 

750.00 45.00 40.5 30 

780.00 44.50 40 30.5 

810.00 44.00 39 31 

840.00 43.50 38 31.5 

870.00 42.50 37.5 32 

900.00 42.00 36.5 33 

930.00 41.50 35.5 34 

960.00 40.50 35 35 

990.00 40.00 34.5 35 

1020.00 39.00 34 35 

1050.00 38.50 33 34.5 

1080.00 37.50 32.5 34 

1110.00 37.00 32 34 

1140.00 36.50 31.5 33.5 

1170.00 35.50 31 33 

1200.00 35.00 30.5 32.5 

1230.00 34.50 30 32 

1260.00 34.50 29.5 31.5 

1290.00 33.50 29 31 

1320.00 33.00 29 30.5 

1350.00 33.00 28.5 30.5 

1380.00 32.50 28.5 30 

1410.00 32.00 28 30 

1440.00 31.50 28 30 

1470.00 31.50 28 29 
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Time (Mins) M4S3P20GP M5S3P2-15GP M6S3P230GP 

1500.00 31.00 27.5 29 

1530.00 31.00 27.5 29 

1560.00 30.50 27.5 28.5 

1590.00 30.00 27 28.5 

1620.00 30.00 27 28 

1650.00 29.50 27 28 

1680.00 29.50 27 27.5 

1710.00 29.50 26.5 27.5 

1740.00 29.00 26.5 27.5 

1770.00 29.00 26.5 27 

1800.00 28.50 26.5 27 

1830.00 28.50 26.5 27 

1860.00 28.50 26.5 27 

1890.00 28.00 26 26.5 

1920.00 28.00 26 26.5 

1950.00 28.00 26 26.5 

1980.00 27.50 26 26.5 

2010.00 27.50 26 26.5 

2040.00 27.50 26 26.5 

2070.00 27.50 26 26.5 

2100.00 27.00 26 26.5 

2130.00 27.00 26 26 

2160.00 27.00 26 26 

2190.00 27.00 26 26 

2220.00 27.00 26 26 
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Time (Mins) M4S3P20GP M5S3P2-15GP M6S3P230GP 

2250.00 26.50 26 26 

2280.00 26.50 26 26 

2310.00 26.50 26 25.5 

2340.00 26.50 25.5 25.5 

2370.00 26.00 25.5 25.5 

2400.00 26.00 25.5 25.5 

2430.00 26.00 25.5 25.5 

2460.00 26.00 25.5 25.5 

2490.00 26.00 25.5 25.5 

2520.00 26.00 25.5 25 
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Table E.3: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.42 

Time (Mins) M7S3P2-0GP M8S3P2-15GP M9S3P2-30GP 

0 28 28.5 27 

30 27.5 28 27 

60 27.5 28 26.5 

90 27.5 28 26.5 

120 27.5 27.5 26.5 

150 27 27.5 26.5 

180 27 27 26 

210 27 27 26 

240 27.5 27 25.5 

270 27.5 26.5 25.5 

300 28.5 26.5 25.5 

330 29 26.5 26 

360 30 26.5 25.5 

390 31.5 26.5 26 

420 33.5 27.5 26.5 

450 35 28 27.5 

480 37.5 29.5 28.5 

510 40 31 29.5 

540 43 33 31 

570 46.5 35 32.5 

600 49.5 37.5 34 

630 51 39.5 36 

660 51.5 42.5 38.5 

690 52 45.5 40.5 
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Time (Mins) M7S3P2-0GP M8S3P2-15GP M9S3P2-30GP 

720 52 47.5 41.5 

750 51 48.5 41.5 

780 50.5 49 41.5 

810 50 49 41 

840 49 48 40.5 

870 48 47.5 39.5 

900 47.5 46 38.5 

930 46.5 45 38 

960 46 44 37 

990 45 43 36.5 

1020 44 42 35.5 

1050 43 41 35 

1080 42.5 40 34 

1110 42 39 33.5 

1140 41 38 33 

1170 40.5 37.5 32.5 

1200 40 36.5 32 

1230 39.5 36 31.5 

1260 38.5 35 31 

1290 38 34.5 30.5 

1320 37.5 34 30 

1350 37 33.5 29.5 

1380 36.5 33 29.5 

1410 36 32.5 29 

1440 35.5 32 28.5 
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Time (Mins) M7S3P2-0GP M8S3P2-15GP M9S3P2-30GP 

1470 35 31.5 28.5 

1500 34.5 31.5 28.5 

1530 34.5 31 28 

1560 34 30.5 28 

1590 33.5 30 27.5 

1620 33 30 27.5 

1650 32.5 30 27.5 

1680 32.5 29.5 27.5 

1710 32 29 27 

1740 31.5 29 27 

1770 31.5 28.5 27 

1800 31 28.5 26.5 

1830 31 28.5 26.5 

1860 30.5 28 26.5 

1890 30.5 28 26.5 

1920 30 28 26 

1950 30 27.5 26 

1980 29.5 27.5 26 

2010 29.5 27.5 26 

2040 29 27 26 

2070 29 27 26 

2100 28.5 27 26 

2130 28.5 27 25.5 

2160 28 27 25.5 

2190 28 26.5 25.5 
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Time (Mins) M7S3P2-0GP M8S3P2-15GP M9S3P2-30GP 

2220 28 26.5 25.5 

2250 28 26.5 25.5 

2280 27.5 26 25.5 

2310 27.5 26 25.5 

2340 27 26 25.5 

2370 27 26 25.5 

2400 27 26 25 

2430 27 26 25 

2460 27 26 25 

2490 26.5 25.5 25 

2520 26.5 25.5 25 
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Table E.4: Heat of hydration of mixes with (W/(C+0.3GP)) of 0.39 

Time (Mins) M10S3P2-0GP M11S3P2-15GP M12S3P2-30GP 

0 26 25 25.5 

30 26 25.5 25.5 

60 26 25.5 26 

90 26.5 26 26 

120 26.5 26 26 

150 27.5 26 26 

180 28.5 26.5 26 

210 29.5 27 26.5 

240 31.5 27.5 26.5 

270 33.5 28.5 27 

300 36 29.5 28 

330 39 31 29 

360 43 32.5 30 

390 49 34.5 31.5 

420 54.5 36.5 33 

450 58.5 39 34.5 

480 61 42 36.5 

510 62.5 44.5 38.5 

540 64 47.5 40 

570 64.5 51.5 42 

600 64.5 54.5 44.5 

630 64 57 46.5 

660 63.5 58.5 48 

690 63 58.5 48.5 
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Time (Mins) M10S3P2-0GP M11S3P2-15GP M12S3P2-30GP 

720 62.5 58.5 49 

750 61.5 58 48.5 

780 60.5 57 48 

810 59.5 56 47.5 

840 58.5 55 46.5 

870 57.5 54.5 45.5 

900 56.5 53 44.5 

930 55.5 52 43.5 

960 54.5 51 42.5 

990 53.5 50.5 41.5 

1020 52.5 49.5 40.5 

1050 51.5 48.5 39.5 

1080 50 47.5 39 

1110 49 46.5 38 

1140 48 45.5 37 

1170 47 45 36.5 

1200 46 44 36 

1230 45 43.5 35 

1260 44 42.5 34.5 

1290 43 42 34 

1320 42.5 41.5 33.5 

1350 41.5 40.5 33 

1380 40.5 40 32.5 

1410 40 39 32 

1440 39 38.5 31.5 
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Time (Mins) M10S3P2-0GP M11S3P2-15GP M12S3P2-30GP 

1470 38.5 38 31 

1500 37.5 37.5 31 

1530 37 37 30.5 

1560 36.5 36.5 30 

1590 35.5 36 30 

1620 35 35.5 29.5 

1650 34.5 35 29.5 

1680 34 34.5 29 

1710 33.5 34 29 

1740 33 33.5 28.5 

1770 32.5 33.5 28.5 

1800 32.5 33 28.5 

1830 32 32.5 28.5 

1860 31.5 32 28 

1890 31.5 31.5 28 

1920 31 31.5 28 

1950 30.5 31 28 

1980 30 31 27.5 

2010 30 30.5 27.5 

2040 29.5 30.5 27.5 

2070 29 30 27 

2100 29 29.5 27 

2130 29 29.5 27 

2160 28.5 29.5 27 

2190 28.5 29 27 
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Time (Mins) M10S3P2-0GP M11S3P2-15GP M12S3P2-30GP 

2220 28 29 26.5 

2250 28 28.5 26.5 

2280 27.5 28.5 26.5 

2310 27.5 28 26.5 

2340 27 28 26.5 

2370 27 28 26.5 

2400 27 27.5 26.5 

2430 27 27.5 26 

2460 26.5 27.5 26 

2490 26.5 27.5 26 

2520 26.5 27.5 26 
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APPENDIX F: DRYING SHRINKAGE 

Table F.1: Drying shrinkage of mixes 

Mix designation 1-d 2-d 3-d 4-d 5-d 6-d 7-d 14-d 21-d 28-d 35-d 42-d 49-d 56-d

M1S3P2-0GP -70 -240 -230 -330 -310 -360 -390 -400 -440 -680 -760 -850 -800 -820

M2S3P2-15GP -50 -160 -260 -300 -360 -400 -450 -700 -690 -770 -870 -900 -860 -865

M3S3P2-30GP -100 -120 -180 -290 -330 -400 -430 -540 -680 -750 -880 -870 -890 -880

M4S3P2-0GP -40 -280 -230 -280 -320 -380 -305 -443 -560 -580 -610 -643 -700 -703

M5S3P2-15GP -95 -120 -135 -205 -255 -305 -345 -415 -450 -580 -610 -645 -660 -668

M6S3P2-30GP -160 -180 -280 -340 -380 -350 -437 -490 -560 -550 -570 -710 -720 -730

M7S3P2-0GP -130 -180 -220 -290 -350 -400 -460 -530 -580 -620 -650 -690 -720 -730

M8S3P2-15GP -90 -150 -200 -280 -365 -420 -480 -560 -595 -665 -690 -687 -715 -710

M9S3P2-30GP -70 -130 -180 -250 -325 -400 -500 -530 -600 -630 -660 -680 -700 -690

M10S3P2-0GP -147 -213 -300 -327 -337 -373 -403 -417 -530 -550 -570 -603 -617 -647

M11S3P2-15GP -174 -193 -280 -312 -324 -341 -383 -400 -510 -570 -600 -632 -659 -682

M12S3P2-30GP -160 -180 -280 -340 -380 -350 -437 -443 -560 -580 -610 -643 -700 -706




