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ABSTRACT 

 

High volume fly ash concrete presents a sustainable and environmentally friendly 

alternative to production of construction materials. However, it has not been fully 

embraced in high strength concrete applications due to the challenge of reduced early 

age compressive strength. This study investigated the influence of high volume fly ash 

replacement, curing temperature, water to cement ratio and Ca(OH)2 activation on 

compressive strength and durability of concrete. High strength concrete incorporating 

ordinary Portland cement and ultra-fine fly ash contents of 25%, 35% and 50% was 

used to prepare samples for compressive strength and durability testing. Ultra-fine fly 

ash was used in order to attain high strength concrete. A total of 16 concrete mixes 

were prepared. Eight concrete mixes had a w/c ratio of 0.45 and the other eight mixes 

had a w/c ratio of 0.35. Ca(OH)2 was added to eight concrete mixes in order to activate 

the fly ash and improve early age compressive strength and durability. Concrete cubes 

of 100mm dimensions were cast and cured in water at either 23⁰C or 40⁰C. The 

concrete properties measured included compressive strength, chloride conductivity, 

oxygen permeability and water absorption.  

 

Compressive strength tests were done at 1 day, 3 days, 7 days, 28 days, 90 days and 

180 days. The results showed that some fly ash concrete mixes yielded higher 

compressive strength compared to the ordinary portland cement concrete mixes. 

Adding Ca(OH)2 and curing at 40⁰C significantly improved the rate of compressive 

strength development of fly ash concrete. Durability index tests were conducted at the 

age of 28 days in accordance with the South African durability index testing methods. 

Concrete with water to cement ratio of 0.35 yielded higher compressive strength and 

durability results compared to concrete with water to cement ratio of 0.45. Curing at 

40⁰C reduced the late age strength of ordinary Portland cement concrete whereas 

curing at 40⁰C and adding Ca(OH)2 improved the strength of fly ash concrete. 50% fly 

ash concrete was the most responsive to Ca(OH)2 activation and high temperature 

curing. The chloride conductivity index for ordinary Portland cement concrete was 

significantly higher than that of fly ash concrete. Fly ash concrete cured at 40⁰C was 

more resistant to chloride penetration compared to fly ash concrete cured at 23⁰C. All 

the durability index test results signified concrete of high quality. An economic analysis 

for the binder material indicates that high volume fly ash replacement yielded 

significant economic benefits. 
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1. INTRODUCTION 

 

1.1 Background 

 

Huge quantities of industrial by-products are considered waste materials which are 

disposed into the environment. In some instances, the disposal of industrial waste 

materials is contributing to environmental pollution. Re-use of such industrial waste as 

construction material greatly contributes towards sustainable development and 

environmental conservation. Concrete is used nearly in all small and large-scale 

infrastructure projects. The cementitious material that is often used in concrete is 

ordinary Portland cement (OPC) which is primarily made up of cement clinker which 

is produced by burning raw materials at high temperature. Hasanbeigi, et al., (2012) 

states that the cement manufacturing process consumes a lot of energy and it is one 

of the biggest producers of carbon dioxide accounting for approximately five percent 

of carbon dioxide (CO2) emissions. They estimate that for each tonne of cement 

produced there is approximately one tonne of carbon dioxide produced. Having such 

a high carbon footprint, cement production is not environmentally friendly and cement 

cannot be classified as a green building material. The carbon dioxide released during 

cement manufacturing adds on to other greenhouse gas emissions which contribute 

to climate change. The devastating effects of climate change and high cost of 

construction materials have made it imperative to explore alternative, sustainable, 

renewable and environmentally friendly approaches to production of construction 

materials. One of such alternative approaches is the use of high-volume fly ash 

(HVFA) as a cementitious material in concrete. The American Coal Ash Association 

estimates that using fly ash in concrete can eliminate thirteen million tonnes of carbon 

emissions annually (American Coal Ash Association, 2015). Bold (2013) estimates 

that for every tonne of fly ash used in concrete there is a reduction of approximately 

one tonne of CO2 released during cement manufacturing. Reducing the quantity of 

OPC used in concrete by using high volume fly ash as a supplementary cementitious 

material will go a long way in providing sustainable, cost effective and environmentally 

friendly solutions to infrastructure development. However, it is imperative to fully 

understand the effects of using high-volume fly ash on the properties of concrete.
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High volume fly ash utilisation can help reduce the cost of disposing fly ash in 

compliance with environmental regulations (Barough et al.). Replacing a substantial 

part of OPC in concrete with cheap and readily available fly ash presents great 

economic and engineering benefits. Fly ash is a more abundant resource due to 

increased reliance on coal as a fuel for power generation. Eskom (2016) estimates 

that power stations that use coal as a source of fuel can produce up-to seventeen 

thousand tonnes of ash in a day. The quantity of fly ash produced by Eskom activities 

in a year is estimated to be approximately twenty-five million tonnes of which nearly 

1,2 million tonnes is used by cement manufacturers as a cement extender (Eskom, 

2016). The bulk of the ash produced from Eskom power generation activities is 

considered waste material and it is dumped in ash disposal sites which presents 

environmental challenges. The Medupi Power Station which is currently under 

construction is expected to have a capacity of 4800 Megawatts. This implies that when 

it is fully operational, the volume of fly ash produced by Eskom activities will be 

significantly increased.  

 

High volume fly ash concrete promotes the effective utilisation and beneficiation of fly 

ash. Utilisation of significant quantities of fly ash as a construction material will greatly 

contribute to sustainability and reduce the amount of fly ash that is disposed with 

consequent environment pollution. This study explored the use of high-volume fly ash 

as a supplementary cementitious material in concrete and investigated its effects on 

the performance of concrete. The study assessed the influence of high-volume fly ash 

on compressive strength development and durability of concrete. It investigated the 

effects of varying curing temperature and water to cement ratio on the properties of 

OPC and fly ash concrete. Thomas (2007) states that high volume fly ash presents 

challenges such as longer setting time and reduced early-age strengths which slow 

down construction activities. However, he opined that there is a possibility of using 

high-volume fly ash in a beneficial way without affecting the engineering properties of 

concrete.   
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1.2 Rationale of the Study 

 

Fly ash has been widely utilised as a supplementary cementitious material in concrete 

at levels of up-to 30% by mass of cementitious material. Thomas (2007) highlighted 

that replacing cement with high volume fly ash results in low early age strength. As 

such, the use of high-volume fly ash has been limited to mass concrete applications 

such as dam construction where it is primarily used for its ability to regulate the heat 

of hydration rather than for its contribution to strength development. The study seeks 

to encourage the use of higher proportions of fly ash in the production of high strength 

concrete. The study explored the suitability and performance of high-volume ultra-fine 

fly ash concrete in high strength concrete applications by investigating compressive 

strength development patterns and evaluating the durability properties using the South 

African durability index testing methods. Ultra-fine fly ash was used as a cement 

replacement material in order to achieve high strength concrete. The study evaluated 

concrete properties such as compressive strength, oxygen permeability, water 

sorptivity and chloride conductivity. The study also investigated the influence of w/c 

ratio, curing temperature and chemical activation on the properties of HVFA concrete. 

The study will contribute to the current body of knowledge on high strength high 

volume fly ash concrete. 

 

1.3 Research Question 

 

Does high volume fly ash concrete have sufficient compressive strength and durability 

properties that make it suitable for use in high strength concrete applications? 

 

1.4 Aim 

 

The study is aimed at determining the influence of high-volume fly ash, curing 

temperature, water content and chemical activation on compressive strength 

development and durability of concrete. The study seeks to encourage the use of high-

volume fly ash in the production of high strength concrete. 
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1.5 Research Objectives 

 

The objectives of the research are to; 

i. Carryout laboratory investigations to determine the influence of high-volume fly 

ash replacement on strength development and durability of high strength 

concrete. 

ii. Establish the maximum replacement level to achieve high strength concrete 

with 28-day compressive strength of 60MPa. 

iii. Evaluate the effects of curing temperature and calcium hydroxide activation on 

compressive strength and durability of HVFA concrete. 

iv. Investigate the influence of water to cement ratio on compressive strength and 

durability of HVFA concrete. 

v. Use the South African durability index testing methods to evaluate the durability 

of HVFA concrete. 

vi. Evaluate the economic benefits of using high volume fly ash and encourage 

higher substitutions of fly ash in the production of high strength concrete. 

 

1.6 Scope of the study 

 

The study investigated the influence of HVFA on strength development and durability 

of concrete. The study also focused on the influence of w/c ratio, curing temperature 

and calcium hydroxide activation on strength development and durability of HVFA 

concrete. Tests on properties of fresh concrete were limited to slump tests. 

Experimental work on strength development and durability of hardened concrete was 

limited to compressive strength, water sorptivity, oxygen permeability and chloride 

conductivity tests. Tests on binder materials were limited to X-Ray diffraction, X-Ray 

fluorescence, particle size distribution and scanning electron microscopy. An 

economic analysis was carried out for binder material in order to encourage the use 

of high strength high volume fly ash concrete. The economic analysis focused on the 

economic benefits of incorporating high volume fly ash in high strength concrete. Non-

standard fly ash classified as ultra-fine fly ash was used in the study in order to attain 

high strength concrete. 
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1.7 Structure of the research report 

 

This research report consists of six chapters as follows: 
 

Chapter one gives an introduction of the study. The chapter covers the benefits of 

using high volume fly ash as a supplimentary cementitiuos material in concrete 

production and it discusses the study rationale, key research question and aim. The 

chapter also covers the scope and objectives of the study. 

 

Chapter two gives a comprehensive review of the literature on the effects of high 

volume fly ash replacement, curing temperature and w/c ratio on properties of 

concrete.  The chapter  discusses the environmental and economic benefits of utilising 

fly ash in concrete. It also gives an overview of fly ash and its composition, activation 

techniques, as well as the chemistry of pozzolanic and hydration reactions.  
 

Chapter three details the experimental methods and procedures used in the project. It 

starts by giving an overview of the materials used in the study and goes on to detail 

the types of materials used, their sources and properties. Tests conducted on the 

characterisation of materials used and results obtained are all outlined in this chapter. 

The chapter further gives an outline of the concrete mix design, specimen preparation 

and the experimental procedures carried out in the study.   
 

Chapter four gives a presentation, discussion and analysis of the results of 

compressive strength and durability tests. The relationships between compressive 

strength, FA content, w/c ratio, curing temperature and Ca(OH)2 content are analysed 

and discussed in detail. The chapter also presents the durability index test results. It 

outlines the relationship between fly ash content and durability index results. The 

discussion further relates the results to published research work. 

 

Chapter five presents an economic analysis of high volume fly ash concrete. The 

chapter discuses the environmental and cost benefits of high volume fly ash utilisation. 

The chapter gives an analysis on the cost savings resulting from cement replacement 

with fly ash.  

 

Chapter six presents the conclusions derived from the analysis of test results 

 

Chapter seven gives recommendations for future research on high volume fly ash 

concrete. 



CHAPTER 2 
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2. LITERATURE REVIEW 

 

2.1 Introduction 

  

Climate change and sustainability have become major discussion topics due to the 

devastating weather events being felt all over the world. The United Nations warns 

that emission of greenhouse gases has increased significantly and climate change 

effects such as global warming and extreme weather are now affecting every part of 

the world resulting in huge economic losses (United Nations, 2015a). Climate change 

is directly linked to the emission of greenhouse gases such as carbon dioxide. 

Initiatives and international policies have been developed to reduce emissions of 

greenhouse gases. Key among such initiatives was the Kyoto Protocol that set 

reduction targets of greenhouse gases which include carbon dioxide (UNFCCC, 

2008). The current UNFCCC Paris Agreement seeks to mitigate climate change by 

taking actions that will result in low carbon emissions in the future (United Nations, 

2015b). In line with the Paris Agreement, the South African government has introduced 

the Carbon Tax Bill which will enable South Africa to play its role in enforcing reduction 

of greenhouse gas emissions (South African Government, 2018). The Carbon Tax Bill 

promotes emissions reduction through the polluter pays principle and it is likely to 

impact on the cement manufacturing industry which is one of the major contributors of 

carbon emissions. It is now imperative for the local cement manufacturing industry to 

aggressively pursue alternative and sustainable ways of reducing carbon emissions in 

order to comply with the initiatives aimed at reducing greenhouse gases. This will 

enable the cement industry to avoid the cost implications arising from carbon tax. 

 

The environmental impact of the cement manufacturing process as a result of high 

carbon emissions and energy consumption can be alleviated by reducing the demand 

of Portland cement. This can be achieved through a paradigm shift in the way the 

concrete industry views large scale incorporation of supplementary cementitious 

materials in concrete. Portland cement is derived from finite resources whose 

continuous extraction leads to environmental degradation. This raises the question of 

sustainability which can be answered through large scale replacement of cement with 

industrial waste materials such as fly ash. The abundance and cost of fly ash makes 

it an ideal material for large scale replacement of Portland cement in concrete. The 

http://www.gov.za/
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benefits of utilising fly ash in the production of concrete outweigh the negative effects. 

Fly ash reduces the water demand for concrete resulting in concrete with improved 

workability, compressive strength and durability. High volume fly ash is key in resolving 

the challenge of heat of hydration in mass concrete structures. Incorporating high 

volume fly ash in concrete results in significant cost reduction of binder material. From 

an environmental perspective, increasing fly ash utilisation results in reduced carbon 

emissions and conservation of material resources used in cement production. High 

volume fly ash is a tailor-made solution to the environmental challenges presented by 

the cement manufacture process. It also helps alleviate the ecological challenges 

arising from the disposal of fly ash into the environment. 

 

High strength concrete incorporating high volume fly ash presents an effective 

approach to efficient fly ash utilisation. Numerous definitions of high strength concrete 

have been proposed (ACI, 2010; Owens, 2009; Rashid and Mansur, 2009; Kawai, 

2002). Kovacevic and Dzidic (2018) state that it is hard to define high strength concrete 

with a unique number that distinguishes it from conventional concrete. According to 

Rashid and Mansur (2009) the bottom range of high strength concrete is dependent 

on various factors such as time, geographical location, raw materials and expertise. 

The American Concrete Institute (2010) defines high strength concrete as concrete 

with compressive strength of 55 MPa or higher. Owens (2009) defines high strength 

concrete as concrete with 28-day compressive strength ranging from 60MPa and 

above. Kawai (2002) also defines high strength concrete as concrete with compressive 

strength of 60MPa and above.  

 

2.2 High Volume Fly Ash (HVFA) Concrete 

 

High-volume fly ash concrete is generally defined as concrete with at least 50% of the 

Portland cement replaced with fly ash (Arezoumandi et al., 2013). The development 

of HVFA concrete dates back to 1985 when the Canadian Centre for Mineral and 

Energy Technology (CANMET) initiated investigations into the use of HVFA concrete 

in structural applications (Malhotra, 2004). Malhotra (2004) argues that high volume 

fly ash concrete exhibits all the qualities of high-performance concrete such as 

excellent mechanical and durability properties. Cross, Stephens and Vollmar (2005) 
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pushed the frontiers of high-volume fly ash concrete through a study on 100% fly ash 

concrete. They concluded that concrete with strength and workability properties similar 

to OPC concrete can be produced using 100% fly ash. 

 

Despite the fact that HVFA can produce competent concrete, its use in the 

construction industry has remained low. Fly ash has been widely used as a cement 

extender in quantities ranging from 6% to 30% by mass, however higher volumes of 

fly ash in excess of 35% by mass are mainly used in mass concrete structures to 

control the heat of hydration (Thomas, 2007; Zulu and Allopi, 2015). The South African 

national standard SANS 50197-1 (2013) limits fly ash content in blended cement 

manufacture to 35%. Obla, Lobo and Kim (2012) identified the primary causes 

preventing increased use of HVFA in concrete as low early age strength and restrictive 

specifications on the usage of higher volumes of fly ash. A study conducted by Burke 

(2012) on HVFA concrete with 50% fly ash demonstrated that HVFA concrete can 

comply with project specifications while providing cost savings. The study disapproved 

the belief that early strength development cannot be accomplished with 50% FA 

content. Burke (2012) achieved 28-day compressive strength of 45MPa with 50%FA 

content. High volume fly ash concrete can go beyond the normal application in mass 

concrete and be used in high strength concrete applications without compromising 

strength development and durability properties. The major challenge of low early age 

compressive strength can be overcome by using a combination of low w/c ratio and 

fly ash activation techniques (Bao-min and Li-jiu (2004); Duxson et al., 2007).  

 

2.3 Economic Benefits of High-Volume Fly Ash Concrete 

 

The use of high-volume fly ash should be encouraged in the production of high 

strength concrete in order to reduce the cost of concrete. The major challenge in 

producing high strength concrete is the high cost of material used and the quantity of 

OPC used in the production of high strength concrete is usually high resulting in 

increased binder cost. Silica fume is a costly supplementary cementitious material that 

is often used in the production of high strength concrete. Fine fly ash is a generally 

cheaper alternative material which can be used to produce high strength concrete. 

Some researchers have proven that incorporating higher volume fly ash in concrete 

does not adversely impact on the long-term compressive strength and durability 
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properties of concrete (Poon et al, 2000; Elsageer et al., 2009; Solikin et al., 2013). 

Hasheela and Ekolu (2010) agree that materials like fly ash can lower the cost of 

concrete, however they are of the view that there isn’t much research that has been 

done to establish the amount of cost-reduction as a result of using materials like fly 

ash. Hasheela and Ekolu (2010) investigated the effect of fly ash and slag on the cost 

of concrete and attained binder material cost reduction of up-to 13% in 30%FA 

concrete. The cost saving they achieved in 50% fly ash concrete was approximately 

24%. Bouzoubaa and Fournier (2002) investigated optimization of fly ash content in 

concrete. Their cost analysis of fly ash concrete yielded a cost saving of approximately 

20% in concrete with fine fly ash content of 50%. In concrete with coarse fly ash 

content of up to 40%, the cost saving was approximately 10%. Camoes et al. (2003) 

evaluated fly ash binder material cost using the price of equivalent cement content. 

They established that binder material with 40% fly ash content yielded a cost reduction 

of 32% whilst binder material with 60% fly ash content yielded a cost reduction of 48%. 

The economic benefits of high-volume fly ash concrete are not only limited to the cost 

aspect. Apart from being economic, high volume fly ash concrete has proven to be 

effective in overcoming durability challenges encountered in Portland cement 

concrete. Improved durability properties imply reduced rate of concrete deterioration 

and this translates to reduced cost of concrete repairs and maintenance.  

 

2.4 Fly Ash (FA)  

 

Fly ash is a powder material collected from the exhaust gases produced during burning 

of coal in electrical power generation plants (Kosmatka and Wilson, 2011; Kruger, 

2003). When coal is burnt at high temperature, it produces CO2 and fly ash which is 

predominantly composed of silica and alumina (Kosmatka and Wilson, 2011). Millions 

of tonnes of fly ash are generated annually all over the world (Manz, 1997; Joshi, 

2010). Addition of fly ash in concrete has beneficial effects such as reduced heat of 

hydration, increased resistance to sulphate attack, reduced porosity, and reduced 

permeability (Thomas, 2007). The physical, mineralogical and chemical properties of 

fly ash have significant influence on the properties of concrete. Ultra-fine fly ash with 

high calcium content has high reactivity which can enhance the properties of concrete 

(Obla et. al., 2003).  
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2.4.1 Physical Composition of Fly Ash 

 

Fly ash consists of very tiny spherical glass particles which typically range from less 

than 1 μm to more than 100 μm with average particle size of less than 20 μm 

(Kosmatka and Wilson, 2011; Abualrous et. al., 2016). The typical specific surface 

area of fly ash ranges from 300 m2/kg to 500 m2/kg and the relative density of fly ash 

usually ranges between 1.9 and 2.8 (Kosmatka and Wilson, 2011). The South African 

National Standard (SANS 50450-1, 2011) groups fly ash into categories in terms of 

fineness as measured by retention on a 45-micron sieve. The standard categorises 

FA into two categories namely Category N and Category S. Category N is coarser fly 

ash which allows for a maximum of 40% to be retained on the 45 µm sieve. Category 

S is finer fly ash which allows for a maximum of 12% to be retained on a 45 µm sieve 

(SANS 50450-1, 2011).  

 

2.4.2 Chemical Composition of Fly Ash  

 

Fly ash consists of crystalline and amorphous phases. The amorphous phases of fly 

ash consists of silica, alumina, calcium oxide, iron oxide and magnesia and these 

contribute to the reactivity potential of fly ash (Kruse et al., (2013). The crystalline 

phase consists of anhydrite, mullite, quartz, melite, merwinite, periclase, C3A, 

magnetite, hematite and CaO (Kruse et al., 2013). The oxide composition of fly ash 

determines the reactivity potential. Thomas et al. (1999) states that the calcium 

content in FA indicates the reactivity of FA and how it will influence the properties of 

concrete. Heyns and Hassan (2014) contend that the calcium oxide/silicon dioxide 

ratio is a good indicator of the reactivity potential of fly ash. The unburnt carbon in fly 

ash increases the water requirement and this impacts on the properties of fly ash 

concrete (Kruse et al., 2013). A high carbon content in FA will significantly increase 

the water required to achieved desired workability (Skvarla et. al., 2011). Loss on 

ignition (LOI) is used to determine the content of carbon in fly ash (American Coal Ash 

Association, 2003). The South African National Standard (SANS 50450-1, 2011) 

categorises fly ash on the basis of loss on ignition (LOI). According to SANS 50450-1: 

2011, category A fly ash has a LOI of less than 5%, Category B fly ash has LOI of 

between 2% upto 7% and Category C fly ash has LOI of between 4% and 9%.  
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ASTM C618 (2005) and SANS 50450-1 (2011) also classify fly ash on the basis of 

chemical composition of the oxides. Both standards use the combined contents of 

Alumina, Silica and Ferric Oxide to classify the fly ash as either Class C or Class F. If 

the sum of SiO2+AlO+FeO is greater than 70%, the fly ash is classified as Class F and 

if the sum is between 50%-70%, the fly ash is classified as a Class C (ASTM C618: 

2005); SANS 50450-1: 2011). The South African fly ash is categorised as Class F 

owing to its high content of silica and alumina. Kruse et al., (2013) state that the 

chemical composition of fly ash is dependent on nature of the parent coal burnt. They 

further state that anthracite coal produces Class F fly ash whereas lignite coal 

produces class C fly ash.  

 

2.5 Pozzolanic and Hydration Reactions 

 

FA is a pozzolanic material which does not react with water like Portland cement. It 

reacts with calcium hydroxide in water to form cementing compounds similar to those 

formed during Portland cement hydration. The Silica and Alumina in fly ash reacts with 

Ca(OH)2 to form cementitious substances. ASTM defines a pozzolan as a material 

that has no cementing potential, however it can react with Ca(OH)2 to form 

cementitious compounds. The cementitious compound produced by the pozzolanic 

reaction between fly ash and calcium hydroxide is the Calcium Silicate Hydrate often 

referred to as CSH gel (Owens, 2009). In OPC and fly ash concrete mixes, the OPC 

cement will act as an activating agent by reacting with water to form hydration products 

such as C3S2H3 and calcium hydroxide. The calcium hydroxide formed by the 

hydration process reacts with fly ash to form the cementing calcium silicate hydrates 

gel. The pozzolanic reaction between fly ash and calcium hydroxide is beneficial to the 

concrete by increasing the amount of calcium silicate hydrate which enhances the 

long-term strength and durability of concrete (Thomas, 2007).  

 

Cement consists of four main compounds which play a major role in the hydration 

process. These compounds are tri-calcium silicate (C3S), di-calcium silicate (C2S), tri-

calcium aluminate (C3A) and tetra calcium aluminoferrite (C4AF) (Owens, 2009). Tri-

calcium silicate reacts rapidly and contributes to early strength whereas di-calcium 

silicate reacts slowly and contributes to strength at later ages.  The hydration reaction 
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between these cement compounds and water is an exothermic reaction which 

produces cementing compounds. The hydration of cement is best described by the 

reaction equations 2-1 up to equation 2-4 (Owens, 2009). 

 

2𝐶3𝑆 + 6𝐻 → 𝐶3𝑆2𝐻3 + 3𝐶𝐻   Equation 2-1 

2𝐶2𝑆 + 4𝐻 → 𝐶3𝑆2𝐻3 + 𝐶𝐻   Equation 2-2 

𝐶3𝐴 + 𝐶𝐻 + 12𝐻 → 𝐶4𝐴𝐻13   Equation 2-3 

𝐶4𝐴𝐹 + 4𝐶𝐻 + 22𝐻 → 𝐶4𝐴𝐻13 + 𝐶4𝐹𝐻13 Equation 2-4 

 
Where:  C is Calcium Oxide (CaO) 

S is Silicon Dioxide (SiO2) 
A is Alumina (Al2O3) 
F is Ferric Oxide (Fe2O3) 
H is Water (H2O)  
CH is Calcium Hydroxide, Ca(OH)2 (Owens, 2009) 
 

The reaction of C3S and C2S with water results in the formation of calcium silicate 

hydrates (CSH) and Ca(OH)2. The calcium silicate hydrates are the cementing 

compounds responsible for the strength of concrete. The Ca(OH)2 produced during 

the hydration process reacts with Silica and Alumina in the pozzolanic reaction 

producing CSH gel and hydrated calcium. Equation 2-5 illustrates a simplified 

pozzolanic reaction between SiO2 and Ca(OH)2 (Owens, 2009). 

 

2𝑆 + 3𝐶𝐻 = 𝐶3𝑆2𝐻3    Equation 2-5 

 

The equation indicates that the pozzolanic activity of fly ash consumes the Ca(OH)2 

resulting in the formation of hydrated compounds such as calcium silicate hydrates. 

 

2.6 Fly Ash Activation 

 

Research work on fly ash concrete has proven that fly ash can be activated in order 

to accelerate its pozzolanic activity (Bentz, 2010). In geopolymer concrete, fly ash has 

been used as the sole cementitious material producing good strength and durability 

results. Work carried out by Shekhovtsova (2015) on alkali-activated binders reported 

that alkali activated fly ash concrete with good properties comparable to normal 

concrete can be produced by using 100% FA activated using sodium hydroxide. Bentz 

(2010) conducted a study on quantifying retardation in high-volume fly ash mixtures. 
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He examined the performance of retardation mitigation strategies using Ca(OH)2, 

rapid-set cement and other activators. He reported that out of all the activators used, 

only Ca(OH)2 activation and addition of rapid-set cement yielded notable reduction in 

retardation of HVFA mixes of up to 5 hours. He concluded that Ca(OH)2 and rapid-set 

cement provide feasible solutions to mitigating retardation in HVFA concrete. He 

argues that Ca(OH)2 and rapid set cement can restore the setting times of HVFA 

concrete to match those of OPC cement.   

 

Fly ash activation can be achieved through numerous techniques such as the use of 

chemical substances and mechanical methods in accelerating fly ash reactions. The 

chemical activators that are commonly used are alkali such as sodium hydroxide and 

calcium hydroxide (Owens et all., 2010). In fly ash pastes, the pozzolanic reactions 

requires an alkaline environment in order to continue. The cement hydration reaction 

produces Ca(OH)2 which is consumed by the fly ash pozzolanic reaction. However, in 

high volume fly ash pastes, the Ca(OH)2 precipitated by the hydration reaction may 

not be sufficient to react with fly ash. Myadraboina et al. (2016) calculated the lime 

requirement for high volume fly ash pastes and observed that beyond 50% fly ash 

content, the lime produced by hydration reaction was not sufficient for the continued 

pozzolanic reactions. Dunstan (2011) highlights that not all the Ca(OH)2 produced by 

the hydration reaction is available to react with pozzolanic materials. He estimates that 

25% of the hydration reaction products is free lime and part of it will react to form 

ettringite. The Ca(OH)2 availability is further reduced in high volume fly ash mixtures 

where significant quantities of cement are replaced with fly ash. Therefore, any 

addition of alkali such as Ca(OH)2 to a cement-fly ash paste creates an elevated 

alkaline pH environment which is conducive for the breakdown of fly ash glassy 

phases. Owens et al. (2010) suggest that fly ash activation entails the breaking down 

of fly ash glassy phases. Chemical activators such as Ca(OH)2 break down the silica 

and alumina, thus accelerating the hydrolysis of Si4+ and Al3+ resulting in the formation 

of hydrates as depicted by        Equation 2-6 and Equation 2-7 (Bao-min and Li-jiu, 

2004). 

 

3[𝐶𝑎(𝑂𝐻)2] + 2[𝑆𝑖𝑂2] = [3(𝐶𝑎𝑂). 2(𝑆𝑖𝑂2). 3(𝐻2𝑂)]       Equation 2-6 

3[𝐶𝑎(𝑂𝐻)2] + 𝐴𝑙2𝑂3 + 3[𝐻2𝑂] = 3(𝐶𝑎𝑂). 𝐴𝑙2𝑂3. 6(𝐻2𝑂) Equation 2-7 (Dunstan, 2011) 



 

14 

 

 

Fly ash activation using alkali entails the breaking down of fly ash glassy phases such 

as alumina and silica in an elevated alkaline pH environment. Fraay et. al. (1989) 

argue that the cementing compounds in pozzolanic reactions are produced when the 

glass phase in FA is broken down. They investigated the solubility of the fly ash 

particles and observed that the glass in fly ash was broken down when the alkalinity 

was at a pH level above 13. Mehta (cited in Arjunan et al, 2001) states that, the 

hydroxyl ion promotes the breakdown of alumina and silica. This view is shared by, 

Fernandez-Jimenez and Palomo (2005) who suggest that the high concentration of 

the hydroxyl ion is responsible of the breakdown of the bonds in fly ash glass phase. 

They identify the hydroxyl ion as the catalyst during the pozzolanic reaction. 

Glukhovsky (cited in Palomo and Fernández-Jiménez, 2011) proposed a three-stage 

model for the alkali activation of materials consisting of silica and alumina. The 

proposed model consists of mechanisms which entail the breakdown of fly ash 

particles. The first mechanism entails the destruction of SiO2 and Al2O3 followed by 

the formation of coagulated structures which transform to condensed structures. 

Pacheco-Torgal et al., (2007) states that there is an agreement amongst researchers 

that the fly ash reaction mechanism basically comprises of the breakdown of SiO2 

followed by the stages of transportation and polycondensation. Fernández and 

Palomo (2005) investigated the composition and microstructure of alkali activated fly 

ash paste and proposed that fly ash alkali activation results in the breakdown of fly 

ash. Duxson et al. (2007) presents a simplified model for fly ash geopolymerization 

shown in Figure 2.1. The model outlines the transformation of a material like FA. Provis 

et al., (2005) also proposed a reaction sequence of geopolymerization shown in  

Figure 2.2.  
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Figure 2.1: Conceptual model for geopolymerization (Duxson et al., 2007) 
 

 

Figure 2.2: Proposed reaction sequence of geopolymerization (Provis et al., 2005) 
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The threshold values for alkaline activators are dependent on the composition of the 

binder material (Jiménez et al., 2009). Alonso and Palomo (2001) investigated alkaline 

activation of calcium hydroxide-metakaolin solid mixtures and established that there is 

a threshold hydroxyl [OH-] concentration above which an alkaline polymer was formed 

and below which calcium silicate hydrate gel was the major reaction product. They 

concluded that a high hydroxyl concentration impedes calcium hydroxide dissolution. 

Jiménez et al. (2009) dispel the view that the higher the activator concentration the 

higher the strength. They argue that there are threshold values above which the 

strength can decrease and these threshold values are dependent on the composition 

of binder material. They state that high alkali concentration may result in adverse 

effects such as increased efflorescence and brittleness. Shi et al. (2006) state that the 

threshold values for materials rich in SiO2 and Ca2O range between 3% and 6 % of 

the Na2O by mass with respect to the cementitious material. 

 

The mechanical methods that improve the reactivity potential of fly ash entail the 

grinding of fly ash in order to improve fineness. Ultra-fine fly ash is more reactive than 

coarse fly ash owing to its greater surface area. According to Patnaikuni et al (2013), 

reducing the particle size of fly ash and addition of lime water can assist in developing 

HVFA concrete mixes which yield compressive strengths similar to OPC concrete. 

 

Bao-min and Li-jiu (2004) allude to physico-chemical techniques that can be used to 

activate fly ash. These techniques comprise of using heat to activate fly ash reactions. 

They state that heating can alter the structure of fly ash, however the high heating 

energy cost hinders the use of this method. Hydrothermal processing introduces ions 

which activate fly ash glass phases (Bao-min and Li-jiu, 2004). Heat activation creates 

optimum conditions for fly ash pozzolanic reactions. Fraay et. al. (1989) suggest that 

the rate of pozzolanic reaction depends on temperature due to the fact that FA 

solubility and pore water alkalinity are also temperature dependent.  

 

2.7 Effects of HVFA on Concrete Properties 

 

High cement replacement levels may decrease the early age strength of concrete and 

increase setting time. However, positive results have been reported with use of HVFA 

as a cementitious material in concrete. Thomas (2007) states that the extent to which 
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HVFA affects concrete properties does not depend on the fly ash content only. He 

suggests that parameters such as water content, concrete mix design, curing 

conditions, admixtures and construction methodologies also affect the performance of 

HVFA. The water content and curing conditions significantly influence the properties 

of concrete more than the other parameters.  

 

2.7.1 Effects of HVFA on Concrete Setting Time 

 

The common challenge encountered with HVFA is the increased setting time which 

leads to construction delays. Bentz (2010) observed excessive retardation of HVFA 

mixes that he investigated using isothermal calorimetry. The hydration peaks for HVFA 

mixes increased by eight hours whereas the OPC hydration peaked at 2 hours after 

mixing. Work carried out by Grieve (1991) on the setting time of FA mixes concluded 

that replacement of 30% OPC with FA extended the setting times by 2,5 hours. He 

further established that the setting time of concrete decreases with decreasing w/c 

ratio. He observed this effect more at low replacement levels of OPC with FA. Grieve 

and Kruger (1990) investigated the causes of delayed setting time and concluded that 

boron contributes significantly to retardation in fly ash concrete. A study by Bouzoubaa 

et al. (2007) established that the setting time duration of HVFA was longer by between 

3 and 5 hours compared to the setting time of control OPC concrete.  

 

The challenge of increased setting time can be addressed with the use of accelerators 

which can reduce the setting time of high-volume fly ash concrete. Sodium hydroxide, 

Ca(OH)2, high early strength OPC and other activation techniques can be used to 

restore setting time. Bentz and Ferraris (2010) used rheology and setting time 

measurements to investigate the setting of high-volume fly ash mixtures. They 

reported that 5% Ca(OH)2 addition or high early strength OPC significantly reduced 

the setting time of HVFA mixtures that had retardation. On the contrary, the longer 

setting times of HVFA concrete can be used as an advantage in ready mix concrete 

as it allows for longer haulage times and reduced use of retarders.  
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2.7.2 Effect of HVFA on Workability 

 

High volume fly ash has significant influence on the rheological properties of concrete. 

It improves workability of concrete and reduces the water requirement. It also 

promotes cohesion of concrete constituents leading to concrete with less segregation 

and it helps prevent bleeding in concrete. High volume fly ash content reduces the 

amount of superplasticiser required to improve workability of a concrete mix. The 

positive effects can be attributed to the spherical particle shape of fly ash which aids 

lubrication of concrete mixtures. The effect of reduced water demand cannot be 

achieved in fly ashes with high LOI due to the fact that carbon has a high-water 

demand. Grieve (1991) studied the influence of fly ash on workability of concrete and 

reported that the relationship between increase in FA content and reduction in water 

demand is linear. On the contrary, Mukheibir (1990) noted that for high strength HVFA, 

the water demand increased owing to the large quantity of binder material in high 

strength mixes.  

 

2.7.3 Effect of HVFA on heat of hydration 

 

Replacing cement with high volume fly ash has a significant influence on the hydration 

reaction. The heat of hydration is significantly reduced in HVFA concrete due to the 

reduced amount of cement available for the exothermic hydration reaction. The 

challenges presented by the heat of hydration are often experienced in mass concrete 

structures where significant temperature rises are encountered owing to the heat 

liberated by the exothermic hydration reaction between OPC and water. High volume 

fly ash has been extensively used in mass concrete structures in order to regulate the 

heat of hydration and also to reduce the effect of thermal stresses generated by the 

heat of hydration. In high volume fly ash mixes, the heat of cement hydration creates 

a conducive environment for the acceleration of pozzolanic reactions between fly ash 

and calcium hydroxide. Balakrishnan et al. (2013) investigated the effect of HVFA 

concrete in reducing the heat of hydration of concrete and confirmed that using HVFA 

resulted in a reduction of heat liberated by the hydration process. Their results 

demonstrated that high volume fly ash has good potential in controlling the heat of 

hydration of concrete. Ballim and Graham (2009) investigated the heat rate profiles of 

FA and GGBS and established that the hydration peaks in GGBS or FA pastes 
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decreased linearly as more GGBS or FA was added. They observed that in HVFA 

mixes the time required to reach the peak rate increased significantly. Kruger (2003) 

states that for every ten percent replacement of OPC with fly ash, there is a reduction 

in the hydration heat of between 5-6%.  

 

2.7.4 Effect of HVFA on Strength Development 

 

Compressive strength is the most important design parameter in the design of 

concrete structures. It is widely used for prescribing concrete quality and it is the major 

factor that is used by the construction industry to price concrete and also for 

acceptance control. For high volume fly ash concrete, strength development is 

significantly influenced by curing conditions, physical and chemical characteristics of 

the fly ash. Other factors that affect fly ash concrete strength development are w/c 

ratio and quantity of binder material in the concrete mix. The most common approach 

to increasing concrete strength at all ages is to reduce the w/c in concrete. 

Compressive strength of HVFA concrete is highly influenced by the replacement of 

cement by high volume fly ash content, resulting in reduced amount of cement 

available for the hydration reaction which is mainly responsible for early age concrete 

strength. The pozzolanic reaction between the glass phases of FA and Ca(OH)2 are 

slow at the early ages and accelerate with time as more Ca(OH)2 is produced by the 

hydration reaction. Fraay et. al. (1989) allude to an incubation period during which 

pozzolanic reactions are dormant as a result of low alkalinity of the pore water. 

 

The strength of concrete mainly depends on the w/c ratio and porosity of the concrete. 

Strength prediction models such as Abrams’ model, Powers model, Popovics’ model 

have been developed to correlate strength of concrete with properties of the cement 

paste (Chidiac et. al., 2013; Popovics, 1998). Abrams’ law predicts concrete 

compressive strength solely on the water-cement ratio and it assumes that concrete 

is fully compacted with no air voids (Rao and Ramanjaneyulu, 2018). Abrams’ law has 

been criticised by other researchers who have proven that concrete compressive 

strength does not only depend on the water-cement ratio, but it is also influenced by 

the composition of the concrete constituents (Özturan et. al., 2008; Moutassem and 

Chidiac, 2016).  
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Utilisation of fly ash in concrete has shown that it improves the interfacial transition 

zones (ITZ) between the cement paste and the aggregate thereby reducing the 

porosity of concrete (Bhattacharjee). High volume fly ash impacts on early strength 

gain and significant strength gain is notable at latter ages of concrete due to the 

continuing pozzolanic reaction that continues to produce more cementing compounds 

(Thomas, 2007). Fly ash activators can be used in mitigating the delayed setting time 

and early age strength development. A study by Crouch et al. (2007) established that 

one day strength of HVFA concrete with 50% FA content exceeded the strength 

required for removal of formwork. Malhotra (2004) states that high performance HVFA 

concrete can be produced with cements and fly ashes having different chemical and 

physical properties. He alludes to HVFA concretes which have attained 28 day 

compressive strengths of more than 35MPa. A study by Bouzoubaa et al. (2007) on 

mechanical properties of HVFA concrete established that the 28-day strength of HVFA 

concrete was similar to that of OPC concrete. Hung (1997) investigated HVFA 

concrete and established that using FA to simultaneously replace OPC and fine 

aggregates resulted in increased compressive strength owing to low w/c ratio. He 

recommended that fly ash should be used to replace both OPC and fine aggregates 

simultaneously. Nath and Sarker (2011) investigated the effects of FA and concluded 

that it is possible to make high strength concrete incorporating high volume fly ash 

content.  

 

2.7.5 Effect of HVFA on Durability  

 

Durability of Concrete 

 

Concrete has proven to be a strong material, however challenges such as corrosion 

of reinforcement steel, alkali aggregate reactions and abrasion have been 

encountered during service life of concrete structures. The costs associated with repair 

and rehabilitation of concrete structures due to concrete deterioration have been on 

the rise annually and this has led to increased focus on the concept of concrete 

durability (Gjorv, 2011). Durability refers to the ability of concrete to withstand the 

design environment without deterioration. Kosmatka and Wilson (2011) defines 

durability as the ability of concrete to withstand chemical attack, weathering action and 
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abrasion without deterioration during the service life of a concrete structure. Concrete 

durability is influenced by the exposure conditions, intrinsic and extrinsic factors of the 

concrete system (Owens, 2009). The intrinsic factors that influence concrete durability 

encompass water to cement ratio, aggregates type, penetrability, type of cementitious 

material and content of cementitious material (Owens, 2009). Exposure conditions that 

influence concrete durability entail the aggressiveness of the environment such as 

abrasion, freeze thaw, thermal effects, concentration of external chemical substances, 

incompatibility of concrete constituents, temperature and relative humidity (Owens, 

2009). The extrinsic factors that influence concrete durability entail processes such as 

concrete mixing, curing and early age temperature history (Ballim, 2015). 

 

Permeability is a major factor that influences concrete durability. Permeability refers 

to the ease of ingress of fluids through a material. It refers to the capacity of concrete 

to transfer liquids and gases by permeation (Owens, 2009). Ballim (2015) defines 

permeability as a measure of the extent of inter-connection of pores in a material. 

According to Kosmatka and Wilson (2011), concrete permeability refers to the ease of 

migration of gasses and liquids or diffusion of ions through the concrete pores under 

a pressure or concentration gradient. Concrete permeability is highly dependent on 

concrete porosity. A highly porous cement paste matrix exhibits high permeability. 

Concrete durability failure involves penetration of harmful substances into concrete 

which subsequently initiate deterioration mechanisms such as ASR, sulphate attack, 

corrosion, etc (Kosmatka and Wilson, 2011).  

 

Concrete deterioration is governed by transport mechanisms of permeation, diffusion, 

migration and absorption. Ballim (2015) states that all forms of concrete deterioration 

involve some form of fluid flow through the concrete pore system. Permeation refers 

to the movement of fluid through concrete pores under a pressure gradient in saturated 

concrete (Owens, 2009). Absorption refers to the movement of fluids through 

unsaturated concrete under the action of capillary forces (Owens, 2010). During 

absorption, molecules adhere to the pore surfaces by Van Der Waals forces or 

chemical bonding (Ballim, 2015). Migration refers to the movement of ions in a solution 

under an electrical field (Owens, 2010). It is the transport mechanism most often used 

in laboratory accelerated chloride tests such as the Chloride Conductivity Index Test. 
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Diffusion refers to the movement of fluids and ions through a partially or fully saturated 

material under a concentration gradient (Owens, 2010). During diffusion, molecules 

move microscopically under a concentration gradient (Ballim, 2015). Diffusion is the 

dominant transport mechanism for concrete structures fully submerged in sea water. 

Diffusion rates are dependent on temperature, moisture content of concrete (Owens, 

2010). 

 

Chloride Ion Diffusion 

 

One of the major causes of corrosion in reinforced concrete is the de-passivation of 

steel due to chloride ion ingress. Chloride ions penetrate concrete through diffusion in 

saturated concrete and through capillary suction in unsaturated concrete (Owens, 

2009). The concrete quality, threshold chloride concentration and exposure conditions 

are some of the factors that determine how long it will take for the chloride ions to 

penetrate into concrete and initiate corrosion (Owens, 2009). Replacement of cement 

with HVFA is effective in reducing the movement of chloride ions in concrete (Thomas 

1996). A study conducted by Dhir et al. (1997) concluded that it is not the quality of fly 

ash that affects chloride ion diffusion. He argues that it is the volume of FA that affects 

chloride ion diffusion in concrete.  

 

Bouzoubaa et al. (2007) examined HVFA concrete and established that the chloride 

resistance determined in terms of ASTM C 1202 was significantly higher in FA 

concrete than in OPC concrete. Nath and Sarker (2011) established that FA concretes 

with 40% FA yielded better resistance to chloride penetration. Their study proved that 

it is possible to design high strength concrete with reduced permeability by utilising up 

to 40% FA. Dhir and Byars (1993) studied chloride diffusion rates and reported that 

the partial replacement of OPC with FA significantly reduced the coefficient of chloride 

diffusion of concrete. They observed that the reduction was more as FA content 

increased. Dhir et al., (1997) investigated chloride binding capacity of FA pastes and 

concluded that up to a 33% FA level, chloride binding capacity was attributable to the 

increased concrete resistance to chloride penetration. At FA levels beyond 33% they 

observed a reduction in chloride binding capacity and also noted an increase in 

permeability which resulted in increased chloride penetration. Balakrishnan and Awal 
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(2014) studied the durability properties of concrete containing high volume fly ash and 

reported that OPC concrete had the highest chloride penetration whereas HVFA 

concrete had more than 50% lower penetration in 90 days. They attributed the 

increased resistance of the HVFA concrete to the consumption of Ca(OH)2 which 

reduced porosity and increased impermeability that hindered the movement of 

chlorides. 

 

Chloride migration tests measure the electrical current corresponding to movement of 

chlorides. Filho et al. (2013) argue that the hydroxyl ion is responsible for the intensity 

of the electrical current in concrete due to its higher ionic conductivity than the chloride 

ion. They further state that the concrete containing HVFA has low electrical 

conductivity than concrete OPC concrete due to the pozzolanic activity that consumes 

the calcium hydroxide in the concrete resulting in a reduction of hydroxyl ions in 

concrete pore water solution. Thomas (1996) investigated chloride thresholds in 

marine concrete and reported that 30% FA concrete had lower concentration of 

hydroxyl ions compared to OPC concrete.  

 

Filho et al. (2013) investigated the chloride diffusion coefficient of HVFA concrete 

using accelerated tests. They reported that the utilisation of HVFA reduced the charge 

density passing through the concrete medium and that addition of Ca(OH)2 had no 

effect on the result. They further stated that colorimetric testing revealed that using FA 

and Ca(OH)2 lowered the chloride ion diffusion coefficient. They reported an increase 

in electrical resistivity of FA concrete. The also observed that there was a reduction in 

the pore sizes of FA which altered the transport properties and reduced the chloride 

ion diffusion.  

 

Permeability 

 

Permeability of concrete plays a critical role in the durability of concrete. The rate of 

ingress of deleterious substances depends on the pore structure of the concrete. Fly 

ash has a filler effect that refines the concrete pore structure which greatly contributes 

to reduced permeability and improved resistance to penetration of harmful substances. 

Helmuth (1987) cautions that if concrete is allowed to dry before the OPC and FA have 
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sufficiently reacted, the FA concrete will be highly permeable compared to OPC 

concrete. The continued pozzolanic reactions between fly ash and hydration products 

creates a denser cement paste that is more impermeable. FA produces a denser paste 

microstructure with improved pore size distribution resulting in reduced permeability. 

The CSH formed by pozzolanic reaction fills the concrete capillary pores. One of the 

major durability challenges is the corrosion of steel in concrete as a result of 

carbonation. When carbon dioxide penetrates the pores of hardened cement paste, it 

reacts with hydroxides to form carbonates which de-passivate the alkaline layer 

surrounding reinforcement steel resulting in corrosion of steel (Owens, 2009). HVFA 

concrete is capable of limiting the rate of carbon dioxide diffusion thereby reducing the 

rate of movement of the carbonation front (Owens, 2009).  

 

2.8 Maturity Concept in Concrete 

 

The need for construction efficiency and safety has led to the adoption of the maturity 

concept as a non-destructive, rapid and reliable technique in predicting in-place early 

age concrete strength (Yikici and Chen, 2015). The concept has been adopted by the 

construction industry to guide construction activities such as removal of formwork, 

prestressing time etc (Carino, 1991). Determining concrete strength using the maturity 

concept is faster than the conventional method which involves casting concrete 

specimens, curing, testing and transmitting results. The advantage of the maturity 

concept over the conventional methods is that it uses the actual temperature profile of 

in-place concrete to predict in-place concrete strength in real-time (NRMCA, 2006). 

Soutsos et. al., (2018) suggest that failures resulting from premature removal of 

formwork have led to more interest in real-time compressive strength monitoring 

through the maturity concept. As such, the maturity concept has been developed and 

commercialised in the form of maturity meters which make use of maturity functions 

such as Nurse-Saul, Arrhenius, Rastrup e.t.c (Soutsos et. al., (2018). The maturity 

method has also been adopted in standards and building codes such as ASTM C1074, 

ACI 228, (Giatec Scientific, 2019).   

 

The maturity concept was initially proposed in 1950 to account for the collective effects 

of time and temperature on strength development of steam cured concrete and 
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subsequently it was implemented in normal curing conditions (Carino, 1991). Since 

then it has undergone modifications to improve its reliability in accounting for the 

effects of temperature and time in concrete strength development (Carino, 1991). In 

1949 Nurse proved that the effects of temperature and time on strength gain could be 

expressed as a product of time and temperature (Carino, 1991). This expression was 

subsequently modified by Saul (1951) to incorporate datum temperature resulting in 

the development of the Nurse-Saul function. The Nurse-Saul function corelates 

strength development and temperature using a linear relationship whereas the 

Arrhenius function assumes an exponential relationship (Carino, 1991).  

 

The maturity method can be used to estimate in-place concrete strength under 

variable temperature conditions and it accounts for curing temperature effects on 

strength development of concrete (Brooks et. al., 2007). The maturity concept finds its 

basis on the temperature dependence of the rate of chemical reactions (Benaicha et. 

al., (2016). The general principle behind the maturity concept is that concrete strength 

development is a function of temperature and curing time (Kosmatka and Wilson, 

2011). The maturity rule principle states that concrete with similar mix design at the 

same maturity has the same strength irrespective of temperature and time required to 

get it to that maturity (Carino, 1991). The maturity index of a specific concrete mix is 

determined by its temperature-time history and the temperature–time history relates 

to the hydration process and can be used to predict concrete strength (Yikici and Chen, 

2015). The maturity techniques predict concrete strength by monitoring the 

temperature-time history of concrete and comparing it with laboratory established 

empirical relationships between temperature–time history and concrete strength of 

similar concrete (Obla et al., 2012).  

 

Yikici and Chen (2015) investigated the applicability of the maturity concept in the 

estimation of in-place concrete strength and concluded that the maturity method was 

accurate in predicting strength of concrete cured at 23 degrees and 40 degrees. They 

established that concrete cured at 50 degrees had lower strength compared to 

concrete cured at 23 and 40 degrees. Yang et. al., (2015) evaluated the maturity-

strength relationship of high strength concrete and concluded that the maturity concept 

coupled with the modified equivalent age can be used to evaluate strength 
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development of high strength concrete. Ballim and Graham (2003) investigated the 

rate of hydration heat evolution using the maturity concept and concluded that the 

Arrhenius function is much preferable for normalizing heat rate curves compared to 

the Nurse-Saul function. 

 

The maturity concept has been found to have some limitations (Rangaraju). Yikici and 

Chen (2015) highlight concerns pertaining to the short comings of the maturity concept 

in mass concrete applications where there are variable concrete temperatures. Other 

limitations to the use of the maturity method include the use of parameters such as 

datum temperature and activation energy that are not representative of the concrete 

mix (NRMCA, 2006). Other limitations that have been identified pertain to variations in 

concrete quality, high early age temperature and poor compaction and curing. Brooks 

et. al., (2007) states that the composition of binder material has a significant influence 

on the estimation of concrete strength using the maturity method. Yikici and Chen 

(2015) highlight that a lot research work has been done on OPC compressive strength 

prediction using maturity techniques and not much work has been done on concrete 

with supplementary cementitious materials such as fly ash.  

 

2.9 Curing of Concrete 

 

The key objective of curing is to protect concrete against loss of moisture. Curing 

maintains adequate moisture and temperature required for hydration. Continued 

hydration is dependent on availability of moisture and any loss of moisture retards 

further hydration. The extent to which hydration is completed has a significant 

influence on the strength and durability properties of concrete (Kosmatka and Wilson, 

2011). Loss of moisture from the concrete surface results in plastic shrinkage cracking 

of concrete surfaces. Curing influences concrete properties such as strength 

development, durability, volume stability and permeability (Kosmatka and Wilson, 

2011).  

 

Concrete curing can be achieved mainly by continuously wetting the concrete surface, 

preventing moisture loss and applying curing compounds (Concrete NZ, 2017). 

Concrete surfaces can be kept continuously wet through ponding, sprinkling, using 
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damp sand or using damp hessian. Moisture loss from concrete surfaces can be 

achieved by leaving formwork in place or covering concrete with polythene 

membranes. Applying curing compounds also ensures adequate moisture retention. 

Ponding is an efficient method of curing horizontal concrete surfaces in small concrete 

works, however it is not practical for curing large concrete works. Sprinkling can be an 

efficient curing method when it is done continuously without creating wetting and 

drying cycles. Spraying water is an efficient way of curing concrete particularly in large 

concrete structures. Covering concrete with moisture retaining fabrics such as hessian 

can provide effective curing when the fabrics are kept moist throughout the curing 

duration. Polythene membranes provide an effective barrier that prevents moisture 

loss from horizontal and vertical surfaces. Keeping formwork in place also creates a 

barrier against moisture loss. Membrane forming curing compounds can be applied 

onto the concrete surfaces by spraying soon after concrete finishing is complete. 

 

Curing duration has influence on concrete strength development. Concrete that is 

moist cured for a longer period develops strength faster compared to concrete that is 

cured for a short duration (Zemajtis, 2014). Figure 2.3 indicates that long term moist 

curing significantly improves the strength of concrete compared to short term curing. 

The required duration of curing depends mainly on the concrete mix, target strength, 

ambient temperature, exposure conditions, cementitious material type etc. The curing 

periods also depend on the type of curing method adopted.  

 

 
Figure 2.3: Effect of moist curing time on strength gain of concrete (Kosmatka and Wilson, 2011) 
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Curing concrete at low temperatures has a negative effect on early age strength 

development. Temperatures below 10°C have a significant impact on the rate of 

concrete strength development (Kosmatka and Wilson, 2011). The rate of hydration is 

greatly retarded under freezing temperatures and the hydration process stops at 

temperatures below −10°C (Nassifa and Petrou, 2013).  

 

High temperature curing accelerates the hydration process and improves the early age 

strength of concrete, however it has detrimental effects on late age concrete strength 

(Elkhadiri et. al., 2009). Yikici and Chen (2015) highlight that curing concrete at 

elevated temperatures accelerates the hydration process resulting in high strength 

gain at early age. Zemajtis (2014) states that curing at elevated temperature enhances 

the early age strength of concrete but it reduces concrete strength at 28-days and 

beyond. Hatzitheodorou et. al., (2017) investigated the effect of curing temperature on 

the strength development of mortar mixes with GGBS and fly ash and reported that 

curing at elevated temperatures improves early age strength but it has a negative 

effect on long term strength development. The reduction in late age strength can be 

attributed to the rapid formation of hydration products which accumulate around the 

cement grain surfaces ultimately blocking water penetration towards the partially 

hydrated cement grain and this results in cement paste with high porosity and non-

uniform pore structure (Ekolu, 2006). Carino (1991) highlights that rapid hydration at 

elevated temperatures produces non-uniformly distributed hydration products with low 

permeability which form shells around cement grains and impede further hydration of 

the cement grains resulting in reduced long-term strength. Ekolu (2006) states that the 

high temperature curing threshold beyond which there are no benefits to engineering 

properties of concrete ranges between 60°C and 70°C. Ultimate strength reduction 

and potential for delayed ettringite formation is minimised if curing temperature does 

not exceed 70°C (Hwang et al, 2012; Kosmatka and Wilson, 2011; Giatec Scientific, 

2019). 

 

Pozzolanic reactions are accelerated when concrete is cured at high temperature. Low 

curing temperatures negatively impacts on strength development and durability of 

HVFA concrete. Longer curing creates a conducive environment for continued 

pozzolanic reactions. Obla et al. (2012), investigated HVFA concrete using maturity-
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based methods for predicting strength and established that the actual strength of 

HVFA concrete in a concrete structure is higher than that measured using cylinder 

tests due to the in-place hydration heat generated by the bigger concrete mass. A 

study conducted by Ash Resources on the effects of curing temperature on FA 

concrete concluded that the compressive strength of concrete is affected by curing in 

cold weather (Kruger, 2003). Grieve (1991) conducted a similar study with FA and 

concluded that the reduction in strength due to low temperature curing was higher in 

fly ash concrete compared to OPC concrete.   

 

2.10 South African Durability Index tests 

 

The South African durability index tests have been developed in response to the need 

for performance-based approach in the design and specification of concrete. The 

durability index tests are primarily used to evaluate the quality of concrete (Otieno, 

2018). The durability indexes measure transport related properties of concrete such 

as permeation, absorption and diffusion (Owens 2009). The durability index tests 

consist of the chloride conductivity index (CCI) test, oxygen permeability index (OPI) 

test and water Sorptivity index (WSI) test (Alexander et al., 1999). Each durability 

index test is associated with a transport mechanism for the movement of substances 

through a concrete medium (Owens, 2009). The durability indexes are used in 

numerous applications such as material characterisation, quality control, performance-

based specification and prediction models (Alexander et al., 2010).  

 

2.10.1 Chloride Conductivity Index (CCI) Test  

 

The chloride conductivity index test (CCI) is an accelerated test used to measure the 

resistance of concrete to chloride ingress by diffusion (Otieno, 2018). The need for 

accelerated diffusion tests such as the CCI test arose from the fact that chloride ion 

diffusion in concrete is a slow process which takes months or years to yield significant 

results (Owens, 2009). The CCI test obtains rapid results by applying voltage across 

a concrete specimen saturated in a highly concentrated chloride solution (Owens, 

2009). The CCI test is sensitive to the type of cementitious material in concrete 

(Alexander et al., 2008).  
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The chloride conductivity index is determined by applying a potential difference of 

approximately 10 V across a saturated concrete specimen and simultaneously reading 

the electrical current passing through the specimen. The chloride conductivity index is 

correlated to the applied voltage, electrical current and specimen geometry as shown 

in Equation 2-8.   

 

σ =
i.d

V.A
     Equation 2-8 

 

Where, σ : Chloride conductivity index (mS/cm) 
  I  : Electric current (mA) 
 d : Specimen thickness (cm) 
 V : Potential difference (V) 
A : Specimen Cross-sectional area (cm2) (Durability Index Testing Manual: 2018) 

  

The chloride conductivity index test has been subjected to numerous evaluations in 

order to improve its robustness, reproducibility, and repeatability (Otieno and 

Alexander, 2015). The CCI test has now been incorporated into the South African 

National Standards as SANS 3001-CO3-3: 2015. Otieno (2018) evaluated the 

robustness of the CCI test by measuring the effect of concrete quality on its sensitivity 

to test duration, chloride concentration and variation of potential difference. He 

concluded that if the correct chloride concentration is used and the correct voltage is 

applied in the shortest time possible, the CCI test yields valid results that can be relied 

on.  

 

2.10.2 Oxygen Permeability Index (OPI) Test 

 

The oxygen permeability index (OPI) test evaluates the microstructure and 

macrostructure of concrete by modelling the movement of the fluids by permeation 

through a concrete medium (Owens, 2009).  The OPI test determines the permeability 

of concrete by measuring the pressure decay of oxygen passing through a concrete 

specimen placed in a falling head permeameter (Beushausen and Alexander, 2008). 

The OPI test is sensitive to the voids and cracks in concrete and it can be used to 

assess the extent of compaction, bleeding and the degree of continuity of pores 

(Beushausen and Luco, 2016). The oxygen permeability index values have been used 
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in service life prediction models such as the carbonation prediction model which 

predicts the movement of a carbonation front through a concrete medium (Owens, 

2009; Mukadam, 2014). Studies carried out on the OPI test have proven that the OPI 

test correlates well with other oxygen permeability tests such as the Cembureau 

method and the Torrent Permeability Tester (Owens, 2009). The oxygen permeability 

index is determined by calculating the D’arcy coefficient (k) of permeability as shown 

in Equation 2-9. The OPI value is then taken as the negative log of the D’arcy 

coefficient of permeability (k) i.e. 𝑂𝑃𝐼 = −log10(𝑘) 

 

 

𝑘 =
𝜔𝑉𝑔𝑑𝑧

𝑅𝐴𝑇
   ;  𝑧 =

∑[ln(
𝑃0
𝑃𝑡
)]
2

∑[ln(
𝑃0
𝑃𝑡
)𝑡]

 Equation 2-9 

 

Where:  k = Coefficient of permeability (m/s)  
ω = Molecular mass of oxygen (32 g/mol) 
V = Volume of the oxygen permeability cell, (litres) 
g = Gravitational acceleration (9.81 m/s2) 
d = Specimen thickness (m) 
z = Slope of linear regression line (s-1) 
R = Universal gas constant (8.313 Nm/K mol) 
A = Cross-sectional area of the specimen, (m2) 
T = Absolute temperature (K).    
t = Time (seconds) 
Po = Initial pressure at start of test, t0 (kPa);  
Pt = Pressure reading at time t, (kPa).  (SANS 3001-CO3-2:2015) 

 

2.10.3 Water Sorptivity Index (WSI) Test 

 

The water Sorptivity index test measures the rate of uni-directional movement of water 

through a concrete medium under capillary suction (Beushausen and Luco, 2016; 

Owens, 2009). The water sorptivity index test is sensitive to the type and degree of 

early age concrete curing and it can be used to investigate the quality of construction 

(Owens, 2009). The Water Sorptivity Index test is also used to determine concrete 

porosity. The concrete porosity determined in terms of the Water Sorptivity index test 

is given by Equation 2-10. 
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𝑛 =
𝑀𝑠𝑣−𝑀𝑠𝑜

𝐴𝑑𝜌𝑤
× 100      Equation 2-10 

 

Where:  Msv = Vacuum saturated mass (grams)  
Ms0  = Mass at start of test) (grams) 
A = Specimen cross-sectional area (mm2) 
d = Specimen thickness (mm) 
ρw = Density of water (g/mm3)  (Durability Index Testing Manual: 2018) 

 

2.11 Conclusion 

 

High volume fly ash concrete can contribute towards beneficiation and extensive use 

of fly ash as a concrete constituent. Utilisation of high-volume fly ash in concrete 

results in significant improvement of properties of fresh concrete such as reduced heat 

of hydration, improved workability and reduced bleeding. In hardened concrete, the 

improvements include increased long-term strength, enhanced resistance to chloride 

penetration, reduced potential of sulphate attack and alkali-silica reactivity. Despite 

these beneficial effects, detrimental effects have been reported with regards to 

delayed setting and early age strength.  

 

The literature review has established that much work has been done on fly ash 

concrete, however limited work has been done locally on high strength high volume 

fly ash concrete using South African materials and test methods. There is need for 

further research on high strength high volume fly ash concrete with respect to 

improving early age strength development, fly ash activation and durability testing 

using the South African durability index testing methods. The literature on HVFA 

concrete has highlighted the challenge of early age strength development. Gaps in 

current literature have been identified with respect to pushing the content of fly ash 

beyond the normal replacement levels of up-to 30% in the production of high strength 

concrete and achieving acceptable early age strengths by using low w/c ratio and fly 

ash activation techniques such as high temperature curing, calcium hydroxide 

activation and improved fly ash fineness. Use of ultra-fine fly ash can improve the 

properties of HVFA concrete. HVFA concrete is highly applicable in marine structures 

where durability is imperative due to the abundance of deleterious substances such 

as chlorides and sulphates.



CHAPTER 3 
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3. EXPERIMENTAL METHODS AND PROCEDURES 

 

3.1 Introduction 

This chapter details the experimental methods and procedures followed in this study. 

It details all the material characterization tests that were done and the results obtained 

from material tests. The procedures followed in specimen preparation, concrete mix 

design, compressive strength and durability testing are explained in detail. Figure 3.1 

presents an outline of the experimental work flow chart. 

 
Figure 3.1: Experimental Work Flow Chart

CONCRETE MIX DESIGN  

• Mix Design Trial Testing 

 

EXPERIMENTAL TESTING 

TESTS ON FRESH CONCRETE 

•  SLUMP TESTS and DENSITY OF FRESH CONCRETE 
  

TESTS ON HARDENED CONCRETE 

• COMPRESSIVE STRENGTH TEST  : Test Ages: 1, 3, 7, 28, 90 & 180 Days 
 

• DURABILITY TESTS: Chloride Conductivity : Test 128 Concrete Discs at 28 Days 
   Water Sorptivity  : Test 128 Concrete Discs at 28 Days 

Oxygen Permeability : Test   96 Concrete Discs at 28 Days 
 

• X-RAY DIFFRACTION ANALYSIS  : OPC and 50%FA Concrete 
: Test Age: 28 and 90 Days  

 

CONCRETE CURING 

Curing Temperature :  23⁰C and 40⁰C 

SPECIMEN PREPARATION 

• 576 Concrete Cubes for Compressive Strength Tests 

• 128 Concrete Cubes For Durability Tests 

 

CONCRETE MIXING  
• 8 Mixes Without Ca(OH)2 and 8 Mixes With Ca(OH)2 
• Fly Ash Content: (0%, 25%, 35% & 50%) 
• W/C Ratio: 0.35 and 0.45  

MATERIAL CHARACTERISATION: 
 XRD, XRF, PSD, SEM 

EXPERIMENTAL WORK 
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3.2 Materials and Sources 

 

Table 3-1 gives a summary of the materials that were used in the study.   

 

Table 3-1: Materials and Sources 
Material Type Supplier Source 

Fly Ash  Ultra-Fine Fly Ash (Category S) Ash Resources Lethabo Power Station 

Cement CEM1 52.5N PPC PPC 

Fine Aggregates Andesite Rock Afrisam Eikenhof Quarry 

Coarse Aggregates Andesite Rock Afrisam Eikenhof Quarry 

Superplasticiser 
Chemical Base: Aqueous solution 
of modified polycarboxylates 

Sika Sika SA 

 

3.3 Material Properties and Tests 

 

3.3.1 Cement Properties  

The cement used in the study was OPC CEM 1: 52.5N high early strength cement 

manufactured by PPC. This type of cement was chosen because it does not contain 

cement extenders such as fly ash. Table 3-2 shows the cement properties provided 

by the cement supplier. 

 

Table 3-2: Properties of Cement (PPC, 2014) 
Physical Properties Typical Values 

Relative Bulk Density 3.14 

Initial Setting time 125 minutes 

Final Setting time 2.5 hours 

2 Day Compressive Strength (EN196-1 Motor Prism) 28MPa 

28 Day Compressive Strength (EN196-1 Motor Prism) 58MPa 

Soundness (Le Chatelier Expansion, mm) 1 

Insoluble residue 2.0 % by mass 
 

3.3.2 Cement Tests  

 

Cement XRF Analysis 

The oxide composition of cement was determined by X-Ray Fluorescence (XRF) 

analysis which was done at the Wits University Geosciences laboratory. The results 

of the XRF analysis are detailed in Table 3-3. 

 

Table 3-3: XRF Analysis Data for Cement 
Chemical 

Compound SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 LOI 

Content  
(% by Mass) 21.15 5.37 2.78 0.47 2.5 61.41 0.05 0.25 0.34 0.07 0.06 3.57 
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Cement XRD Analysis 

 

The crystalline phases of cement were determined by X-Ray Diffraction (XRD) 

analysis using a Panalytical X’PertPro X-Ray Diffractometer. The XRD pattern for the 

cement is shown Figure 3.2. The XRD pattern indicates high peaks for the C3S and 

C2S phases that are responsible for strength development. The strong presence of 

C3S compounds indicates that the cement has high reactivity and it will develop high 

early strength upon hydration. 

 

 
Figure 3.2: XRD Pattern for OPC Cement 
 

Cement Particle Size Distribution 

 

The cement particle size distribution was determined using Malvern Instruments 

Mastersizer 2000 particle size analyser. The particle size distribution curve for cement 

is shown in Figure 3.3. The fineness parameters for cement are shown in Table 3-4. 

The Malvern Instruments Mastersizer 2000 measures particle size distribution using 

laser diffraction. It produces volume-based particle size distributions of dispersed 

samples. The cement fineness parameters show that 50% of the sample particles had 

a size below 12.519μm and 90% of the sample particles had a size below 35.301 μm.  
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Figure 3.3: Cement and Fly Ash Particle Size Distribution Graph 
 

Table 3-4: Cement and Fly Ash Fineness Parameters 

Material Specific Surface Area (m2/g) d(0.1) (μm) d(0.5) (μm) d(0.9) (μm) 

Cement 1.98 1.087 12.519 35.301 

Fly Ash 2.78 0.756 5.471 20.476 

d(0.1) is particle size below which 10% of the sample lies. 
d(0.5) is median of the particle size distribution 
d(0.9) is the particle below which 90% of the sample lies. (Malvern Instruments, 2007) 

 

3.3.3 Fly Ash Properties 

 

Fly Ash Particle Size Distribution 

 

Ultra-fine fly ash from Lethabo power station was used in the study. Ultra-fine fly ash 

was preferred due to its high reactivity potential. The fineness parameters of fly ash 

are detailed in Table 3-4. The fineness parameters and particle size distribution graph 

indicate that the fly ash was much finer than cement. The particle size distribution 

graph comparing fly ash used in this study with silica fume is shown Figure 9.17 in 

Annexure 8. The ultra-fine fly ash can be used as an extender in high strength concrete 

instead of silica fume which increases the water demand. The ultrafine fly ash has an 

added advantage of improving the workability of concrete. The fly ash data sheet 

provided by the supplier is attached in Annexure 8. 
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3.3.4 Fly Ash Tests  

 

Fly Ash XRF Analysis 

The oxide composition of fly ash was determined by X-Ray Fluorescence (XRF) 

analysis which was done at the Wits University Geosciences laboratory. The results 

of the XRF analysis are detailed in Table 3-5. The total sum of Alumina (Al2O3), Silica 

(SiO2) and Ferric Oxide (Fe2O3) is 89.75%. The sum of Al2O3 + SiO2 + Fe2O3 is greater 

than 70%, therefore, in terms of ASTM C618 (2005) and SANS 50450-1 (2011) the fly 

ash used in this study can be classified as Class F. 

 

Table 3-5: XRF Analysis Data for Fly Ash 

Chemical 
Compound SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 LOI 

Content  
(% by Mass) 

53.98 32.55 3.24 0.03 1.25 4.63 0.25 0.87 1.66 0.66 0.05 0.52 

 

Fly Ash XRD Scan 

 

The crystalline phases of fly ash were determined by X-Ray Diffraction (XRD) analysis 

using Panalytical X’PertPro X-Ray Diffractometer. The XRD pattern for the fly ash is 

shown in Figure 3.4.  

 

 
Figure 3.4: XRD Pattern for Fly Ash 
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Scanning Electron Microscope (SEM) 

 

Figure 3.5 shows the scanning electron microscope images for fly ash and cement. 

The 100µm line at the bottom of the images can be used to scale the size of the fly 

ash and cement particles. The SEM images indicate that the fly ash particles are very 

small compared to the cement particles.    

 
Figure 3.5: Cement and Fly Ash SEM Images  
 

3.3.5 Aggregate Properties and Tests 
 

Fine Aggregates  

Crushed andesite rock particles were used as fine aggregates. Table 3-6 gives an 

outline of the fine aggregate properties. Fine aggregates were sieved and separated 

according to standard sieve sizes as shown in Figure 3.6 and they were latter on mixed 

in desired proportions in order to achieve consistency of fine aggregates throughout 

the study. Table 3-7 shows the fine aggregate particle size proportions that were 

adopted in this study. Figure 3.7 shows the particle size distribution curve for the fine 

aggregates in comparison with the suggested fine aggregates limits for Cement and 

Concrete Institute (Owens, 2009).   

 

Table 3-6: Fine Aggregate Properties  
Property Value 

Fineness Modulus 3.55 

Relative Density*** 2.94 

***Source: AfriSam, 2014 

Fly Ash Cement 
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Table 3-7: Fine Aggregate Particle Size Proportions 

Sieve Size 4.75mm 2.36mm 1.18mm 600µm 300µm 150µm 75µm Pan 

% Retained 0% 25% 15% 15% 15% 15% 7.50% 7.50% 

 

 
Figure 3.6: Fine Aggregates Sieving  
 

 

Figure 3.7: Fine Aggregate Particle Size Distribution  
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3.3.6 Absorption Tests for Fine Aggregates  

 

Water absorption tests were done on the fine aggregates. A sample of the fine 

aggregates consisting of all the particle size proportions as detailed in Table 3-7 was 

oven dried to constant weight at a temperature of 110ºC. The sample was air cooled 

at room temperature before it was saturated in water for a period of 24 hours at room 

temperature. After 24 hours of saturation, the sample was dried to a Saturated Surface 

Dry (SSD) condition. The sample was dried with absorbent cloths after which a portion 

of the sample was then shaped and into a conical form and when it was free flowing 

that gave the indication that the sample was approximately at Saturated Surface Dry 

condition. The Saturated Surface Dry sample was weighed and the mass was 

recorded. The SSD sample was then placed in an oven at a temperature of 110ºC and 

dried to constant weight. The oven dry mass of the sample was measured and 

recorded. The results of the water absorption tests are shown in Table 3-8. The 

constant weight was achieved within a period of 48 hours. All the fine aggregates used 

in the study were oven dried for forty-eight hours and thereafter kept in an airtight 

container until concrete mixing. The water absorption was determined using Equation 

3-1. 

A = (
MSSD−MD

MD
) × 100% Equation 3-1 

 

Where:  A is Percent Water Absorption 
  MSSD is Mass of Saturated Surface Dry sample 
  MD is Mass of Oven Dry Sample 
 

Table 3-8: Fine Aggregate Water Absorption Test Results 

Coarse 
Aggregate Sizes 

Saturated Surface 
Dry Mass            

(g) 

Oven Dry Mass 
Percent 

Absorption 
Mass One      

(g) 
Mass Two    

(g) 
Mass Three 

(g) 

2.36mm (25%) 

842.30 828.10 827.80 827.30 1.8% 

1.18mm (15%) 

600µm (15%) 

300µm (15%) 

150µm (15%) 

75µm (7.5%) 

Pan (7.5%) 
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3.3.7 Coarse Aggregate Properties and Tests  

 

Crushed andesite rock particles were used as the coarse aggregates. The coarse 

aggregate sizes used in the study were 6.7mm, 9.5mm and 13.2mm. The coarse 

aggregates were combined in desired proportions as shown in Table 3-9 in order to 

improve particle packing and attain dense, dimensionally stable, strong and durable 

concrete (Cai, 2017). The relative density of the coarse aggregates is 2.94 (AfriSam 

2014). Figure 3.8 illustrates the coarse aggregate particle size distribution after mixing 

all the stone sizes in desired proportions shown in Table 3-9. 

 

Table 3-9: Coarse Aggregates Proportions 

Aggregate Size Proportion (% by mass) 

13.2mm 50% 

9.5mm 30% 

6.7mm 20% 
 

Figure 3.8: Coarse Aggregate Particle Size Distribution 
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3.3.8 Water Absorption Test for Coarse Aggregates  

 

Water absorption tests were also done for the coarse aggregates. A representative 

sample of the coarse aggregates with all the stone size proportions as detailed in  

Table 3-10 was oven dried at a temperature of 110⁰C to constant weight and cooled 

at room temperature. The sample was then saturated in water for a period of 24 hours. 

After saturation, the sample was dried to a saturated surface dry (SSD) condition. The 

Saturated Surface Dry (SSD) mass of the sample was determined and recorded. The 

SSD sample was then placed in an oven at a temperature of 110 ºC and was dried to 

constant weight. The oven dry mass of the sample was determined and recorded. The 

results of the water absorption test are shown in Table 3-10. The water absorption was 

determined using  Equation 3-2. All the coarse aggregates used in the study were 

oven dried for forty-eight hours and kept in an airtight container until concrete mixing.  

A = (
MSSD−MD

MD
) × 100%  Equation 3-2 

Where:  A is Percent Water Absorption 
  MSSD is Mass of Saturated Surface Dry sample 
  MD is Mass of Oven Dry Sample 
 

Table 3-10: Coarse Aggregate Water Absorption Test Results 

Coarse 
Aggregate Sizes 

Saturated Surface 
Dry Mass (g) 

Oven Dry Mass  Percent 
Absorption Mass One (g) Mass Two (g) Mass Three (g) 

13.2mm (50%) 

1052.65 1050.27 1050.25 1050.25 0.2% 9.5mm (30%) 

6.7mm (20%) 
 

3.3.9 Admixtures 

A superplasticiser with high water reducing ratio was used as a water reducing 

admixture. The properties of the superplasticiser are outlined in Table 3-11. The 

superplasticiser datasheet provided by the supplier is attached in Annexure 9.  

 

Table 3-11: Superplasticiser Properties (Sika, 2016) 

Admixture Properties 

Superplasticiser 

Chemical Base Aqueous Solution of Modified Polycarboxylates 

Density 1.07kg/l 

pH Value 5.5 

Chloride Ion Content Chloride Free 

 

3.3.10 Mixing Water 

Normal tap water was utilised as the mixing water. 



 

43 

 

3.4 Concrete Mix Design  

 

The study evaluated high strength concrete mixes which incorporate high volume fly 

ash contents. The concrete mixes investigated in this study were designed on the 

basis of high strength concrete. Numerous researchers have proposed mix 

proportions for high strength concrete with and without fly ash (Addis 1991, Mehta 

2004). Owens (2009) defines high strength concrete as concrete having 28-day 

compressive strength higher than 60 MPa with binder contents ranging from 380 to 

500kg/m3. Addis (1991) investigated high strength concrete mixes and suggested that 

the w/c ratio of high strength concrete ranges between 0.25 to 0.45, coarse aggregates 

range between 1050 to 1250 kg/m3 and water content ranges between 130L/m3 and 

160L/m3 of concrete. Burg and Ost (1994) suggested that the typical mixture 

proportions of high strength concrete have coarse aggregate content of 1080kg/m3, 

fine aggregate content of 650kg/m3 and binder content of 500kg/m3 of concrete. They 

stated that high performance concrete used in large projects in the USA, Canada and 

France had concrete mixes similar to the ones they proposed and the mixes had 

coarse aggregate content of 1080kg/m3, fine aggregate content of 700kg/m3 and 

binder content of 520kg/m3. The concrete mixes had 28-day compressive strength 

ranging above 70MPa. Mehta (2004) suggests that high performance-HVFA concrete 

is characterised by fly ash content of 50%, with OPC content less than 200kg/m3 and 

water content of 130kg/m3. The mix proportions for high strength-high volume fly ash 

concrete proposed by Mehta (2004) are shown in Table 3-12.  

 

Table 3-12: Typical Mix Proportions for high strength HVFA Concrete (Mehta, 2004) 

Concrete Age Strength Level (MPa) 

28 Days 40 MPa 

90 Days to 1 Year 60 MPa 

Concrete Constituent Mix Proportions (kg/m3) 

Water 100 – 120 l/m3 

OPC Cement 180 – 200kg/m3 

Fly Ash, 200 – 225kg/m3 

w/c ratio 0.3 – 0.32 

Coarse Aggregates 1100 – 1200 kg/m3 

Fine Aggregates 800 – 900kg/m3 
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Conventional concrete mix design methods could not be applied in developing 

concrete mixes for high strength concrete used in this study. The Cement and 

Concrete Institute (C&CI) method which is generally used for the design of 

conventional concrete mixes in South Africa could not be used in the design of high 

strength concrete with low water to cement ratio as it resulted in high cement contents. 

In this study, the high strength concrete mix incorporating OPC only was designed first 

and thereafter the cement was replaced with varying quantities of fly ash. The mass 

of cementitious material was kept constant at 400kg/m3. The rationale of the mix 

design was to modify high strength concrete to high strength-high volume fly ash 

concrete. The fly ash contents used to substitute cement were 25%, 35% and 50% by 

mass of cementitious material. Mass substitution of cement with fly ash presents an 

easy and more practical method of producing fly ash concrete at construction sites. 

Mass substitution of cement with fly ash has been widely used by many other 

researchers in fly ash concrete (Ballim and Graham (2009); Poon et al., (2000); Kate 

and Thakare (2017)). In order to keep the concrete mixes consistent, no adjustments 

in water content and coarse aggregate content were made as a result of fly ash 

addition. Five percent calcium hydroxide by mass of cementitious material was added 

to some of the concrete mixes in order to activate fly ash pozzolanic reactions. Five 

percent Ca(OH)2 was adopted on the basis of literature review findings, Ca(OH)2 cost 

and water demand for Ca(OH)2. Studies conducted on Ca(OH)2 activated fly ash 

concrete established that 5% Ca(OH)2 addition was effective in reversing the 

retardation effect of high volume fly ash concrete (Bentz, 2010; Davis 2012 ). Ca(OH)2 

has a high water demand, adopting a higher percentage of Ca(OH)2 has a negative 

impact on the workability of concrete with low water to cement ratio (Looney and Pavia, 

2014; Holland et. al. 2012).  

 

 Table 3-13 gives an outline of the 16 concrete mixes that were investigated in the 

study. 

 

Table 3-13: Concrete Mix Proportions Investigated in the Study 

Mix No. 
Cementitious 

Material 
W/C 

Ratio 

Total 
Water 
(L/m3) 

OPC 
(kg/m3) 

FA 
(kg/m3) 

Coarse 
Aggregate 

(kg/m3) 

Fine 
Aggregate 

(kg/m3) 

Powder Calcium 
Hydroxide 

(% of OPC + FA) 

1 OPC 0.35 140L 400kg 0kg 1200kg 895kg 5% 

2 OPC 0.35 140L 400kg 0kg 1200kg 895kg 0% 

3 OPC 0.45 180L 400kg 0kg 1200kg 895kg 5% 

4 OPC 0.45 180L 400kg 0kg 1200kg 895kg 0% 
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Mix No. 
Cementitious 

Material 
W/C 

Ratio 

Total 
Water 
(L/m3) 

OPC 
(kg/m3) 

FA 
(kg/m3) 

Coarse 
Aggregate 

(kg/m3) 

Fine 
Aggregate 

(kg/m3) 

Powder Calcium 
Hydroxide 

(% of OPC + FA) 

 

5 OPC+25% FA 0.35 140L 300kg 100kg 1200kg 895kg 5% 

6 OPC+25% FA 0.35 140L 300kg 100kg 1200kg 895kg 0% 

7 OPC+25% FA 0.45 180L 300kg 100kg 1200kg 895kg 5% 

8 OPC+25% FA 0.45 180L 300kg 100kg 1200kg 895kg 0% 

 

9 OPC+35% FA 0.35 140L 260kg 140kg 1200kg 895kg 5% 

10 OPC+35% FA 0.35 140L 260kg 140kg 1200kg 895kg 0% 

11 OPC+35% FA 0.45 180L 260kg 140kg 1200kg 895kg 5% 

12 OPC+35% FA 0.45 180L 260kg 140kg 1200kg 895kg 0% 

 

13 OPC+50% FA 0.35 140L 200kg 200kg 1200kg 895kg 5% 

14 OPC+50% FA 0.35 140L 200kg 200kg 1200kg 895kg 0% 

15 OPC+50% FA 0.45 180L 200kg 200kg 1200kg 895kg 5% 

16 OPC+50% FA 0.45 180L 200kg 200kg 1200kg 895kg 0% 

 

3.5 Concrete Mix Design Trial Tests 

 

The initial concrete mix designs were subjected to trial tests in order to ascertain the 

workability of the concrete mixes and also determine the effective superplasticiser to 

be utilised in the study. Trial tests were done on OPC concrete mixes with varying low 

water to cement ratios. Five commercially available superplasticisers were used during 

trial testing and one was adopted for use in this study.  

 

3.6 Concrete Mixing  

 

The study investigated sixteen concrete mix designs outlined in Table 3-14. The mix 

proportions per cubic metre of concrete are given in Table 3-13. Eight concrete mixes 

had a w/c ratio of 0.35 and the other eight mixes had a w/c ratio of 0.45. The total 

mass of cementitious material and aggregate contents were kept constant in all the 

sixteen concrete mixes. Calcium hydroxide was added to eight concrete mixes in order 

to activate the fly ash pozzolanic reactions. Two control mixes were prepared for each 

w/c ratio of 0.35 and 0.45. The control mixes had ordinary Portland cement as the sole 

cementitious material. The workability of the concrete mixes was controlled using 

slump tests. The w/c ratios used in the study were low and admixtures were used to 

improve the workability of concrete. The high range water reducing superplasticiser 

was added in varying dosages directly to the concrete during concrete mixing. 

Precaution was taken in order to ensure that there was no bleeding of concrete. 
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Table 3-14: Concrete Mixes Investigated in the Study 
Mix No. Cementitious 

Material 
w/c 

Ratio 
Calcium Hydroxide 

(% of OPC+FA) 1 OPC 0.35 5% 

2 OPC 0.35 0% 

3 OPC 0.45 5% 

4 OPC 0.45 0% 

5 OPC+25% FA 0.35 5% 

6 OPC+25% FA 0.35 0% 

7 OPC+25% FA 0.45 5% 

8 OPC+25% FA 0.45 0% 

9 OPC+35% FA 0.35 5% 

10 OPC+35% FA 0.35 0% 

11 OPC+35% FA 0.45 5% 

12 OPC+35% FA 0.45 0% 

13 OPC+50% FA 0.35 5% 

14 OPC+50% FA 0.35 0% 

15 OPC+50% FA 0.45 5% 

16 OPC+50% FA 0.45 0% 

 

 

3.6.1 Mixing of Concrete With w/c Ratio of 0.45 

 

The workability of all concrete mixes with w/c ratio of 0.45 was improved with a 

superplasticiser which was dosed directly onto the concrete during mixing in order to 

attain a desired workability with slump value of 65mm±25mm. 

 

Concrete Mix No. 3 and 4 

 

Concrete mix 3 and 4 had the same quantities of concrete constituents with a w/c ratio 

of 0.45. The difference between the two concrete mixes was that Ca(OH)2 content of 

5% of cementitious mass was added to mix 3 whilst no Ca(OH)2 was added to mix 4. 

The two mixes comprised of OPC as the sole cementitious material. Table 3-15 shows 

the quantities of the constituents for the two concrete mixes.  

 

Table 3-15: Quantities for Concrete Mix 3 and 4: w/c ratio = 0.45 

 OPC 
(100%) 

FA (0%) 
Water 

Coarse 
Aggregate  

Fine 
Aggregate 

Calcium 
Hydroxide 

Superplasticiser 
Free 

Water  
 Absorption 

Water 
Mass 

Ratio to 
Cementitious Mass 

Mix 3 20.4kg 0kg 9.18L 0.944L 61.2kg 45.65kg 1.02kg 124g 0.61%  

Mix 4 20.4kg 0kg 9.18L 0.944L 61.2kg 45.65kg 0kg 99g 0.49% 
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Concrete mix 3 attained a slump of 51mm after adding 124 grams of superplasticiser 

whilst concrete mix 4 required 99 grams of the superplasticiser in order to achieve a 

slump of 60mm. Concrete mix 3 required more superplasticiser in order to attain 

desired workability compared to concrete mix 4. Considering that both concrete mixes 

had the same quantity of concrete constituents, the differences in superplasticiser 

requirement can be attributed to the addition of Ca(OH)2. Calcium hydroxide increases 

the water requirement for concrete hence the higher superplasticiser dosage (Looney 

and Pavia, 2014; Holland et. al. 2012). Both concrete mixes were cohesive and there 

was no segregation of concrete. The appearance of the slump for concrete mix 3 is 

shown in Figure 3.9. The density of fresh concrete was measured and the results are 

shown in Table 3-16. The density of fresh concrete was measured by using a standard 

mould for casting concrete cylinders. Fresh concrete was placed in the mould in three 

layers which were tamped using a standard slump test tamping rod. The fresh 

concrete density was taken as the mass of fresh concrete divided by the volume of the 

steel mould. 

 

Table 3-16: Wet Density for Concrete Mix 3 and 4 

Concrete Parameter Quantity 

Concrete Mix 3 Concrete Mix 4 

Wet Mass 13.32kg 13.15kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2509kg/m3 2481kg/m3 

 
 

 
Figure 3.9: Slump for Concrete Mix 3 with Superplasticiser  
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Concrete Mix No. 7 and 8 
 

Concrete mix 7 and 8 had similar concrete constituents with w/c ratio of 0.45. The 

difference between the two mixes was that Ca(OH)2 was added to mix 7 whilst no 

Ca(OH)2 was added to mix 8. The two mixes comprised of OPC and 25% FA as the 

binder material. Table 3-17 outlines the quantities of the constituents for Mix 7 and 8.  

 

Table 3-17: Quantities for Concrete Mix 7 and 8: w/c ratio = 0.45 

 
OPC 
(75%) 

FA 
(25%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 
Free 

Water 
Absorption 

Water 
Mass 

Ratio to 
Cementitious Mass 

Mix 7 15.3kg 5.1kg 9.18L 0.944L 61.2kg 45.65kg 1.02kg 112g 0.55% 

Mix 8 15.3kg 5.1kg 9.18L 0.944L 61.2kg 45.65kg 0kg 91g 0.45% 
 

During mixing, the superplasticiser was dosed directly onto the concrete. Concrete  

mix 7 required 112 grams of superplasticiser in order to attain workability with slump 

value of 70mm whilst concrete mix 8 required 91 grams of superplasticiser in order to 

attain workability with a slump value of 40mm. Concrete with Ca(OH)2 required more 

superplasticiser dosage as a result of Ca(OH)2 having a high-water demand. The 

concrete from both mixes was cohesive and it did not segregate. The appearance of 

the concrete slump for concrete mix 7 and 8 is shown in Figure 3.10. The concrete wet 

density measurements are shown in Table 3-18. 

 

Table 3-18: Wet Density for Concrete Mix 7 and 8 

Concrete Parameter Quantity 

Concrete Mix 7 Concrete Mix 8 

Wet Mass 13.1kg 13.2kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2471kg/m3 2490kg/m3 

 

 
Figure 3.10: Concrete Slump for Mix 7 and 8 With Superplasticiser  

Slump for Concrete Mix 7 Slump for Concrete Mix 8 
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Concrete Mix No. 11 and 12 

 

Concrete mix 11 and 12 comprised of OPC and 35% fly ash as the cementitious 

material. Both mixes had similar concrete constituents with a water to cement ratio of 

0.45. The difference between the two mixes was that Ca(OH)2 was added to  

mix 11 whilst no Ca(OH)2 was added to mix 12. Table 3-19 outlines the quantities of 

the constituents for the two concrete mixes.  

 

Table 3-19: Quantities for Concrete Mix 11 and 12: w/c ratio = 0.45 

 
OPC 
(65%) 

FA 
(35%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 

Free 
Water 

Absorption 
Water 

Mass 
Ratio to 

Cementitious Mass 

Mix 11 13.26kg 7.14kg 9.18L 0.944L 61.2kg 45.65kg 1.02kg 97g 0.48% 

Mix 12 13.26kg 7.14kg 9.18L 0.944L 61.2kg 45.65kg 0kg 58g 0.28% 
 

Concrete mix 11 attained workability with slump value of 65mm after adding 97 grams 

of the superplasticiser whilst concrete mix 12 required 58 grams of superplasticiser to 

attain workability with slump value of 48mm. The concrete that had Ca(OH)2 required 

higher superplasticiser dosage. The concrete from both mixes was cohesive and did 

not segregate. The appearance of the concrete slump for mix 11 and 12 is shown in  

Figure 3.11. The concrete wet density measurements are shown in Table 3-20. 

 

Table 3-20: Wet Density for Concrete Mix 11 and 12 

Concrete Parameter Quantity 

Mix 11 Mix 12 

Wet Mass 13.30kg 13.34kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2509kg/m3 2517kg/m3 
 

 
Figure 3.11: Slump for Concrete Mix 11 and 12 With Superplasticiser 

Slump for Concrete Mix 11     Slump for Concrete Mix 12 
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Concrete Mix No. 15 and 16 

 

Concrete mix 15 and 16 comprised of OPC and 50% fly ash as the cementitious 

material. Both mixes had similar concrete constituents with a water to cement ratio of 

0.45. The difference between the two mixes was that Ca(OH)2 was added to mix 15 

whilst no Ca(OH)2 was added to mix 16. Table 3-21 outlines the quantities of the 

constituents for the two concrete mixes.  

 

Table 3-21: Quantities for Concrete Mix 15 and 16: w/c ratio = 0.45 

 
OPC 
(50%) 

FA 
(50%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 

Free 
Water 

Absorption 
Water 

Mass 
Ratio to 

Cementitious Mass 

Mix 15 10.2kg 10.2kg 9.18L 0.944L 61.2kg 45.65kg 1.02kg 83g 0.41% 

Mix 16 10.2kg 10.2kg 9.18L 0.944L 61.2kg 45.65kg 0kg 33g 0.16% 

 

Concrete mix 15 attained workability with slump value of 58mm after adding 83 grams 

of the superplasticiser whilst concrete mix 16 required 33 grams of superplasticiser to 

attain workability with slump value of 57mm. Concrete with Ca(OH)2 required more 

superplasticiser dosage. The concrete from both mixes was cohesive and it did not 

segregate. The appearance of the concrete slump for concrete mix 15 and 16 is shown 

in Figure 3.12. The concrete wet density measurements are shown in Table 3-22. 

 

Table 3-22: Wet Density for Concrete Mix 15 and 16 

Concrete Parameter 
Quantity 

Mix 15 Mix 16 

Wet Mass 13.28kg 13.30kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2506kg/m3 2509kg/m3 
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Figure 3.12: Slump for Concrete Mix 15 and 16 with Superplasticiser  
 

Table 3-23: Concrete Slump Values for Concrete with w/c ratio of 0.45 

Concrete Mix Slump Value  

Mix 3 51mm 

Mix 4 60mm 

Mix 7 70mm 

Mix 8 40mm 

Mix 11 65mm 

Mix 12 48mm 

Mix 15 58mm 

Mix 16 57mm 

 

 

 

 

 

 

 

 

 

 

Slump for Concrete Mix 15 Slump for Concrete Mix 16 
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3.6.2 Mixing of Concrete With w/c Ratio of 0.35 

 

During concrete mixing it was observed that concrete mixes with w/c ratio of 0.35 were 

dry compared to concrete mixes with w/c ratio of 0.45. Due to the lower water content 

in mixes with w/c ratio of 0.35, the superplasticiser dosage was high in particular for 

mixtures with Ca(OH)2 and this resulted in concrete mixes with unrealistically high 

slump values despite the superplasticiser dosage being kept within the recommended 

dosage range of between 0.2% and 2% by mass of cementitious material (Sika, 2016).  

 

Concrete Mix No. 1 and 2 

 

Table 3-24 shows the quantities used to produce Concrete Mix 1 and 2. The two mixes 

had the same quantity of concrete constituents and a w/c ratio of 0.35. The two 

concrete mixes comprised of OPC as the sole cementitious material. The difference 

between the two mixes was that Ca(OH)2 was added to concrete mix 1 whilst concrete 

mix 2 did not contain Ca(OH)2. The content of Ca(OH)2 added to concrete  

mix 1 was 5% of total mass of cementitious material. 

 

Table 3-24: Quantities for Concrete Mix 1 and 2: w/c ratio = 0.35 

 
OPC 

(100%) 
FA 

(0%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 
Free 

Water 
Absorption 

Water 
Mass 

Ratio to 
Cementitious Mass 

Mix 1 20.4kg 0kg 7.14L 0.944L 61.2kg 45.65kg 1.02kg 248g 1.22% 

Mix 2 20.4kg 0kg 7.14L 0.944L 61.2kg 45.65kg 0 kg 198g 0.97% 

 

During mixing, it was observed that both concrete mixes were dry before the addition 

of the superplasticiser. 248 grams of the superplasticiser was added to Concrete mix 

1 and the slump value measured was 196mm. 198 grams of superplasticiser was 

added to Concrete mix 2 and the slump value measured was 200mm. The higher 

slump values for both mixes are attributed to the continuous flow of concrete after 

removal of slump cone. However, the concrete remained homogenous without any 

segregation. Figure 3.13 shows the appearance of the concrete slump for mix 1. The 

concrete wet density was measured and the results are shown in Table 3-25.  
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Table 3-25: Wet Density for Concrete Mix 1 and 2  
Concrete Parameter Concrete Mix 1 Concrete Mix 2 

Wet Mass 13.68kg 13.67kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2581kg/m3 2579kg/m3 

 

 
Figure 3.13: Slump for Concrete Mix 1 With Superplasticiser 
 

Concrete Mix No. 5 and 6 

 

Concrete mix 5 and 6 comprised of OPC and 25% fly ash as the cementitious material. 

Both mixes had similar concrete constituents with a water to cement ratio of 0.35. The 

difference between the two mixes was that Ca(OH)2 was added to mix 5 whilst no 

Ca(OH)2 was added to mix 6. Table 3-26 outlines the quantities of the constituents for 

both concrete Mix 5 and 6.  

 

Table 3-26: Quantities for Concrete Mix 5 and 6: w/c ratio = 0.35 

 
OPC 
(75%) 

FA 
(25%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 
Free 

Water 
Absorption 

Water 
Mass 

Ratio to 
Cementitious Mass 

Mix 5 15.3kg 5.1kg 7.14L 0.944L 61.2kg 45.65kg 1.02kg 231g 1.13% 

Mix 6 15.3kg 5.1kg 7.14L 0.944L 61.2kg 45.65kg 0kg 124g 0.61% 

 

During mixing, both concrete mixes were dry and the superplasticiser was gradually 

dosed directly onto the concrete mixes in order to attain workability with target slump 

value of 130mm±25mm. Concrete mix 5 attained workability with slump value of 

105mm after adding 231 grams of the superplasticiser whilst concrete mix 6 required 

124 grams of superplasticiser to attain workability with slump value of 126mm. The 

concrete mix with Ca(OH)2 required more superplasticiser dosage due to the high-
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water demand of Ca(OH)2. The concrete slump for both mixes remained homogenous 

and there was no disintegration of concrete. The concrete wet density measurements 

are shown in Table 3-27. 

 

Table 3-27: Wet Density for Concrete Mix 5 and 6 

Concrete Parameter Quantity 

Mix 5 Mix 6 

Wet Mass 13.36kg 13.20kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2520kg/m3 2490kg/m3 

        
Concrete Mix No. 9 and 10 

 

Concrete mix 9 and 10 comprised of OPC and 35% fly ash as the cementitious 

material. The two mixes had similar concrete constituents with a water to cement ratio 

of 0.35. The difference between the two mixes was that Ca(OH)2 was added to mix 9 

whilst no Ca(OH)2 was added to mix 10. Table 3-28 gives an outline of the constituents 

for the two concrete mixes.  

 

Table 3-28: Quantities for Concrete Mix 9 and 10: w/c ratio = 0.35 

 
OPC 
(65%) 

FA 
(35%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 

Free 
Water 

Absorption 
Water 

Mass 
Ratio to 

Cementitious Mass 

Mix 9 13.26kg 7.14kg 7.14L 0.944L 61.2kg 45.65kg 1.02kg 149g 0.73% 

Mix 10 13.26kg 7.14kg 7.14L 0.944L 61.2kg 45.65kg 0kg 99g 0.49% 
 

During mixing, the concrete appeared dry and the superplasticiser was gradually 

dosed in order to attain workability with slump value within the target range. Concrete 

mix 9 attained workability with slump value of 130mm after adding 149 grams of the 

superplasticiser whilst concrete mix 10 required 99 grams of superplasticiser to attain 

workability with slump value of 119mm. The concrete that had Ca(OH)2 required more 

superplasticiser dosage in order to improve workability. The concrete from both mixes 

was cohesive and it did not segregate. The concrete wet density measurements are 

shown in Table 3-29. 

 

Table 3-29: Wet Density for Concrete Mix 9 and 10 

Concrete Parameter 
Quantity  

Mix 9 Mix 10 

Wet Mass 12.68kg 12.18kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2392kg/m3 2298kg/m3 
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Concrete Mix No. 13 and 14 

Concrete mix 13 and 14 comprised of OPC and 50% FA as the cementitious material. 

Both concretes had similar concrete constituents with a water to cement ratio of 0.35. 

The difference between the two mixes was that Ca(OH)2 was added to mix 13 whilst 

no Ca(OH)2 was added to mix 14. Table 3-30 outlines the quantities of the constituents 

for the two concrete mixes.  

 

Table 3-30: Quantities for Concrete Mix 13 and 14: w/c ratio = 0.35 

 
OPC 
(50%) 

FA 
(50%) 

Water 
Coarse 

Aggregate 
Fine 

Aggregate 
Calcium 

Hydroxide 

Superplasticiser 
Free 

Water 
Absorption 

Water 
Mass 

Ratio to 
Cementitious Mass 

Mix 13 10.2kg 10.2kg 7.14L 0.944L 61.2kg 45.65kg 1.02kg 124g 0.61% 

Mix 14 10.2kg 10.2kg 7.14L 0.944L 61.2kg 45.65kg 0kg 91g 0.45% 
 

Concrete mix 13 attained workability with slump value of 199mm after adding 124 

grams of the superplasticiser whilst concrete mix 14 required 91 grams of 

superplasticiser to attain workability with slump value of 151mm. The concrete mix that 

had Ca(OH)2 required more superplasticiser dosage. The appearance of the concrete 

slump is shown in Figure 3.14. Table 3-31 shows the wet density measurements. 

 

Table 3-31: Wet Density for Concrete Mix 13 and 14 

Concrete Parameter 
Quantity 

Mix 13 Mix 14 

Wet Mass 12.72kg 12.86kg 

Wet Volume 0.0053m3 0.0053m3 

Wet Density 2400kg/m3 2426kg/m3 

 

 

Figure 3.14: Slump for Concrete Mix 13 and 14 With Superplasticiser 

Slump for Concrete Mix 13 Slump for Concrete Mix 14 
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Table 3-32: Concrete Slump Values for Concrete with w/c ratio of 0.35 

Concrete Mix Slump Value  

Mix 1 196 

Mix 2 200 

Mix 5 105 

Mix 6 126 

Mix 9 130 

Mix 10 119 

Mix 13 199 

Mix 14 151 

 

  

3.7 Superplasticizer Dosage 

 

Table 3-33 and Figure 3.15 show a summary of the superplasticiser dosages for the 

16 concrete mixes. The superplasticiser dosages indicate that OPC concrete required 

more superplasticiser dosage compared to fly ash concrete in order to achieve similar 

slump. The dosage of superplasticiser varied significantly with the content of fly ash 

used in the concrete. It can be observed that as fly ash content increased, the 

superplasticiser requirement decreased. This is attributed to the ball bearing effect of 

fly ash spherical shape in improving workability of concrete and resulting in reduced 

water requirement. The results also indicate that concrete with Ca(OH)2 required more 

superplasticiser dosage compared to similar concrete without Ca(OH)2. A comparison 

of the superplasticiser dosages is given in Figure 3.16 which shows line graphs for 

superplasticiser dosages for the two w/c ratios with and without Ca(OH)2. The concrete 

with OPC and Ca(OH)2 required a higher superplasticiser dosage in order to achieve 

similar target slump for each w/c ratio. The differences in superplasticiser dosages 

were mainly due to w/c ratio, fly ash and Ca(OH)2 contents.  

 

Table 3-33: Superplasticiser Dosage 

FA 
Content 

w/c=0.35 w/c=0.45 

With Ca(OH)2 Without Ca(OH)2 With Ca(OH)2 Without Ca(OH)2 

0% 248g 198g 124g 99g 

25% 231g 124g 112g 91g 

35% 149g 99g 97g 58g 

50% 124g 91g 83g 33g 
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Figure 3.15: Superplasticiser Dosage 

 

 
Figure 3.16: Comparison of superplasticiser dosages 
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3.8 Curing of Concrete 

 

All concrete cubes were moist cured in water for the entire duration of the study. Half 

of the concrete cubes were cured in water at a temperature of (23±2)ºC and the other 

cubes were cured in water at a temperature of (40±2)ºC. The higher curing 

temperature of 40°C was adopted to represent conditions in hot climates. Concrete 

moulds were placed in air tight plastic bags just after casting the cubes as shown in 

Figure 3.17. Concrete moulds were then placed in each respective curing bath. 

Multiple layers of plastic bags were used for each concrete mould in order to stop 

water penetrating the plastic and getting to the concrete. The concrete cubes were 

demoulded after 24 hours of curing and they were immediately returned into the curing 

bath just after demoulding. Figure 3.18 shows the curing bath with concrete cubes. 

 

 
Figure 3.17: Plastic Wrapped Concrete Moulds in Curing Bath 
 

 
Figure 3.18: Concrete Cubes in Curing Water Bath 
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3.9 Hardened Concrete Testing 

 

3.9.1 Compressive Strength Test 

 

The study investigated the influence of high volume fly ash content, curing 

temperature, w/c ratio and Ca(OH)2 activation on the compressive strength of 

concrete. Compressive strength tests were conducted on hardened concrete cubes at 

the ages of 1 day, 3 days, 7 days, 28 days, 90 days and 180 days. The compressive 

strength tests were conducted in terms of SANS 5863 (2006). A total of 576 concrete 

cubes of 100mm dimensions were tested for compressive strength. Three concrete 

cubes from each mix were tested at each age and the average of the three results was 

adopted as compressive strength. Table 3-34 gives a breakdown of the number of 

concrete cubes that were tested for compressive strength. Figure 3.19 shows the 

Amsler Universal Testing machine which was used for compressive strength testing. 

 

 

Figure 3.19: Amsler Compressive Strength Testing Machine 
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Table 3-34: Hardened Concrete Cubes Tested for Compressive Strength 

 

 Number of Concrete Cubes Tested for Compressive Strength 

Mix 
No. 

Cementitious 
Material 

W/C 
Ratio 

Ca(OH)2 
23oC Curing Temperature 40oC Curing Temperature 

Total 
1 Day 3 Days 7 Days 28 Days 90 Days 180 Days 1 Day 3 Days 7 Days 28 Days 90 Days 180 Days 

1 OPC 0.35 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

2 OPC 0.35 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

3 OPC 0.45 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

4 OPC 0.45 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

  

5 OPC+25% FA 0.35 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

6 OPC+25% FA 0.35 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

7 OPC+25% FA 0.45 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

8 OPC+25% FA 0.45 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

   

9 OPC+35% FA 0.35 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

10 OPC+35% FA 0.35 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

11 OPC+35% FA 0.45 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

12 OPC+35% FA 0.45 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

   

13 OPC+50% FA 0.35 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

14 OPC+50% FA 0.35 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

15 OPC+50% FA 0.45 5% 3 3 3 3 3 3 3 3 3 3 3 3 36 

16 OPC+50% FA 0.45 0% 3 3 3 3 3 3 3 3 3 3 3 3 36 

Total Number of Cubes Cast 48 48 48 48 48 48 48 48 48 48 48 48 576 
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3.9.2 Durability Tests 

 

The study determined the influence of high-volume fly ash content, curing 

temperature, w/c ratio and Ca(OH)2 activation on the durability of concrete. The South 

African durability index test methods were used to evaluate the durability properties of 

concrete. The durability tests that were conducted on concrete specimens are the 

chloride conductivity index test, water sorptivity index test and the oxygen permeability 

index test. The tests were conducted in accordance with the South African National 

Standards and South African durability index testing manual. 

 

Chloride Conductivity Index (CCI) Test 

 

The chloride conductivity index test entails passing electrical current through a 

concrete specimen saturated with 5M NaCl solution and instantaneously measuring 

the corresponding voltage and current. The chloride conductivity index test was done 

in accordance with SANS 3001-CO3-3 (2015) standard. The test was used to 

determine the chloride conductivity index and porosity of concrete. The specimens for 

the CCI tests were prepared at the age of 28 days and they consisted of four 30mm 

thick concrete discs with a diameter of 70mm. The specimens were dried, measured, 

weighed, vacuum saturated and tested according to the procedure outlined in SANS 

3001-CO3-3 (2015). Figure 3.20 shows the vacuum tank apparatus used to saturate 

the concrete specimens. Figure 3.21 shows the components of the chloride 

conductivity apparatus and how they are assembled. The chloride conductivity test 

setup is depicted by the circuit diagram in Figure 3.22. The CCI for each specimen 

was determined using the relationship between current, voltage and specimen 

geometry in accordance with SANS 3001-CO3-3 (2015). The Chloride Conductivity 

Index was taken as the average index of four specimens. The results of the chloride 

conductivity index tests are presented in Annexure 4. The breakdown of the number 

of concrete specimens that were tested for chloride conductivity index is shown in 

Table 3-35 
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Figure 3.20: Vacuum Saturation Tank Apparatus 

 

 

 
Figure 3.21: Chloride Conductivity Cell (Durability Index Testing Procedure Manual, 2018) 
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Figure 3.22: Chloride Conductivity Test Circuit Arrangement (SANS 3001-CO3-3:2015) 
 

 
Figure 3.23: Chloride Conductivity Test Apparatus 

DC Power 
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Table 3-35: Concrete Samples Tested for Chloride Conductivity  

 

 Number of Specimens Tested for CHLORIDE CONDUCTIVITY 

Specimen 
Type 

Mix 
No. 

 Cementitious Material Activator W/C Ratio 23ºC Curing Temperature 40ºC Curing Temperature 

OPC 
Concrete 

1  OPC CA(OH)2 0.35 4 4 

2  OPC None 0.35 4 4 

3  OPC CA(OH)2 0.45 4 4 

4  OPC None 0.45 4 4 

  

Fly Ash 
Concrete 

5  OPC + 25% Fly Ash CA(OH)2 0.35 4 4 

6  OPC + 25% Fly Ash None 0.35 4 4 

7  OPC + 25% Fly Ash CA(OH)2 0.45 4 4 

8  OPC + 25% Fly Ash None 0.45 4 4 

  

9  OPC + 35% Fly Ash CA(OH)2 0.35 4 4 

10  OPC + 35% Fly Ash None 0.35 4 4 

11  OPC + 35% Fly Ash CA(OH)2 0.45 4 4 

12  OPC + 35% Fly Ash None 0.45 4 4 

  

13  OPC + 50% Fly Ash CA(OH)2 0.35 4 4 

14  OPC + 50% Fly Ash None 0.35 4 4 

15  OPC + 50% Fly Ash CA(OH)2 0.45 4 4 

16  OPC + 50% Fly Ash None 0.45 4 4 

Total Number of Concrete Specimens 
64 64 

128 
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Oxygen Permeability Index (OPI) Test 

 

The oxygen permeability index test is used to determine the permeability of concrete 

specimens by measuring the pressure of oxygen passing through a concrete 

specimen. The OPI test was conducted in accordance with the South African National 

Standard SANS 3001-CO3-2:2015. The specimens for the OPI tests were prepared 

at the age of 28 days and they consisted of four 30mm thick concrete discs with a 

diameter of 70mm. The specimens were dried, measured, weighed, vacuum saturated 

and tested according to the procedure outlined in SANS 3001-CO3-2 (2015).  

Figure 3.24 shows the appearance of the oxygen permeability index test specimens. 

Table 3-36 gives an outline of the quantity of concrete specimens that were tested for 

oxygen permeability. 

 

 
Figure 3.24: Oxygen Permeability Index Test Specimens 
 
The oxygen permeability index test apparatus comprises of a pressure vessel, 

compressible rubber collar, metal sleeve, pressure gauges, transducers, oxygen gas 

supply and data logger (SANS 3001-CO3-2:2015). The setup of the oxygen 

permeability test apparatus is shown in Figure 3.25.  
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Figure 3.25: Oxygen Permeability Test Setup (Durability Index Testing Procedure 
Manual, 2018) 
 

 
Figure 3.26: Oxygen Permeability Index Test Apparatus  
 

The OPI test entails measuring pressure drop at 15-minute intervals over a period of 

6 hours. The results of the OPI tests are shown in detail in Annexure 5. The results of 

the OPI test were processed using the equations provided in SANS 3001-CO3-2 

(2015). The oxygen permeability index is taken as the negative log of the Darcy 

coefficient of permeability (SANS 3001-CO3-2:2015). The chloride conductivity index 

is taken as the average OPI of four specimens.
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Table 3-36: Concrete Samples for Oxygen Permeability Test 

 

 

 Number of Specimens Tested for OXYGEN PERMEABILITY 

Specimen 

Type 

Mix 

No. 

 Cementitious Material Activator W/C Ratio 23ºC Curing Temperature 40ºC Curing Temperature 

OPC 

Concrete 

1  OPC CA(OH)2 0.35 4 4 

2  OPC None 0.35 4 4 

3  OPC CA(OH)2 0.45 4 4 

4  OPC None 0.45 4 4 

  

Fly Ash 

Concrete 

7  OPC + 25% Fly Ash CA(OH)2 0.45 4 4 

8  OPC + 25% Fly Ash None 0.45 4 4 

  
11  OPC + 35% Fly Ash CA(OH)2 0.45 4 4 

12  OPC + 35% Fly Ash None 0.45 4 4 

  
13  OPC + 50% Fly Ash CA(OH)2 0.35 4 4 

14  OPC + 50% Fly Ash None 0.35 4 4 

15  OPC + 50% Fly Ash CA(OH)2 0.45 4 4 

16  OPC + 50% Fly Ash None 0.45 4 4 

Total Number of Concrete Specimens 48 48 

96 
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Water Sorptivity Index (WSI) Test 

 

The water sorptivity index test was done according to the South African Durability 

Index Testing Procedure Manual (2018). The test was used to determine the water 

sorptivity index and porosity of concrete. The test entails placing one flat surface of 

dry concrete specimens in a calcium hydroxide solution and measuring the mass gain. 

The specimens were prepared, measured, weighed and vacuum saturated according 

to the procedure outlined in South African durability index testing procedure manual 

(2018). Figure 3.27 shows the water sorptivity test setup. The results for the water 

sorptivity index test are outlined in Annexure 5. The final water sorptivity index is taken 

as the average water sorptivity index of four specimens. Table 3-37 gives an outline 

of the quantity of concrete specimens that were tested for water sorptivity. 

 

 
Figure 3.27: Water Sorptivity Test Setup 
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Table 3-37: Concrete Samples for Water Sorptivity Test 

 

 

 Number of Specimens Tested for Water Sorptivity Test 

Specimen 

Type 

Mix 

No. 

 Cementitious Material Activator W/C Ratio 23ºC Curing Temperature 40ºC Curing Temperature 

OPC 

Concrete 

1  OPC CA(OH)2 0.35 4 4 

2  OPC None 0.35 4 4 

3  OPC CA(OH)2 0.45 4 4 

4  OPC None 0.45 4 4 

  

Fly Ash 

Concrete 

5  OPC + 25% Fly Ash CA(OH)2 0.35 4 4 

6  OPC + 25% Fly Ash None 0.35 4 4 

7  OPC + 25% Fly Ash CA(OH)2 0.45 4 4 

8  OPC + 25% Fly Ash None 0.45 4 4 

  

9  OPC + 35% Fly Ash CA(OH)2 0.35 4 4 

10  OPC + 35% Fly Ash None 0.35 4 4 

11  OPC + 35% Fly Ash CA(OH)2 0.45 4 4 

12  OPC + 35% Fly Ash None 0.45 4 4 

  

13  OPC + 50% Fly Ash CA(OH)2 0.35 4 4 

14  OPC + 50% Fly Ash None 0.35 4 4 

15  OPC + 50% Fly Ash CA(OH)2 0.45 4 4 

16  OPC + 50% Fly Ash None 0.45 4 4 

Total Number of Concrete Discs 64 64 

128 
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4. RESULTS AND DISCUSIONS 

 

4.1 Compressive Strength Test Results 

 

Compressive strength is one of the most important properties of concrete. It is usualy 

used as a concrete specification and often viewed as a measure of the competence of 

concrete. This section gives a comprehensive discussion on the compressive strength 

results of concrete. The section presents a comparison of the compressive strength 

results of fly ash concrete with the results of OPC concrete which was used as the control. 

The discussion gives more emphasis on the comparison of strength results of 50%FA 

concrete with those of OPC concrete. The compressive strength tests were conducted at 

the ages of 1 day, 3 days, 7 days, 28 days, 90 days and 180 days. The concrete cubes 

were cured in water for the entire duration of the study. The results presented in this 

section are the average of three compressive strength results as shown by  

 Equation 4-1. 

 

𝑓𝑐𝑚 =
∑ 𝑓𝑐𝑖
𝑖=3
𝑖=1

3
  Equation 4-1 

 
4.1.1 Influence of Fly Ash Content on Compressive Strength 

 

This section focuses on the influence of fly ash content on compressive strength of 

concrete. The section presents a discussion on the compressive strength results of 

concrete that had the same w/c ratio and cured at the same temperature. The main 

variable that forms the basis of discussion in this section is the fly ash content. 
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Results for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.45) 

 

Table 4-1 and Figure 4.1 shows the compressive strength results of concrete cubes that 

were cast without Ca(OH)2 and cured at 23⁰C. The concrete cubes had a w/c ratio of 0.45 

and FA contents of 0%, 25%, 35% and 50% by mass of cementitious material. The results 

are also presented as line graphs in Figure 9.1 which depicts a comparison of the 

compressive strength results of concrete with varying amounts of FA.  

 

Table 4-1: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.45) 

Age 
(Days) 

Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 19 16 13 7 

3 57 45 27 17 

7 69 59 39 25 

28 77 85 62 42 

90 88 107 79 62 

180 90 109 89 75 

 
 
 

 
Figure 4.1: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.45) 
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The compressive strength results indicate that at the early ages of 1 day, 3 days and 7 

days the concrete with FA contents of 0% and 25% yielded higher strength. OPC concrete 

had the highest strength upto the age of 7 days. At later ages of 28 days, 90 days and 

180 days the results indicate that the concrete with 25% fly ash content surpassed OPC 

concrete and yielded the highest compressive strength. The rate of strength gain of FA 

concrete improved at the age of 28 days and beyond. This can be attributed to the 

acceleration of pozzolanic reactions resulting from the increased amount of Ca(OH)2 

produced by the hydration reaction. Concrete with 50% FA content had the lowest 

strength at all ages. A comparison of the strength of 50% FA concrete with that of OPC 

concrete indicates that at early ages of 1 day, 3 days and 7 days, the strength of 50% FA 

concrete was approximately 34% of the concrete strength of the OPC concrete. 

Significant strength gain of 50%FA concrete was observed at the age of 28 days, where 

the strength of 50%FA concrete was 55% of the strength of OPC concrete. At the age of 

90 days, the strength of 50%FA concrete increased to approximately 70% of the OPC 

concrete strength. At the age of 180 days, the 50% FA concrete strength increased to 

83% of OPC concrete strength. The strength gain trend indicates that OPC concrete 

gained the bulk of its strength at early ages owing to the rapid hydration reaction whereas 

the FA concrete gained the bulk of its strength at later ages of 28 days and beyond due 

to the delayed pozzolanic reactions which accelerate when more Ca(OH)2 is produced by 

the hydration reaction. The discussion above is summarised in Table 4-2 which gives an 

outline of the relative strength of fly ash concrete as a percentage of OPC concrete.  

Figure 4.2 shows a graphical presentation of the reduction or increase in compressive 

strength of fly ash concrete as a percentage of OPC concrete compressive strength.  

 

Table 4-2: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (23⁰C : Without Ca(OH)2 : w/c = 0.45) 

Age Relative Strength of Concrete as a Percentage of OPC Concrete Strength (%) 

(Days) 0%FA 25%FA 35%FA 50%FA 

1 100% 84% 68% 37% 

3 100% 79% 47% 30% 

7 100% 86% 57% 36% 

28 100% 110% 81% 55% 

90 100% 122% 90% 70% 

180 100% 121% 99% 83% 

 



 

73 

 

 
Figure 4.2: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (23⁰C : No Activator: w/c = 0.45) 

 

Results for Concrete Cured at 23⁰C with Ca(OH)2 Activator (w/c = 0.45) 

 

Table 4-3 and Figure 4.3 outline the compressive strength results of concrete cubes that 

were cured at 23⁰C. Calcium hydroxide was added to the concrete in order to activate the 

fly ash. The concrete had a w/c ratio of 0.45 and varying FA contents of 0%, 25%, 35% 

and 50% by mass of cementitious material. The results are also presented as line graphs 

in Figure 9.2 which depicts a comparison of the compressive strength results of concrete 

with varying amounts of FA. 

 

Table 4-3: Compressive Strength for Concrete Cured at 23⁰C with Ca(OH)2 Activator (w/c = 0.45) 
Age 

(Days 
Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 24 18 14 9 

3 59 44 37 23 

7 70 58 48 30 

28 87 81 70 51 

90 92 105 94 71 

180 95 109 103 83 
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Figure 4.3: Compressive Strength for Cubes Cured at 23⁰C with Ca(OH)2 Activation (w/c = 0.45) 
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is an indication of the acceleration of pozzolanic reactions following the precipitation of 

additional Ca(OH)2 from the hydration reaction. The results indicate that 50%FA concrete 

activated by Ca(OH)2 gained strength faster than 50%FA concrete without Ca(OH)2 

activation. It can also be noted that OPC concrete gained the bulk of its strength at early 

ages owing to the rapid hydration reaction whereas the 50%FA concrete gained the bulk 

of its strength at later ages as a result of pozzolanic reactions which accelerated at later 

ages. This analysis is summarised in Table 4-4 which outlines the relative strength of FA 

concrete as a percentage of OPC concrete. Figure 4.4 shows the reduction or increase 

in compressive strength of FA concrete as a percentage of OPC concrete strength. 

 

Table 4-4: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (23⁰C : Ca(OH)2 Activator : w/c = 0.45) 

Age Relative Strength as a Percentage of OPC Concrete Strength (%) 

(Days) 0%FA 25%FA 35%FA 50%FA 

1 100% 75% 58% 38% 

3 100% 75% 63% 39% 

7 100% 83% 69% 43% 

28 100% 93% 80% 59% 

90 100% 114% 102% 77% 

180 100% 115% 108% 87% 

 

 

Figure 4.4: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (23⁰C : With Ca(OH)2 : w/c = 0.45) 
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Results for Concrete Cured at 40⁰C without Ca(OH)2 Activator (w/c = 0.45) 

 

Table 4-5 and Figure 4.5 outline the compressive strength results of concrete cubes that 

were cast without adding Ca(OH)2 and cured at 40⁰C. The cubes were cast using 

concrete which had a w/c ratio of 0.45 and FA contents of 0%, 25%, 35% and 50% by 

mass of cementitious material. The results are also presented as line graphs in  

Figure 9.3 which depicts a comparison of the compressive strength results of concrete 

with varying amounts of FA. 

 

Table 4-5: Compressive Strength for Concrete Cured at 40⁰C without Ca(OH)2 Activator (w/c = 0.45) 
Age 

(Days) 
Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 31 25 20 11 

3 55 51 38 24 

7 63 70 54 36 

28 71 98 79 61 

90 74 105 91 71 

180 78 107 94 73 

 

 
Figure 4.5: Compressive Strength for Concrete Cured at 40⁰C without Ca(OH)2 Activator (w/c = 0.45) 
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The results indicate that during the early ages at 1 day and 3 days the OPC concrete and 

25%FA concrete had the highest strength. The control OPC concrete had the highest 

strength at the age of 1 day and 3 days, however at the age of 7 days and beyond, it can 

be noted that the concrete with 25%FA and 35%FA yielded higher strength than OPC 

concrete. A comparison of the results of OPC concrete cured at 23⁰C to the results of 

OPC concrete cured at 40⁰C indicates that late age strength of OPC concrete is reduced 

when concrete is cured at high temperature. Comparison of fly ash concrete results 

indicates that the rate of strength development of FA concrete is accelerated when the 

concrete is cured at a higher temperature. These results indicate the beneficial effects of 

heat activation in accelerating pozzolanic reactions between FA and Ca(OH)2. Based on 

these observations, it can be concluded that high temperature curing reduces late age 

strength of OPC concrete whilst improving strength of fly ash concrete by accelerating 

pozzolanic reactions.  

 

When comparing the results of 50% FA concrete with the results of OPC concrete, it can 

be noted that the strength of 50% FA concrete was approximately 35% of the strength of 

OPC concrete at the age of 1 day. At the ages of 3 days the relative strength of 50%FA 

concrete increased to approximately 44% of the strength of OPC concrete. At 28 days 

the strength of 50% OPC concrete was 86% of the strength of OPC concrete. Significant 

strength improvements of 50% FA concrete were noted at the ages of 90 days and 180 

days where the strength of 50%FA concrete was approximately 94% of the OPC concrete 

strength. The results indicate that 50% FA concrete gained strength rapidly when it was 

cured at a high temperature of 40⁰C. This observation confirms that pozzolanic reactions 

between FA and Ca(OH)2 are accelerated by high temperature curing. The discussion 

above is summarized in Table 4-6 which outlines the relative strength of fly ash concrete 

as a percentage of OPC concrete. Figure 4.6 shows the reduction or increase in 

compressive strength of fly ash concrete as a percentage of OPC concrete strength. 
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Table 4-6: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (40⁰C : No Activator : w/c = 0.45) 

Age 
(Days) 

Relative Strength as a Percentage of OPC Concrete Strength (%) 

0%FA 25%FA 35%FA 50%FA 

1 100% 81% 65% 35% 

3 100% 93% 69% 44% 

7 100% 111% 86% 57% 

28 100% 138% 111% 86% 

90 100% 142% 123% 96% 

180 100% 137% 121% 94% 

 

 

Figure 4.6: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (40⁰C:Without Ca(OH)2:w/c = 0.45) 

 

Results for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.45) 

 

Table 4-7 and Figure 4.7 outline the compressive strength results of concrete activated 

with Ca(OH)2 and cured at 40⁰C. The concrete cubes were cast using concrete which 

had a w/c ratio of 0.45 and FA contents of 0%, 25%, 35% and 50% by mass of 

cementitious material. The results are also presented as line graphs in Figure 9.4 which 

depicts a comparison of the compressive strength results of concrete with varying 

amounts of FA. 
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Table 4-7: Compressive Strength for Cubes Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.45) 
Age 

(Days) 
Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 33 31 21 13 

3 58 52 43 32 

7 68 73 61 47 

28 76 97 88 70 

90 78 106 102 84 

180 82 108 107 86 

 

 

Figure 4.7: Compressive Strength for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.45) 
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of FA concrete indicate that the rate of strength gain of FA concrete is accelerated when 

the concrete is cured at a higher temperature and activated with Ca(OH)2. This indicates 

the influence of Ca(OH)2 activation and high temperature curing on accelerating 

pozzolanic reactions in fly ash concrete.  

 

A comparison of the compressive strength results of 50% FA concrete with that of OPC 

concrete indicates that the strength of 50% FA concrete was approximately 40% of the 

OPC concrete strength at the age of 1 day. At the age of 3 days the strength of 50% FA 

concrete increased to 55% of the 3-day strength of OPC concrete. At the age of 7 days 

the strength of 50% FA concrete was approximately 70% of the strength of OPC concrete. 

At 28 days the strength of 50% OPC concrete increased to 92% of the strength of OPC 

concrete. It can be observed that at 90 days and 180 days the strength of 50%FA concrete 

exceeded the strength of OPC concrete. The results indicate that the 50%FA concrete 

gained strength rapidly when it was subjected to high temperature curing and Ca(OH)2 

activation. The results show the effect of high temperature curing and Ca(OH)2 activation 

on pozzolanic reaction between FA and Ca(OH)2. The discussion above is summarised 

in Table 4-8 which outlines the relative strength of fly ash concrete as a percentage of 

OPC concrete. Figure 4.8 shows the reduction or increase in compressive strength of fly 

ash concrete as a percentage of OPC concrete strength. 

 
Table 4-8: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (40⁰C : Ca(OH)2 Activator : w/c = 0.45) 

Age Relative Strength as a Percentage of OPC Concrete Strength (%) 

(Days) 0%FA 25%FA 35%FA 50%FA 

1 100% 94% 64% 39% 

3 100% 90% 74% 55% 

7 100% 107% 90% 69% 

28 100% 128% 116% 92% 

90 100% 136% 131% 108% 

180 100% 132% 132% 105% 
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Figure 4.8: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (40⁰C : With Ca(OH)2 : w/c = 0.45) 

 

Results for Concrete Cured at 23⁰C without Ca(OH)2 Activation (w/c = 0.35) 

 

 
Table 4-9 and Figure 4.9 outline the compressive strength results of concrete cubes that 

were cast without adding Ca(OH)2 and cured at 23⁰C. The cubes were cast using 

concrete with a w/c ratio of 0.35 and FA content of 0%, 25%, 35% and 50% by mass of 

cementitious material. The results are also presented as line graphs in Figure 9.5 which 

depicts a comparison of the compressive strength results of concrete with varying 

amounts of FA. 

 
Table 4-9: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.35) 

Age 
(Days) 

Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 55 31 28 21 

3 90 58 51 34 

7 98 75 64 44 

28 120 101 90 67 

90 124 126 100 89 

180 126 128 104 105 
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Figure 4.9: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.35) 
 

The compressive strength results indicate that OPC concrete had the highest strength at 

early ages upto 28 days. At 90 days and 180 days, the strength of OPC concrete was 

surpassed by the compressive strength of 25%FA concrete. It can be observed that the 

rate of strength gain of FA concrete increased at later ages. A comparison of the strength 

of 50% FA concrete with that of OPC concrete indicates that at early ages of 1 and 3 

days, the strength of 50% FA concrete was approximately 38% of the concrete strength 

of the OPC concrete. Significant strength gain of 50%FA concrete was observed at the 

age of 28 days, where the strength of 50% FA concrete was 56% of the 28 day strength 

of OPC concrete. At the age of 90 days the 50% FA concrete strength was 72% of the 90 

day strength of OPC concrete. At the age of 180 days the strength of 50% OPC concrete 

increased to 83% of the OPC concrete strength. The results indicate that 50% FA 

concrete gained strength significantly at later ages of 28 days and beyond. This points to 

the delayed pozzolanic reactions which accelerate with concrete age as more Ca(OH)2 is 

produced during the hydration process. The discussion above is summarised in  

Table 4-10 which outlines the relative strength of fly ash concrete as a percentage of OPC 
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concrete. Figure 4.10 shows the change in compressive strength of fly ash concrete as a 

percentage of OPC concrete strength. 

 

Table 4-10: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (23⁰C : No Activator : w/c = 0.35) 

Age 
(Days) 

Relative Strength as a Percentage of OPC Concrete Strentgh (%) 

0%FA 25%FA 35%FA 50%FA 

1 100% 56% 51% 38% 

3 100% 64% 57% 38% 

7 100% 77% 65% 45% 

28 100% 84% 75% 56% 

90 100% 102% 81% 72% 

180 100% 102% 83% 83% 

 

 
Figure 4.10: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (23⁰C : No Activator : w/c = 0.35) 

 

Results for Concrete Cured at 23⁰C with Ca(OH)2 Activation (w/c = 0.35) 

 

Table 4-11 and Figure 4.11 outline the compressive strength results of concrete cubes 

that were cast using concrete which was activated by Ca(OH)2 and cured at 23⁰C. The 

concrete used to cast the cubes had a w/c ratio of 0.35 and FA contents of 0%, 25%, 35% 
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and 50% by mass of cementitious material. The results are also presented as line graphs 

in Figure 9.6 which depicts a comparison of the compressive strength results of concrete 

with varying amounts of FA. 

 

Table 4-11: Compressive Strength for Concrete Cured at 23⁰C with Ca(OH)2 Activation (w/c = 0.35) 

Age 
(Days) 

Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 59 35 32 22 

3 81 62 50 38 

7 95 82 69 49 

28 115 108 96 77 

90 120 121 105 105 

180 122 124 113 115 
 

 

 

Figure 4.11: Compressive Strength for Concrete Cured at 23⁰C with Ca(OH)2 Activation (w/c = 0.35) 
 

The compressive strength results show that during the early ages of 1 day, 3 days, 7 days 

and 28 days the OPC concrete and 25%FA concrete had higher strength. The OPC 
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strength than OPC concrete. When the results of concrete activated with Ca(OH)2 are 

compared to the results of concrete without Ca(OH)2, it can be established that adding 

Ca(OH)2 improves early age strength of FA concrete. A comparison of the strength of 

50%FA concrete with that of OPC concrete indicates that the strength of 50% FA concrete 

was approximately 37% of the concrete strength of OPC concrete at the age of 1 day. 

However at the ages of 3 days and 7 days the strength of 50%FA concrete increased to 

approximately half the 28 day strength of OPC concrete. At the age of 28 days the 

strength of 50%FA concrete was 67% of the 28 day strength of OPC concrete. At the age 

of 90 days the 50%FA concrete strength was 88% of the OPC concrete strength. Further 

improvement of the strength of 50%FA concrete was noted at 180 days where the 

strength was 94% of the OPC concrete strength. The results show that the strength of 

50%FA concrete increased rapidly at 28 days and beyond. The results indicate that the 

50%FA concrete activated by Ca(OH)2 gained strength faster that 50%FA concrete 

without Ca(OH)2 activation. The discussion above is summarised in Table 4-12 which 

outlines the relative strength of fly ash concrete as a percentage of OPC concrete.  

Figure 4.12 shows the reduction or increase in compressive strength of fly ash concrete 

as a percentage of OPC concrete strength. 

 

Table 4-12: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (23⁰C : Ca(OH)2 Activator : w/c = 0.35) 

Age 
(Days) 

Relative Strength as a Percentage of OPC Concrete Strength (%) 

0%FA 25%FA 35%FA 50%FA 

1 100% 59% 54% 37% 

3 100% 77% 62% 47% 

7 100% 86% 73% 52% 

28 100% 94% 83% 67% 

90 100% 101% 88% 88% 

180 100% 102% 93% 94% 
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Figure 4.12: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (23⁰C : Ca(OH)2 : w/c= 0.35) 

 

Results for Concrete Cured at 40⁰C without Ca(OH)2 Activator (w/c = 0.35) 

 

Table 4-13 and Figure 4.13 outline the compressive strength results of concrete cubes 

that were cast without Ca(OH)2 and cured at 40⁰C. The cubes were cast using concrete 

which had a w/c ratio of 0.35 and FA contents of 0%, 25%, 35% and 50% by mass of 

cementitious material. The results are also presented as line graphs in Figure 9.7 which 

depicts a comparison of the compressive strength results of concrete with varying 

amounts of fly ash. 

 

Table 4-13: Compressive Strength for Concrete Cured at 40⁰C without Ca(OH)2 Activator (w/c = 0.35) 

Age 
(Days) 

Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 69 41 38 27 

3 81 62 58 43 

7 86 80 80 62 

28 105 107 102 87 

90 110 116 106 97 

180 114 118 109 103 
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Figure 4.13: Compressive Strength for Concrete Cured at 40⁰C without Activator (w/c = 0.35) 

 

The results indicate that during the early ages of 1 day, 3 days and 7 days the OPC 

concrete had the highest strength. However, at the ages of 28 days and beyond, it can 

be noted that the concrete with 25% fly ash yielded higher strength than OPC concrete. 

The strength development pattern of OPC concrete cured at 40⁰C indicates that the late 

age strength gain of OPC concrete is reduced when concrete is cured at high 

temperature. However, the strength development patterns of fly ash concrete indicate that 

the rate of strength gain of FA concrete is accelerated when the concrete is cured at a 

higher temperature. These results confirm that pozzolanic reactions between FA and 

Ca(OH)2 are accelerated when fly ash concrete is subjected to heat activation. Based on 

the results of fly ash concrete cured at 40 degrees, it can be concluded that high 

temperature curing improves the strength of fly ash concrete. When the results of 50%FA 

concrete are compared with the results of OPC concrete, it can be noted that the strength 

of 50%FA concrete was approximately 40% of the strength of OPC concrete at the age 

of 1 day. At the age of 3 days the strength of 50%FA concrete increased to approximately 

53% of the strength of OPC concrete. At 28 days the strength of 50%FA concrete 
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increased to 83% of the 28-day strength of OPC concrete. At 90 days and 180 days, the 

50%FA concrete strength was approximately 90% of the OPC concrete strength. These 

results indicate that 50%FA concrete gained strength rapidly when it was cured at a high 

temperature of 40⁰C. These results are further confirmation that the pozzolanic reactions 

between FA and Ca(OH)2 are accelerated by high temperature curing. The comparison 

outlined above is summarised in Table 4-14 which outlines the relative strength of fly ash 

concrete as a percentage of OPC concrete. Figure 4.14 shows the reduction or increase 

in compressive strength of fly ash concrete as a percentage of OPC concrete strength. 

 

Table 4-14: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (40⁰C : No Activator : w/c = 0.35) 

Age 
(Days) 

Relative Strength as a Percentage of OPC Concrete Strentgh (%) 

0%FA 25%FA 35%FA 50%FA 

1 100% 59% 55% 39% 

3 100% 77% 72% 53% 

7 100% 93% 93% 72% 

28 100% 102% 97% 83% 

90 100% 105% 96% 88% 

180 100% 104% 96% 90% 

 
 

 

Figure 4.14: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (40⁰C : No Activator : w/c = 0.35) 
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Results for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.35) 

 

Table 4-15 and Figure 4.15 outline the compressive strength results of concrete cubes 

that were cast using concrete which was activated by Ca(OH)2 and cured at 40⁰C. The 

concrete had a w/c ratio of 0.35 and FA contents of 0%, 25%, 35% and 50% by mass of 

cementitious material. Ca(OH)2 was added to the concrete mixes in order to activate the 

FA reactions. The results are also presented as line graphs in Figure 9.8 which depicts a 

comparison of the compressive strength results of concrete with varying amounts of FA. 

 

Table 4-15: Compressive Strength for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.35) 

Age 
(Days) 

Compressive Strength (MPa) 

0%FA 25%FA 35%FA 50%FA 

1 73 46 41 31 

3 85 73 58 51 

7 92 87 80 73 

28 110 117 114 95 

90 112 119 116 108 

180 114 121 119 114 
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Figure 4.15: Compressive Strength for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.35) 

 

The results indicate that during the early ages of 1 day, 3 days and 7 days, OPC concrete 

had the highest strength. However, at the ages of 28 days, 90 days and 180 days it can 

be noted that the concrete with 25% and 35% fly ash yielded strength higher than the 

OPC concrete strength. The strength development patterns of Ca(OH)2 activated 

concrete cured at 40⁰C indicate that late age strength gain of OPC concrete is reduced 

when concrete is cured at high temperature. On the contrary, the strength development 

patterns of FA concrete indicate that the rate of strength gain of FA concrete is 

accelerated when the concrete is cured at a higher temperature and also when the FA is 

activated by Ca(OH)2. The results confirm that high temperature curing and addition of 

Ca(OH)2 significantly improves the strength development of fly ash concrete. A 

comparison of the compressive strength results of 50%FA concrete with those of OPC 

concrete indicates that the strength of 50%FA concrete was approximately 42% of the 

concrete strength of the OPC concrete during the early age of 1 day. At the age of 3 days 

the strength of 50% FA concrete was approximately 60% of the 3-day strength of OPC 

concrete. At the age of 7 days the strength of 50% FA concrete was approximately 80% 
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of the strength of OPC concrete. At 28 days the strength of 50% OPC concrete increased 

to 86% of the strength of OPC concrete. At 90 days the 50% FA concrete strength was 

96% of the strength of OPC concrete. At the age of 180 days the strength of 50% FA 

concrete was equal to the strength of OPC concrete. The results indicate that the 50% 

FA concrete gained strength rapidly when it was subjected to high temperature curing 

and Ca(OH)2 activation. These results are further confirmation that the pozzolanic 

reactions between FA and Ca(OH)2 are accelerated by high temperature curing and 

Ca(OH)2 activation. The comparison outlined above is summarised in Table 4-16 which 

outlines the strength of FA concrete as a percentage of OPC concrete strength.  

Figure 4.16 shows the reduction or increase in compressive strength of fly ash concrete 

as a percentage of OPC concrete strength. 

 

Table 4-16: Relative Strength of Concrete as a Percentage of OPC Concrete Strength (40⁰C : Ca(OH)2 Activator : w/c = 0.35) 

Age Relative Strength as a Percentage of OPC Concrete Strentgh (%) 

(Days) 0%FA 25%FA 35%FA 50%FA 

1 100% 63% 56% 42% 

3 100% 86% 68% 60% 

7 100% 95% 87% 79% 

28 100% 106% 104% 86% 

90 100% 106% 104% 96% 

180 100% 106% 104% 100% 
 

 
Figure 4.16: Reduction or Increase in Strength as a Percentage of OPC Concrete Strength (40⁰C:Ca(OH)2 : w/c = 0.35) 
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4.1.2 Influence of Curing Temperature and Ca(OH)2 Activation 

 

This section discusses the influence of curing temperature and Ca(OH)2 activation on 

compressive strength development of concrete. The section presents a comparison 

between the compressive strength results of concrete with Ca(OH)2 activator and those 

of concrete without activator. The comparison is based on strength results of concrete 

which had the same w/c ratio and same fly ash content. The study variables that form the 

basis of discussion in this section are the curing temperature and Ca(OH)2 content.  

 

Compressive Strength Results for OPC concrete with w/c ratio of 0.45 

 

Figure 4.17 and Figure 4.18 show a comparison of compressive strength results of OPC 

concrete with w/c ratio of 0.45.  

 

 
Figure 4.17:  Compressive Strength Results of OPC Concrete with w/c ratio of 0.45 
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Figure 4.18:  Compressive Strength Results of OPC Concrete with w/c ratio of 0.45 

 

The results indicate that at the age of 1-day concrete cubes that were cured at 40⁰C had 

higher compressive strength than cubes that were cured at 23⁰C. However, it can be 

noted that at the ages of 7 days and beyond, the compressive strength of OPC concrete 

cured at 40⁰C was lower than the strength of OPC concrete cured at 23⁰C.  Based on this 

observation, it can be concluded that continuous high temperature curing results in the 

reduction of strength of OPC concrete at the ages of 7 days and beyond. This conclusion 

is confirmed by Zemajtis (2014) who states that high curing temperature increase early 

age strength however it results in the decrease of concrete strength at 28-days and 

beyond. Figure 4.19 shows a model presented by Zemajtis (2014) where he illustrates 

the effect of high temperature curing on compressive strength of concrete. The OPC 

concrete strength reduction can be attributed to the quality of the hydration products 

formed when concrete is cured at high temperature. Cabrera and Nwaubani (1998) 

investigated the microstructure of concrete and reported that OPC concrete cured at high 

temperature had less late age compressive strength owing to the rapid formation of 

hydration products around cement particles. They state that this affects the diffusion of 
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water required for the progression of hydration. They concluded that this phenomenon is 

the cause of the coarser pore structure in OPC pastes cured at high temperature. They 

further pointed out that high temperature curing results in conversion, a process where 

unstable reaction products with high volume convert to stable products with low volume. 

They attribute the coarsening of the pore structure to the conversion of unstable reaction 

products. Their conclusion is complimented by the results of a study conducted by 

Elsageer et. al. (2009) on the influence of curing temperature on OPC concrete strength. 

Elsageer et. al. (2009) observed that at later ages there was significant reduction in the 

compressive strength of OPC concrete cured at higher temperature. They also attributed 

this to the rapid formation of hydration products and non-uniform distribution of hydration 

products which creates large pores. Wajahat et al. (1991) investigated the temperature 

effect on strength of mortars and concrete. They reported that concrete containing OPC 

yielded low compressive strength when it was exposed to temperatures above 25°C. High 

temperature curing of OPC concrete also presents challenges such as delayed ettringite 

formation which leads to expansion and cracking of concrete (Acquaye, 2006).  

 

 
                                  Figure 4.19: Effect of Curing Temperature on Compressive Strength (Zemajtis, 2014) 
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The effect of Ca(OH)2 activation on OPC concrete was only noticeable at the age of 1 

day. The results show that at the age of 1 day, concrete cubes that had Ca(OH)2 activation 

yielded higher compressive strength when compared to concrete cubes that did not have 

Ca(OH)2. At the age of 3 days and beyond, there was no significant effect of Ca(OH)2 

activation on OPC concrete. The OPC concrete cubes had similar strength despite having 

differing Ca(OH)2 contents.  

 

Compressive Strength Results for OPC Concrete with w/c ratio of 0.35 

 

Figure 4.20 and Figure 4.21 show a comparison of results of OPC concrete with w/c ratio 

of 0.35. The results indicate that at the early age of 1-day, concrete cubes that were cured 

at 40⁰C had higher strength that those that were cured at 23⁰C. At the ages of 7 days and 

beyond, it can be noted that OPC concrete cured at 40⁰C yielded lower compressive 

strength compared to OPC concrete cured at 23⁰C. This trend is similar to the trend 

observed in the results of OPC concrete with w/c ratio of 0.45. It can be noted that the 

effect of CA(OH)2 activation was noticeable only at the age of 1 day, where concrete 

cubes with Ca(OH)2 activation yielded higher strength compared to those that did not have 

Ca(OH)2. At the age of 3 days and beyond it can be observed that concrete cubes that 

were cured at 23⁰C without Ca(OH)2 addition yielded higher strength than concrete cubes 

cured at similar temperature with Ca(OH)2 activation. This trend is different in OPC 

concrete cured at 40⁰C. It can be noted that OPC concrete cured at 40⁰C with Ca(OH)2 

yielded slightly higher compressive strength results compared to OPC concrete cured at 

40⁰C without Ca(OH) activation. In general, the results indicate that high temperature 

curing reduces strength of OPC concrete at the ages of 3 days and beyond. This is 

consistent with the findings of a study conducted by Acquaye (2006) which concluded 

that there was significant reduction in late age compressive strength of OPC concrete 

cured at high temperature. A comparison of the results of OPC concrete with w/c ratios 

of 0.45 and 0.35 indicates that OPC concrete with w/c ratio of 0.35 yielded higher strength 

than OPC concrete with a w/c ratio of 0.45.  
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Figure 4.20: Compressive Strength Results for OPC Concrete with w/c ratio of 0.35 

 
 

 

Figure 4.21:  Compressive Strength Results for OPC Concrete with w/c of 0.35 
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Compressive Strength Results for 25%FA Concrete with w/c ratio of 0.45 

 

Figure 4.22 and Figure 4.23 present a comparison of compressive strength results for 

25%FA concrete with w/c ratio of 0.45. The results show that at the ages of 1 day, 3 days, 

7 days and 28 days, concrete cured at 40⁰C yielded higher strength than similar concrete 

cured at 23⁰C. This is contrary to what was observed with OPC concrete, where OPC 

concrete cured at 23⁰C yielded higher strength than OPC concrete cured at 40⁰C at the 

ages of 7 days and beyond. It can be observed that at later ages of 90 days and 180 

days, the compressive strength of 25%FA concrete cured at 23⁰C catches up with the 

strength of 25%FA concrete cured at 40⁰C. The effect of Ca(OH)2 activation on 25%FA 

concrete is only significant at the age of 1 day. At all other ages of 3 days and beyond the 

effect of Ca(OH)2 activation was not significant. The effect of high temperature curing was 

noticeable up-to the age of 28 days. At the ages of 90 days and 180 days, the concrete 

had approximately the same strength despite being cured at different temperatures and 

having different contents of Ca(OH)2. The rate of concrete strength development beyond 

the age of 90 days was very low and the compressive strength results for 180 days were 

similar to the 90 days strength results. Based on these results it can be concluded that 

the influence of Ca(OH)2 activation on 25%FA concrete is insignificant.  

 

 
Figure 4.22: Compressive Strength Results for 25%FA Concrete with w/c ratio of 0.45 
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Figure 4.23: Compressive Strength Results for 25%FA Concrete with w/c ratio of 0.45 

 

Compressive Strength Results for 25%FA Concrete with a w/c ratio of 0.35 

 

Figure 4.24 and Figure 4.25 show a comparison of compressive strength results of 

25%FA concrete with w/c ratio of 0.35. The results indicate that at the ages of 1 day, 3 

days, 7 days and 28 days, concrete cured at 40⁰C had higher strength than similar 

concrete cured at 23⁰C. Also it can be noted that the influence of adding Ca(OH)2 was 

noticeable at the ages of 1 day up to 28 days. Beyond the age of 28 days, the effect of 

Ca(OH)2 activation was only noticeable in concrete cured at 40⁰C, where Ca(OH)2 

activated concrete yielded higher strength than concrete without activation. This is 

attributed to the role of high temperature in accelerating the pozzolanic reactions between 

fly ash and Ca(OH)2. At the ages of 90 days and 180 days, it is observed that concrete 

cured at 23⁰C without activation yielded higher strength than concrete cured at 23⁰C with 

activation. It can also be noted that concrete cured at 23⁰C had lower strength at early 

ages upto the age of 28 days, however beyond 28 days it surpassed the strength of 

concrete cured at 40⁰C.  
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Figure 4.24: Compressive Strength Results for 25%FA Concrete with w/c ratio of 0.35 
 
 

 
Figure 4.25: Compressive Strength Results for 25%FA Concrete with w/c ratio of 0.35 
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Compressive Strength Results for Concrete with 35% FA and a w/c ratio of 0.45 

 

Figure 4.26 and Figure 4.27 show the results for 35%FA concrete with w/c ratio of 0.45. 

The results show that at all ages the effect of high temperature curing and Ca(OH)2 

activation is significant. This is contrary to the observation made on the compressive 

strength results of OPC concrete and 25%FA concrete where at some ages the effect of 

high temperature curing and Ca(OH)2 addition was not noticeable. It can be noted that at 

all ages concrete cured at 40⁰C yielded higher strength compared to similar concrete 

cured at 23⁰C. It is also observed that at all ages, concrete with Ca(OH)2 activation yielded 

higher strength compared to similar concrete without Ca(OH)2 activation which was cured 

under same conditions. These results give an indication that addition of Ca(OH)2 and heat 

activation accelerates fly ash pozzolanic reactions. Based on the results of 35% FA 

concrete, it can be concluded that heat curing yields higher compressive strength benefits 

compared to Ca(OH)2 activation. However, the combined effect of both high temperature 

curing and Ca(OH)2 activation significantly increases the compressive strength of 35%FA 

concrete.  

 

 
Figure 4.26: Compressive Strength Results for 35%FA Concrete with w/c ratio of 0.45 
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Figure 4.27: Compressive Strength Results for 35% FA Concrete with w/c ratio of 0.45 

 
 

Compressive Strength Results for Concrete with 35% FA and a w/c ratio of 0.35 

 

Figure 4.28 and Figure 4.29 show a comparison of compressive strength results for 

35%FA concrete with a w/c ratio of 0.35. The results show a similar trend to 35%FA 

concrete with a w/c ratio of 0.45. The results indicate that at the ages of 1 day, 3 days 

and 7 days, the effect of Ca(OH)2 addition is not significant but the effect of high 

temperature curing is more defined with concrete cured at 40⁰C having higher strength 

than concrete cured at 23⁰C. At the age of 28 days the effect of both Ca(OH)2 addition 

and high temperature curing is significant, the cubes that had Ca(OH)2 activation and 

cured at high temperature yielded higher results. Similar results were observed at 90 days 

and 180 days where concrete with Ca(OH)2 cured at high temperature yielded the highest 

strength.  
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Figure 4.28: Compressive Strength Results for 35%FA Concrete with w/c ratio of 0.35 
 
 

 
Figure 4.29: Compressive Strength Results for 35%FA Concrete with w/c ratio of 0.35 
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Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.45 

 

Figure 4.30 and Figure 4.31 present a comparison of results for 50%FA concrete with w/c 

ratio of 0.45. It can be noted that at all ages the effect of high temperature curing and 

Ca(OH)2 addition is more significant. This is contrary to the results of OPC concrete and 

25%FA concrete which didn’t show significant effect of high temperature curing and 

Ca(OH)2 activation. Concrete cured at 40⁰C yielded much higher strength compared to 

concrete cured at 23⁰C. Also, it can be observed that 50%FA concrete with Ca(OH)2 

activation yielded higher strength than similar concrete without Ca(OH)2 which was cured 

under similar conditions. These results clearly indicate the influence of curing temperature 

and Ca(OH)2 activation on high volume fly ash concrete. It is noted that concrete cured 

at normal temperature of 23⁰C without Ca(OH)2 activation had the least strength. Based 

on the results of 50%FA concrete, it can be concluded that the combined effect of high 

temperature curing and Ca(OH)2 activation significantly increases the early age strength 

of concrete with high volume fly ash content. When the results of 50%FA content are 

compared with the results of OPC concrete, it can be observed that 50%FA concrete 

responded positively to high temperature curing and Ca(OH)2 activation whereas OPC 

concrete had reduced late age strength when it was subjected to high temperature curing.  

 

 
Figure 4.30: Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.45 
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Figure 4.31: Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.45 

 

Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.35 

 

Figure 4.32 and Figure 4.33 show a comparison of compressive strength results for 

50%FA concrete with w/c ratio of 0.35. The results show that at all ages the effect of high 

temperature curing and Ca(OH)2 addition is clearly noticeable. This trend is similar to the 

trend observed in the results of 50%FA concrete with w/c ratio of 0.45. Concrete cured at 

40⁰C yielded higher compressive strength than concrete cured at 23⁰C. It can also be 

noted that concrete with Ca(OH)2 activation yielded higher strength than similar concrete 

without Ca(OH)2. Concrete cured at 23⁰C without Ca(OH)2 activation yielded the least 

strength at all ages. The combined effect of high temperature curing and Ca(OH)2 

activation significantly increased the strength of 50%FA concrete. A comparison of results 

of 50%FA content to the results of OPC concrete shows that 50%FA concrete strength is 

significantly improved by high temperature curing and Ca(OH)2 activation compared to 

OPC concrete.  
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Figure 4.32: Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.35 

 
 

 
Figure 4.33: Compressive Strength Results for 50%FA Concrete with w/c ratio of 0.35 
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4.1.3 Influence Of Water To Cement Ratio on Compressive Strength  

 

The compressive strength of concrete is highly influenced by the size of pores in cement 

paste. The water to cement ratio generally exhibits an inverse relationship with concrete 

compressive strength. As the w/c ratio of concrete increases, the compressive strength 

decreases. Concrete with a high w/c ratio has high volume of capillary pores which are 

formed when the mixing water is consumed leaving behind pores (Owens, 2009). High 

volume of capillary pores results in reduced compressive strength of concrete. Figure 

4.34 and Figure 4.35 show a comparison of the compressive strength results on the basis 

of w/c ratio. It can be observed in all the graphs that concrete with w/c ratio of 0.35 always 

yielded significantly higher compressive strength results compared to similar concrete 

with w/c ratio of 0.45.  The results indicate the significant influence of water to cement 

ratio on the compressive strength of concrete. The inverse relationship between w/c ratio 

and compressive strength is best described by Abrams’ law which is expressed by 

Equation 4-2. 

 

𝜎𝑐 =
𝐴

𝐵

𝑊
𝐶𝑒𝑞

                      Equation 4-2  (Rao, 2001) 

 

Where: 𝜎𝑐  - is compressive strength 

  W – water content 
  Ceq –Cementitious Material 
  A and B are constants  
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Figure 4.34: Comparison of Compressive Strength of Concrete with Different w/c Ratios 

Comparison of Compressive Strength of OPC Concrete with Different w/c Ratios 

Comparison of Compressive Strength of 25%FA Concrete with Different w/c Ratios. 
 



 

108 

 

 

Figure 4.35: Comparison of Compressive Strength of Concrete with Different w/c Ratios 
 

Comparison of Compressive Strength of 35%FA Concrete with Different w/c Ratios. 

Comparison of Compressive Strength of 50%FA Concrete with Different w/c Ratios. 
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4.1.4 Comparison of compressive strength Results with Published Data 

 

The strength development patterns of all concrete mixes investigated in this study are 

comparable to trends reported by other researchers in similar studies. In this study, the 

bulk of the 28-day compressive strength results are well over the 60MPa mark which 

depicts high strength concrete. The majority of 28-day compressive strength results for 

50%FA concrete are in the high strength concrete range with the exception of 

compressive strength results for 50%FA concrete with w/c ratio of 0.45 which was cured 

at 23⁰C. The compressive strength results are consistent with the findings of similar 

published research on high strength HVFA concrete (Poon et al, 2000; Elsageer et al., 

2009; Solikin et al., 2013). Poon et al., (2000) investigated high strength concrete using 

45% fly ash and developed high volume fly ash concrete with 28-day compressive 

strength higher than 80MPa using w/c ratio of 0.24. Elsageer et. al. (2009) achieved 32-

day compressive strength of approximately 70MPa in their investigation of strength 

development of 45%FA concrete using cementitious material of 367kg/m3 of concrete and 

w/c ratio of 0.3. Solikin et. al. (2013) investigated HVFA concrete using 50% fly ash and 

developed concrete with 28-day compressive strength of 71MPa using cementitious 

material of 450kg/m3 and w/c ratio of 0.31. Nath and Sarker (2011) investigated the effect 

of fly ash on the durability of high strength concrete using a w/c ratio of 0.31 and 40% fly 

ash content. They produced high strength concrete with 28-day cylinder compressive 

strength of 60 MPa and the compressive strength was more than 70 MPa at 56 days. 

They also reported that the 56 day strength of 40% FA concrete with w/c ratio of 0.29 

yielded relative strength of 92% of OPC concrete. Owens et al. (2010) investigated 

activation of 50%FA pastes using chemical activators and achieved 7-day compressive 

strength of approximately 50MPa in specimens cured at 20⁰C. In specimens cured at 

60⁰C for one day, the 7-day compressive strength was approximately 60MPa. The results 

obtained by Owens et al. (2010) compare well with the compressive strength results 

achieved in this study. Bilodeau and Malhotra (1995) achieved 28-day cylinder 

compressive strength of approximately 47MPa using 50% fly ash content. Table 4-17 

outlines the compressive strength results reported in similar studies on HVFA concrete. 
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Table 4-17: Compressive Strength of High Volume Fly Ash Concrete Mixes 

 
Kate & 

Thakare, 
2017 

Elsageer et. 
al.,  

2009 

Solikin et. al.  
2013 

Nath and 
Sarker 
(2011) 

Results Obtained in This 
Study 

(23⁰C | No Activator) 

Cementitious material 
(kg/m3) 

478kg 367kg 450kg 440kg 
400kg 400kg 

OPC Content (kg/m3) 263kg 202kg 225kg 264kg 200kg 200kg 

Fly Ash Content 
(kg/m3) 

215kg 165kg 225kg 176kg 
200kg 200kg 

Fly Ash Content (%) 45% 45% 50% 40% 50% 50% 

w/c Ratio 0.33 0.3 0.31 0.31 0.35 0.45 

Sample Type - 100 mm cubes 
100mm 

Diameter 
Cylinders 

100mm 
Diameter 
Cylinders 

100-mm 
cubes 

100-mm 
cubes 

Curing Temperature - 20⁰C 24⁰C 23⁰C 23⁰C 23⁰C 

Cement  
(Major Oxides) 

SiO2 - 20.6% - 21.1% 21.15% 21.15% 

CaO - 63.4% - 63.6% 61.41% 61.41% 

Fly Ash 
(Major Oxides) 

SiO2 - 45-51% 65.9% 50.5% 53.98% 53.98% 

Al2O3 - 27-32% 28.89% 26.6% 32.55% 32.55% 

Curing Age (Days) Compressive Strength (MPa) 

1 Day - 20 MPa - - 21 MPa 7 MPa 

3 Days - 40 MPa - - 34 MPa 17 MPa 

7 Days 38 MPa 60 MPa - - 44 MPa 25 MPa 

28 Days 39 MPa 70 MPa 71 MPa 60 MPa 67 MPa 42 MPa 

56 Days 46 MPa - 75 MPa 75 MPa - - 

90 Days 68 MPa - - - 89 MPa 62 MPa 

180 Days - - - - 105 MPa 75 MPa 

Study Location India 
University of 

Liverpool 
Melbourne, 

Australia 
Australia South Africa 

 

The compressive strength results obtained in this study indicate that the rate of strength 

development of fly ash concrete increased when it was subjected to high temperature 

curing whereas the late age strength development of OPC concrete reduced when it was 

subjected to high temperature curing. This observation is consistent with findings of 

similar studies on the influence of curing temperature on OPC concrete and high-volume 

fly ash concrete (Elsageer et. al., 2009; Owens et al., 2010; Wajahat et al. (1991)). The 

reduction in late age strength of OPC concrete due to high temperature curing is 

consistent with the model developed by Berry and Malhotra (1987), presented in Figure 

4.36 which shows the relationship between compressive strength factor and curing 

temperature rise.  
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Figure 4.36: Effect of curing temperature rise on compressive strength development (Berry and Malhotra, 1987) 

 

The compressive strength results of fly ash concrete are also comparable with the results 

of a study conducted by Seedat (2003) using the same type of fly ash that was used in 

this study. Seedat (2003) achieved 28-day compressive strength of 84MPa with OPC 

concrete and 83MPa with 20% fly ash concrete using a w/c ratio of 0.38 and binder 

content of 400kg/m3 of concrete. The compressive strength that he achieved with 20% fly 

ash concrete in all the concrete mixes was similar to or higher than the strength of OPC 

concrete. There was no compressive strength reduction as a result of incorporating 20% 

fly ash in concrete. In this study it was observed that the majority of the 25% fly ash 

concrete mixes yielded higher 28-day compressive strength than OPC concrete mixes. 

The compressive strength results obtained in this study are also comparable to the typical 

28-day compressive strength values shown in Table 4-18 which were suggested by the 

supplier of fly ash that was utilised in this study. 
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  Table 4-18: Compressive Strength Values Suggested by Fly Ash Supplier (Ash Resources) 

 OPC Concrete 10% FA Concrete  

CEM 1 400kg 360kg 

Ultra-Fine Fly Ash - 40kg 

w/c ratio 0.41 0.35 

Compressive Strength 

1 day 15MPa 20MPa 

7 Days 52MPa 58MPa 

28 Days 70MPa 82MPa 

90 Days 70MPa 91MPa 

 

The high compressive strength results obtained in this study are consistent with the 

results achieved in other similar studies alluded to in this section. Ekolu and Murugan 

(2012) evaluated high strength concrete mixes and achieved 28-day compressive 

strength of 87MPa using blended cement with up to 20% fly ash and a w/c ratio of 0.4.  
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4.1.5 Relationship Between Compressive Strength, Age and Fly Ash Content 

 

Relationship Between Compressive Strength and Age of Concrete 

 

Regression analysis was used to correlate the compressive strength and concrete age 

for each concrete mix. It was established that the logarithmic regression was the most 

applicable in correlating the relationship between compressive strength (fc) and concrete 

age (t). The relationships between compressive strength and concrete age follow the 

regression analysis functions shown in Figure 4.37 with correlation (R2) values ranging 

between 0.85 and 0.99. The typical regression trend lines correlating compressive 

strength to concrete age are shown in Figure 4.37.  

 

 
Figure 4.37: Typical Regression Lines for The Relationship Between Compressive Strength and Concrete Age  
 

The regression functions for each particular concrete mix showed a high correlation 

between concrete compressive strength and concrete age. The regression functions can 

be reliably used to develop prediction models for compressive strength at any age of 
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Relationship Between Compressive Strength and Fly Ash Content 

 

The graphs in Annexure A3 outline the relationship between compressive strength and 

FA content for concrete at the ages of 1 day, 3 days, 7 days, 28 days, 90 days and 180 

days. Figure 4.38 shows the typical regression trendline graphs outlining the relationship 

between compressive strength and FA content at each specific concrete age. It was 

established that the relationship between compressive strength and FA content can be 

best described by a polynomial regression function of the form shown in Equation 4-3. 

𝑓𝑐 = 𝐴𝑥2 + 𝐵𝑥 + 𝐶    Equation 4-3 
 

Where  : 𝑓𝑐  is compressive strength, MPa 

   A, B and C are constants 

   𝑥  is fly ash content (%) 

 

 
Figure 4.38: Typical Regression Lines for Relationship Between Compressive Strength and FA Content 
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4.2 X-Ray Diffraction Analysis 

 

X-ray diffraction (XRD) technique was used to identify the hydrated crystalline phases 

and monitor the consumption of portlandite in the fly ash concrete. A qualitative XRD 

analysis of milled concrete samples was done at the ages of 28 days and 90 days. The 

analysis was done on concrete with water to cement ratio of 0.45 which was cured in 

water at either 23⁰C or 40⁰C. The concrete cubes were crushed into small particles and 

thereafter saturated in isopropanol liquid. The isopropanol liquid was used as a drying 

agent in order to stop the hydration process by removing and replacing water molecules 

in the pores through a process of solvent exchange. The Isopropanol liquid was then 

allowed to evaporate leaving dry samples. Kowalczyk et al. (2014) state that solvents 

such as methanol, isopropanol and acetone are effective in the removal of water from 

concrete in order to halt the hydration reaction. However, they state that isopropanol is a 

better solvent because it does not alter the properties of the cement paste during solvent 

exchange. The crushed concrete samples were milled to a powder using a pneumatic 

milling machine. Isopropanol liquid was added again to the powder samples in order to 

extract any water still present. The powder samples were allowed to dry and thereafter 

they were examined with a Bruker D2 Phaser X-ray diffractometer using scan radiation 

wavelength of 1.54060 and diffraction angle of 2𝞱. The phases were identified by 

comparing with known XRD patterns for fly ash concrete hydration products. The key 

objective of qualitative XRD analysis was to track the consumption of Ca(OH)2 in concrete 

samples. Figure 4.39 up to Figure 4.42 show a comparison of the diffractograms of OPC 

and 50%FA concrete at the ages of 28 days and 90 days.  

 

Figure 4.39 shows the XRD patterns for OPC and 50%FA concrete samples cured at 

40⁰C with Ca(OH)2 Activator. The diffractograms show the existence of hydration 

products of OPC and 50%FA concrete and they also indicate the presence of Quartz, 

which is derived from the fine and coarse aggregates. A comparison of the diffractograms 

in Figure 4.39 indicates that the intensity of the portlandite peaks was significantly higher 

in OPC concrete mixes compared to 50%FA concrete mixes at both 28 days and 90 days. 

This notable difference in portlandite peaks gives an indication of significant Ca(OH)2 
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depletion in high volume fly ash concrete compared to OPC concrete. Hung (1997) 

reported that the portlandite peaks for high volume fly ash concrete completely 

disappeared at the age of 90 days. The depletion of Ca(OH)2 in 50%FA mixes confirms 

the existence of fly ash pozzolanic activity. It can be noted that there is not much 

difference in the portlandite peaks of 50%FA concrete at the ages of 28 days and 90 days. 

This can be attributed to the fact that the bulk of Ca(OH)2 was consumed by the 

pozzolanic reaction within the first 28 days and not much pozzolanic activity took place 

after the 28 days. This could be the justification for the high 28-day compressive strength 

of 50%FA concrete cured at 40⁰C. In OPC concrete the portlandite peaks are high and 

they also appear to be equally high at both 28 days and 90 days. This gives an indication 

that there was no consumption of portlandite in OPC concrete. 

 

Figure 4.40 shows the XRD patterns for OPC and 50%FA concrete samples cured at 

40⁰C without calcium hydroxide activator. The diffractograms indicate a similar pattern to 

those shown in Figure 4.39 for concrete cured at 40⁰C with calcium hydroxide activator. 

It can be observed that the intensity of the portlandite peaks is significantly higher in OPC 

concrete mixes compared to 50%FA concrete mixes at 28 days. This difference in 

portlandite peaks gives an indication of Ca(OH)2 depletion in high volume fly ash concrete 

compared to OPC concrete. It can also be noted that there is not much difference in the 

portlandite peaks of 50%FA concrete at the ages of 28 days and 90 days.  

 

Figure 4.41 shows XRD patterns for OPC and 50%FA concrete samples cured at 23⁰C 

with Ca(OH)2 activator. The diffractograms show that the intensity of the portlandite peaks 

is significantly higher in OPC concrete mixes compared to 50%FA concrete mixes at 28 

days and 90 days. It can be noted that there is a difference in the portlandite peaks of 

50%FA concrete at the ages of 28 days and 90 days. The portlandite peak for 50%FA 

concrete samples cured at 23⁰C is higher at 28 days compared to the peak at 90 days. 

This is in contrast to the observation made in concrete samples cured at 40⁰C where the 

28 day portlandite peaks for 50%FA concrete were low and similar at both 28 days and 

90 days. The higher 28-day portlandite peak in 50%FA concrete cured at 23⁰C signals a 
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slower rate of pozzolanic activity compared to concrete samples cured at 40⁰C.  

Figure 4.42 shows XRD patterns for OPC and 50%FA concrete samples cured at 23⁰C 

without calcium hydroxide activator. The diffractograms also indicate that the intensity of 

the portlandite peaks is significantly higher in OPC concrete mixes compared to 50%FA 

concrete mixes at 28 days. It can also be noted that the portlandite peak for 50%FA 

concrete samples cured at 23⁰C is higher at 28 days compared to the peak at 90 days. 

This gives an indication of slower rate of pozzolanic activity in samples cured at 23⁰C. 
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Figure 4.39: XRD Patterns for OPC and 50%FA Concrete cured at 40⁰C with Ca(OH)2 Activator  
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Figure 4.40: XRD Patterns for OPC and 50%FA Concrete cured at 40⁰C without Activator 
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Figure 4.41: XRD Patterns for OPC and 50%FA Concrete cured at 23⁰C with Ca(OH)2 Activator 
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Figure 4.42: XRD Patterns for OPC and 50%FA Concrete cured at 23⁰C without Activator 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

ar
b

. u
n

it
s)

2 Theta | WL 1.54060

XRD Patterns for OPC and 50%FA Concrete cured at 23⁰C without Activator

OPC | 23⁰C | No Activator | 28 Days 50%FA | 23⁰C | No Activator | 28 Days 50%FA | 23⁰C | No Activator | 90 Days01 02 03

01

02

03
CH

CH

CH

Q

Q

Q

Q

Q

Q

Q

CH

CH

CH

CH

CH

CH

Q

Q

Q

Q

Q

Q Q

Q

CH

CH

CH

Q

Q :Quartz
CH :Ca(OH)2

C :CSH
AL :C4AH13

AL 

AL 

AL 



 

122 

 

4.3 Durability Index Test Results 

 

The South African durability index testing methods were used to examine the durability 

properties of concrete. The durability properties that were investigated are water sorptivity 

index, oxygen permeability index and chloride conductivity index of concrete. The 

durability index tests evaluate the fluid transport mechanisms of concrete such as 

permeation, diffusion and absorption. The durability index values can be used to predict 

service life of concrete structures and they can also be used for specifying concrete 

quality (Beushausen and Alexander, 2008). Alexander (2004) states that the durability 

indexes can be used for classifying materials and specifying the performance of concrete. 

The objective of durability index testing in this study was to determine the influence of 

high volume fly ash, w/c ratio, curing temperature and Ca(OH)2 activation on the 

microstructure of concrete.  

 

The durability index tests were also used to determine the porosity of concrete specimens 

with differing w/c ratio, FA content and Ca(OH)2 content. Porosity is an important property 

in the discussion pertaining to concrete durability. Concrete properties such as strength 

and durability are highly influenced by the porosity of the hardened cement paste. Porous 

concrete has low compressive strength and poor durability. Concrete strength exhibits an 

inverse relationship with porosity of the cement paste.  An increase in porosity results in 

a corresponding decrease in concrete strength. Similarly, the durability of concrete 

exhibits an inverse relationship with concrete porosity. Porous concrete is prone to high 

rates of ingress of harmful substances which lead to the deterioration of concrete. The 

hardened cement paste pore structure consists of gel and capillary pores. Capillary pore 

volume is highly dependent on the w/c ratio (Owens, 2009). A high w/c ratio results in a 

high volume of capillary pores. Hydration products such as Calcium Silicate Hydrate have 

a pore filler effect and can alter the network of capillary pores resulting in concrete with 

low porosity. In high volume fly ash concrete, the continued pozzolanic reactions between 

fly ash and Ca(OH)2 greatly contribute towards the reduction of capillary pores by 

producing more cementing compounds that act as filler for the pores. Owens (2009) 

alludes to the weakness of the interfacial transition zone (ITZ) caused by the thin water 
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film on the surfaces of aggregates which tends to increase the water content on the 

aggregate surfaces. He further states that fly ash has a filler effect which reduces the 

porosity of the ITZ. The durability tests investigated the porosity of the concrete 

specimens through water sorptivity index and chloride conductivity index tests. 

 

4.3.1 Chloride Conductivity Index (CCI) Test Results 

 

Otieno and Alexander (2015) define chloride conductivity index (CCI) as a quality control 

parameter used to measure the resistance of concrete to chloride penetration. The 

chloride conductivity tests were used to determine two parameters namely chloride 

conductivity index and porosity of concrete specimens. The discussion on chloride 

conductivity index test results focuses on the relationship between fly ash content, 

chloride conductivity index and porosity. These relationships are analysed in order to 

establish the influence of FA, curing temperature and Ca(OH)2 addition on chloride 

conductivity and porosity of concrete. The chloride conductivity index values range from 

below 0.5 mS/cm for concrete with high chloride resistance to above 0.5 mS/cm porous 

concrete susceptible to chloride penetration (Otieno and Alexander (2015). Concrete with 

good durability has a low chloride conductivity index value whereas concrete with poor 

durability has a high value of chloride conductivity index (Alexander, 2004).  

 

Chloride Conductivity Test: Conductivity Index Results 

 

Table 4-19 and Figure 4.43 shows the chloride conductivity test results for concrete 

specimens with a w/c ratio of 0.35. 

 

Table 4-19: Chloride Conductivity Index for Samples with w/c = 0.35 

FA content 
Chloride Conductivity Index (mS/cm) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 0.24 0.28 0.28 0.28 

25% 0.04 0.05 0.15 0.18 

35% 0.04 0.04 0.12 0.12 

50% 0.06 0.06 0.24 0.22 
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Figure 4.43: Relationship between FA content and Chloride Conductivity Index for Samples with w/c = 0.35 
 
 
Table 4-20 and Figure 4.44 shows the chloride conductivity test results for concrete 

specimens with a w/c ratio of 0.45. 

 

Table 4-20: Chloride Conductivity Index for Samples with w/c = 0.45 

FA content 
Chloride Conductivity Index (mS/cm) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 0.74 0.77 0.76 0.85 

25% 0.09 0.13 0.38 0.45 

35% 0.06 0.07 0.27 0.29 

50% 0.08 0.07 0.37 0.39 
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Figure 4.44: Relationship between FA content and Chloride Conductivity Index for Samples with w/c = 0.45 
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concrete specimens with w/c ratio of 0.35 and 0.45 respectively. The relationship between 

chloride conductivity index and fly ash content is shown by graphs in Figure 4.43 and 

Figure 4.44. It can be observed from the graphs that the chloride conductivity index results 

for both w/c ratios exhibit identical trends. The results clearly indicate that OPC concrete 

had the highest chloride conductivity index for concrete with w/c ratios of 0.35 and 0.45. 

This result is consistent with the findings of the study conducted by Nath and Sarker 

(2011) in which they investigated the effect of fly ash on the durability properties of high 

strength concrete and reported that fly ash concrete had better resistance to chloride ion 

penetration compared to OPC concrete. They concluded that the resistance to chloride 

penetration increased with the increase in fly ash content. It can also be observed from 

the graphs that there was a significant reduction in chloride conductivity for concrete 

specimens with 25% FA and 35% FA across both w/c ratios of 0.35 and 0.45. The 

reduction in chloride conductivity index is consistent with the findings of a study conducted 
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a reduction in chloride conductivity index in concrete incorporating FA and GGBS. 

Gardner et al. (2006) states that materials like fly ash can change the microstructure of 

cement paste resulting low permeability and increased chloride binding capacity. Saha 

(2017) investigated the effect of fly ash on the durability properties of concrete and 

reported that fly ash concrete had lower chloride permeability. He attributed this to alkali 

binding and discontinuous pore network of fly ash concrete. Alkali binding is the uptake 

of alkali ions by hydrates such as Calcium Silicate Hydrates (C-S-H) through surface 

adsorption and structural incorporation (Ye and Radlinska, 2017). 

 

The results indicate that the chloride conductivity index was lowest in concrete with 35% 

fly ash content. The influence of curing temperature on chloride conductivity index was 

distinct and significant. It was observed that concrete cured at 40⁰C had significantly lower 

chloride conductivity index compared to the concrete cured at 23⁰C. This was observed 

across all concrete specimens with w/c ratios of 0.35 and 0.45. This reduction in chloride 

conductivity index can be attributed to the role played by heat in accelerating pozzolanic 

reactions that increase the quantity of cementing compounds which fill the pore spaces 

and lead to the reduction of capillary pore sizes in the hardened cement paste. Based on 

these observations, it can be concluded that curing temperature regimes have a 

significant influence in the durability of concrete with respect to the chloride ion diffusion. 

The results also indicate that the chloride conductivity index of 50%FA concrete slightly 

increased when compared to the chloride conductivity index of 25%FA and 35%FA 

concrete. This observation is consistent with the findings made by Dhir et al., (1997) in a 

study on chloride binding capacity of FA pastes. The study reported that up to 33% FA 

content, the chloride binding capacity was effective in improving chloride resistance, 

however at fly ash levels above 33%, they reported a decline in chloride binding capacity 

and an increase in chloride penetration. The increase in chloride conductivity index for 

concrete with 50% FA can also be attributed to the fact that at the 28-day age of testing 

concrete with 50% FA, the quantity of pozzolanic reaction products had not yet risen to 

levels that could start impacting on the porosity of concrete. A comparison of the results 

of concrete with Ca(OH)2 activation and those of concrete without Ca(OH)2 indicates that 

concrete with Ca(OH)2 activation had slightly lower chloride conductivity index.  
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Figure 4.45 outlines the relationship between FA content, w/c ratio, Ca(OH)2, curing 

temperature and chloride conductivity index. The bar graphs indicate the trends 

discussed above. It can be noted that concrete with w/c ratio of 0.35 had significantly 

lower chloride conductivity index compared to specimens with w/c ratio of 0.45. This 

confirms the fact that water to cement ratio plays a pivotal role in the porosity of concrete. 

A lower w/c ratio yields concrete with low porosity. Ekolua and Murugan (2012) 

investigated durability index performance of high strength concretes and reported that 

concrete with low w/c ratio of 0.4 yielded results that fall under the good durability class 

(CCI range: 0.75-1.5mS/cm) while higher w/c ratios gave poorer chloride conductivity 

indexes (CCI range: 1.5-2.5mS/cm). Similar findings were observed by McCarthy and 

Dhir (2005) in their investigation of chloride diffusion in HVFA mixes. They observed that 

the chloride diffusion decreased with increasing compressive strength. Table 4-21 

outlines the suggested durability index values developed by Alexander et al., (1999). The 

durability classes outlined in Table 4-21 are qualitative and they provide a general 

framework for performance specifications (Alexander et al., 2010). Each durability class 

represents the applicability of the durability indexes. “Excellent” category is applicable 

when durability considerations are of utmost importance such as in very severe exposure 

conditions, “Good” category is acceptable durability for most exposure conditions, “Poor” 

category is applicable in mildly aggressive conditions and “Very Poor” category is 

applicable only in non-aggressive environments (Du-Preez and Alexander, 2004).  

 

A comparison of the CCI results with these suggested durability index values indicates 

that the bulk of the CCI results fall in the “Excellent” category (CCI<0.75mS/cm). Only 

CCI results for OPC concrete with w/c ratio of 0.45 fall in the “Good” category (CCI range: 

0.75-1.5mS/cm). A similar comparison of the CCI results with the acceptance criterion 

detailed in Table 4-22 shows that the bulk of the CCI results fall within the acceptable 

criterion for laboratory concrete. Table 4-23 shows a comparison of CCI results with 

values suggested by Alexander et al, (1999). 
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Table 4-21: Suggested Ranges for Durability Classification Index Values (Alexander et al., 1999) 

Durability Class OPI (Log Scale) 
Sorptivity 
(mm/hr0.5) 

Chloride Conductivity 
(mS/cm) 

Excellent > 10 < 6 < 0.75 

Good 9.5 - 10 6 – 10 0.75 – 1.5 

Poor 9 – 9.5 10 – 15 1.5 – 2.5 

Very Poor < 9 > 15 > 2.5 

 
 
 

Table 4-22: Acceptance Limits for Durability Indexes (Alexander et al., 2001) 

Acceptance Criterion OPI (Log Scale) 
Sorptivity 
(mm/hr0.5) 

Chloride Conductivity 
(mS/cm) 

Laboratory Concrete > 10 < 6 < 0.75 

C
on

cr
et
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om
   

   
   

  

A
s-

bu
ilt

 S
tr

uc
tu

re
s Full Acceptance > 9.4 < 9 < 1 

Conditional Acceptance 9 – 9.4 9 - 12 1 – 1.5 

Remedial Measures 8.75 - 9 12 - 15 1.5 - 2.5 

Rejection < 8.75  > 15 > 2.5 

 
 
 

Table 4-23: Comparison of Chloride Conductivity Index Results with values suggested by Alexander et al, 1999 

FA content 
w/c 

Ratio 

Chloride Conductivity Index (mS/cm) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 

0.45 

0.74 < 0.75:Excellent 0.77 < 1.5:Good 0.76 < 1.5:Good 0.85 < 1.5:Good 

25% 0.09 < 0.75:Excellent 0.13 < 0.75:Excellent 0.38 < 0.75:Excellent 0.45 < 0.75:Excellent 

35% 0.06 < 0.75:Excellent 0.07 < 0.75:Excellent 0.27 < 0.75:Excellent 0.29 < 0.75:Excellent  

50% 0.08 < 0.75:Excellent 0.07 < 0.75:Excellent 0.37 < 0.75:Excellent 0.39 < 0.75:Excellent 

 

0% 

0.35 

0.24 < 0.75:Excellent 0.28 < 0.75:Excellent 0.28 < 0.75:Excellent 0.28 < 0.75:Excellent 

25% 0.04 < 0.75:Excellent 0.05 < 0.75:Excellent 0.15 < 0.75:Excellent 0.18 < 0.75:Excellent 

35% 0.04 < 0.75:Excellent 0.04 < 0.75:Excellent 0.12 < 0.75:Excellent 0.12 < 0.75:Excellent 

50% 0.06 < 0.75:Excellent 0.06 < 0.75:Excellent 0.24 < 0.75:Excellent 0.22 < 0.75:Excellent 
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Figure 4.45: Chloride Conductivity Index Results for Specimens with w/c of 0.35 and 0.45

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

40⁰C | Ca(OH)2 | 
w/c:0.35

40⁰C | Ca(OH)2 | 
w/c:0.45

40⁰C | No Activator 
| w/c:0.35

40⁰C | No Activator 
| w/c:0.45

23⁰C | Ca(OH)2 | 
w/c:0.35

23⁰C | Ca(OH)2 | 
w/c:0.45

23⁰C | No Activator 
| w/c:0.35

23⁰C | No Activator 
| w/c:0.45

C
hl

or
id

e 
C

on
du

ct
iv

ity
 I

nd
ex

 (
m

S
/c

m
)

Chloride Conductivity Index

0% FA 25% FA 35% FA 50% FA

Excellent 
Category 



 

130 

 

Chloride Conductivity Test:  Porosity Results 

 

Table 4-24 and Table 4-25 show the results of the concrete porosity determined using 

the chloride conductivity index test method. The porosity was determined by vacuum 

saturating concrete specimens in a 5M Sodium Chloride solution for a period of 

eighteen hours. The test procedure is outlined in Section 3.9.2. 

 

Table 4-24: Porosity Results from CCI Tests (w/c = 0.35) 

FA content 
POROSITY (%) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 1.43 2.48 1.4 2.13 

25% 0.79 1.12 1.96 2.16 

35% 0.72 0.73 2.05 2.29 

50% 0.95 1.03 2.36 2.73 

 

 
Figure 4.46: Porosity Results from CCI Tests (w/c = 0.35) 

 

Table 4-25: Porosity Results from CCI Tests (w/c = 0.45) 

FA content 
POROSITY (%) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 3.27 3.43 3.28 3.47 

25% 1.69 2.34 3.37 3.78 

35% 1.31 1.51 3.45 3.82 

50% 1.49 1.58 3.37 3.55 
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Figure 4.47: Porosity Results from CCI Tests (w/c = 0.45) 

 

The porosity results display a trend similar to the chloride conductivity index results. 

Figure 4.46 and Figure 4.47 show the relationship between porosity and FA content. 

It can be observed that the porosity of fly ash concrete cured at high temperature is 

much lower than the porosity of fly ash concrete cured at 23°C. It can be noted that in 

concrete specimens cured at 40⁰C, there was a reduction in porosity as fly ash content 

increased. A comparison between Ca(OH)2 activated concrete and concrete without 

activation shows that concrete activated with Ca(OH)2 yielded lower porosity at 

25%FA, 35%FA and 50%FA replacement levels. However, the effect of Ca(OH)2 

activation was not noticeable on OPC concrete. The porosity of OPC concrete 

appeared to be generally the same for concrete with Ca(OH)2 and for concrete without 

Ca(OH)2 activation. This trend is observed across both curing temperature regimes 

and across the two w/c ratios of 0.35 and 0.45. The porosity results indicate that adding 

Ca(OH)2 to FA concrete, curing at high temperature and reducing the w/c ratio reduces 

the porosity of concrete. Figure 4.48 shows the relationship between fly ash content, 

w/c ratio, Ca(OH)2 content, curing temperature and concrete porosity. 
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Figure 4.48: Porosity Results for Specimens with w/c of 0.35 and 0.45 based on CCI Test. 
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4.3.2 Water Sorptivity Test 

 

Water Sorptivity Index (WSI) Test Results 

 

This section gives a comprehensive discussion of the results of water sorptivity index 

tests. The discussion focuses on the effect of varying FA content, curing temperature 

and w/c ratio on water absorption of concrete. The water sorptivity tests were used to 

determine the water sorptivity index and effective porosity of concrete specimens. The 

relationships between these parameters and fly ash content were investigated in order 

to establish the influence of fly ash on sorptivity and porosity of concrete. Sorptivity, 

often reffered to as surface absorption is the rate at which water moves through a 

concrete medium under capillary action. The movement of water through the concrete 

specimen is in one direction. Sorptivity is highly influenced by the pore structure of 

concrete, in particular the extent of capillary pores. Concrete with a bigger and 

continuous network of capillary pores absorbs water at a faster rate than concrete with 

smaller and less interconnected capillary pores. A low water sorptivity index value 

depicts durable concrete whereas  a high water sorptivity index value depicts concrete 

with poor durability. Sorptivity index values generally range from 5 mm/h0.5 for high 

durability concrete to  20 mm/h0.5 for low durability concrete (Alexander et al., 2008). 

The results shown in Table 4-26 and Table 4-27 were obtained from water sorptivity 

tests carried out on the concrete specimens. The results are an average of the output 

of four specimens, however in cases where some specimens exhibited huge variation, 

the average of three results was adopted as the final result. The outlier results were 

not considered in calculating the final average. 

 

Table 4-26: Sorptivity Test Results for Specimens with w/c = 0.45 

Fly Ash 
Content 

SORPTIVITY INDEX (mm/hr0.5) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 4.55 4.58 5.69 6.55 

25% 5.13 5.55 5.14 5.42 

35% 6.18 5.97 5.63 5.44 

50% 5.53 4.95 5.28 5.96 

 
 
 
 



 

134 

 

 
Figure 4.49: Water Sorptivity Index Results for Specimens with w/c of 0.45 

 

Table 4-26 and Figure 4.49 show water sorptivity index results of concrete specimens 

with w/c ratio of 0.45. It can be observed that all the concrete specimens yielded similar 

sorptivity results and there were no significant differences in sorptivity results as a 

result of varying fly ash content, curing temperature and Ca(OH)2 addition. 

 

Table 4-27: Sorptivity Test Results for Specimens with w/c = 0.35 

Fly Ash 
Content 

SORPTIVITY INDEX (mm/hr0.5) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 4.28 4.54 5.64 5.69 

25% 3.63 4.55 6.04 6.43 

35% 3.17 4.30 6.66 5.16 

50% 4.36 3.55 4.85 5.06 
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Figure 4.50: Water Sorptivity Index Results for Specimens with w/c of 0.35 

 

Table 4-27 and Figure 4.50 show the results of water sorptivity tests for concrete 

specimens with w/c ratio of 0.35. The results indicate that concrete specimens that 

were cured at 40⁰C recorded slightly lower water sorptivity results compared to 

specimens cured at 23⁰C. It can also be observed that there are no notable differences 

in the water sorptivity results as a result of adding Ca(OH)2 to some concrete mixes. 

Table 4-28 shows a comparison of Water Sorptivity Index results with values 

suggested by Alexander et al, (1999).  

 

Table 4-28: Comparison of Water Sorptivity Index Results with values suggested by Alexander et al, (1999) 

Fly Ash 
Content 

w/c Ratio 
SORPTIVITY INDEX (mm/hr0.5) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 

0.45 

4.55 < 6: Excellent 4.58 < 6: Excellent 5.69 < 6: Excellent 6.55 < 10: Good 

25% 5.13 < 6: Excellent 5.55 < 6: Excellent 5.14 < 6: Excellent 5.42 < 6: Excellent 

35% 6.18 < 10: Good 5.97 < 6: Excellent 5.63 < 6: Excellent 5.44 < 6: Excellent 

50% 5.53 < 6: Excellent 4.95 < 6: Excellent 5.28 < 6: Excellent 5.96 < 6: Excellent 
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4.28 < 6: Excellent 4.54 < 6: Excellent 5.64 < 6: Excellent 5.69 < 6: Excellent 

25% 3.63 < 6: Excellent 4.55 < 6: Excellent 6.04 < 10: Good 6.43 < 10: Good 

35% 3.17 < 6: Excellent 4.30 < 6: Excellent 6.66 < 10: Good 5.16 < 6: Excellent 

50% 4.36 < 6: Excellent 3.55 < 6: Excellent 4.85 < 6: Excellent 5.06 < 6: Excellent 
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Figure 4.51: Water Sorptivity Index Results for Specimens with w/c of 0.35 and 0.45 

 

Figure 4.51 shows a graphical comparison of all the water sorptivity index results. The 

results display differing trends for both w/c ratios of 0.35 and 0.45. A comparison of 

the results for all concrete specimens cured at 40⁰C indicates that concrete with w/c 

ratio of 0.35 yielded slightly lower sorptivity index results compared to concrete with 

w/c ratio of 0.45. The lower water sorptivity index of concrete with w/c ratio of 0.35 can 

be attributed to the reduced density of capillary pores in concrete with lower w/c ratio. 

This observation is consistent with the findings of Ekolu and Murugan (2012) who 

investigated durability index performance of high strength concretes and reported that 

increasing w/c ratio resulted in corresponding increase in water sorptivity index. The 

results for concrete cured at 23⁰C do not show any significant differences as a result 

of varying w/c ratio and Ca(OH)2 addition. Generally, the specimens cured at 23⁰C 

yielded higher sorptivity results when compared to concrete specimens cured at 40⁰C. 

This can be attributed to the influence of high temperature curing. The water sorptivity 

index results are too close to make any conclusive remarks regarding the influence of 

fly ash content, curing temperature and Ca(OH)2 addition. Table 4-21 shows the 

suggested water sorptivity index values developed by Alexander et al., (1999). A 

comparison of the water sorptivity index results with the suggested durability index 
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values indicates that the bulk of the water sorptivity index results fall in the excellent 

category (WSI<6). A similar comparison of the water sorptivity index results with the 

acceptance criterion detailed in Table 4-22 shows that the bulk of the water sorptivity 

results fall within the acceptable criterion for laboratory concrete.  

 

Water Sorptivity Test: Porosity Results 

 

Table 4-29 and Table 4-30 show the results of concrete porosity determined using the 

water sorptivity index test. The porosity was determined by vacuum saturating 

concrete specimens in a Ca(OH)2 solution for a period of eighteen hours. Table 4-29 

and Figure 4.52 show the results for concrete specimens with w/c ratio of 0.45. 

 

Table 4-29: Porosity Results from Water Sorptivity Tests (w/c = 0.45) 

FA content 
POROSITY (%) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 6.78 7.58 7.37 7.84 

25% 4.66 5.94 8.64 9.37 

35% 4.47 4.4 9.67 9.71 

50% 4.08 4.43 8.9 9.78 

 

 

Figure 4.52: Porosity Results for Specimens with w/c of 0.45 

 

The results presented in Figure 4.52 indicate the significant influence of high 

temperature curing on the porosity of fly ash concrete. The porosity results for OPC 

concrete are similar for concrete cured at both curing temperatures of 23⁰C and 40⁰C. 

Figure 4.52 shows that the porosity of concrete specimens cured at 23⁰C increased 
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slightly as the FA content was increased whereas the porosity of concrete cured at 

40⁰C decreased as the FA content increased. The reduction in porosity of concrete 

cured at 40⁰C is an indication of improved concrete pore structure due to the 

acceleration of pozzolanic reactions by heat activation. It can also be observed that 

under both curing temperatures, the concrete specimens with Ca(OH)2 addition 

yielded slightly lower porosity results when compared to specimens without Ca(OH)2. 

Table 4-30 and Figure 4.53 show the results for specimens with w/c ratio of 0.35. 

 

Table 4-30: Porosity Results from Water Sorptivity Tests (w/c = 0.35) 

Fly Ash 
Content 

POROSITY (%) 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 2.75 4.46 3.44 5.24 

25% 2.25 2.15 3.86 4.02 

35% 2.00 1.75 3.99 4.75 

50% 2.54 2.84 6.03 6.92 
 

 

Figure 4.53: Porosity Results for Specimens with w/c of 0.35 

 
Figure 4.53 shows a graphical presentation of porosity results for concrete with w/c 

ratio of 0.35. The results display a trend similar to the results of concrete specimens 

with a w/c ratio of 0.45. It can be noted that specimens cured at 40⁰C yielded 

significantly lower porosity results when compared to specimens cured at 23⁰C. A 

comparison of concrete specimens cured at 23⁰C shows that specimens with Ca(OH)2 

activation had lower porosity results compared to those that did not have Ca(OH)2 
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addition. A comparison of concrete specimens cured at 40⁰C shows that specimens 

with 25% FA and 35% FA which were activated with Ca(OH)2 yielded slightly lower 

porosity results compared to the specimens without Ca(OH)2 addition. There is a trend 

showing that concrete with Ca(OH)2 activation yielded lower porosity results compared 

to concrete without Ca(OH)2 activation. However, this trend is not quite distinct due to 

the close similarities of the results. In general, the results don’t display significant 

influence of Ca(OH)2 addition on concrete porosity determined using the water 

sorptivity index test. 50%FA concrete specimens with Ca(OH)2 addition had slightly 

lower porosity when compared with 50%FA specimens without Ca(OH)2 activation.  

 

 
Figure 4.54: Porosity Results for Specimens with w/c of 0.35 and 0.45 

 

Figure 4.54 shows a graphical comparison of the porosity results for concrete 

specimens with w/c ratio of 0.35 and 0.45. The bar graphs display a consistent trend 

which indicates that all the specimens with w/c ratio of 0.35 yielded lower porosity 

compared to specimens with w/c ratio of 0.45. This shows the influence of w/c ratio on 

porosity of concrete and it indicates that low w/c ratio results in reduced concrete 

porosity. It can be noted that adding Ca(OH)2 to specimens cured at 40⁰C and 23⁰C 

did not result in significant changes of porosity. OPC concrete specimens don’t show 

any notable changes in porosity when cured at 40⁰C and 23⁰C. However, fly ash 

concrete specimens cured at 40⁰C yielded significantly lower porosity when compared 
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to fly ash concrete specimens cured at 23⁰C. This can be attributed to the influence of 

fly ash as a fine filler and also the role played by high temperature curing on 

accelerating pozzolanic reactions. Based on these observations coupled with the 

sorptivity index results, it can be concluded that lower w/c ratio, high temperature 

curing and Ca(OH)2 activation reduces the porosity of concrete and greatly contributes 

to the durability of concrete. 
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4.3.3 Oxygen Permeability Index (OPI) Test 

 

Permeability is an important durability property of concrete. Permeable concrete is 

prone to ingress of deleterious substances such as carbon dioxide. The oxygen 

permeability index (OPI) test evaluates the extent of voids and pores in concrete and 

it is highly sensitive to voids and cracks in the concrete. 

 

Permeation is another transport mechanism responsible for the movement of 

deleterious substances through concrete pores and cracks. The oxygen permeability 

index (OPI) test models the movement of fluids through concrete under a pressure 

gradient. The OPI test consists of a falling head permeameter in which oxygen under 

pressure is passed through concrete over a period of time and the Darcy coefficient of 

permeability (k) for the concrete is determined. The oxygen permeability index value 

gives a measure of the concrete permeability. High oxygen permeability index values 

signify concrete that is less permeable whereas low oxygen permeability index values 

indicate more permeable concrete. The oxygen permeability index values normally 

range between 8 and 11 (Alexander et al., 2008). Table 4-31 shows the oxygen 

permeability index results for concrete with w/c ratio of 0.45. A graphical comparison 

of the OPI results for concrete with w/c ratio of 0.45 is shown in  

Figure 4.55. It can be noted that the OPI results for all the specimens are similar such 

that it is not possible to determine the influence of curing temperature or Ca(OH)2 

addition on the oxygen permeability index. During OPI testing, it was observed that 

the rate of oxygen pressure decay was very slow such that some consecutive readings 

from the data logger were the same instead of reducing. The slow rate of oxygen 

pressure decay can be attributed to the dense microstructure of the concrete 

specimens.  

 

Table 4-31: Oxygen Permeability Index Results for Specimens with w/c ratio of 0.45 

Fly Ash 
Content 

Oxygen Permeability Index : w/c = 0.45 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 11.71 11.49 11.58 11.44 

25% 11.49 11.24 11.09 10.97 

35% 11.30 11.56 10.99 11.01 

50% 11.26 10.97 11.26 10.83 
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Figure 4.55: Oxygen Permeability Index Results for Specimens with w/c ratio of 0.45 

 
Table 4-32: Oxygen Permeability Index Results for Specimens with w/c ratio of 0.35 

Fly Ash 
Content 

Oxygen Permeability Index: w/c = 0.35 

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 11.25 11.09 11.48 11.16 

50% 11.23 11.50 11.14 11.25 

 

 
Figure 4.56: Oxygen Permeability Index Results for Specimens with w/c ratio of 0.35 
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Table 4-32 and Figure 4.56 show the results of OPC concrete specimens and 50% FA 

concrete specimens with a w/c ratio of 0.35. It can be observed that the results are 

similar and there is no notable difference between the OPI results for OPC concrete 

specimens and those of 50% FA concrete specimens. The similarity of these results 

indicates that varying curing temperature, Ca(OH)2 addition and 50% FA replacement 

did not yield any notable influence on the oxygen permeability index of concrete 

investigated in this study. 

 
Table 4-21 shows the suggested oxygen permeability Index values developed by 

Alexander et al., (1999). A comparison of the OPI results with these suggested OPI 

values indicates that all the OPI test results fall in the excellent category (OPI > 10). 

Similarly, comparing the OPI results with the acceptance criterion detailed in Table 

4-22 shows that all the OPI results fall within the acceptable criterion for laboratory 

concrete and that of concrete in as-built structures. Table 4-33 shows a comparison 

of the Oxygen Permeability Index results with values suggested by Alexander et al, 

(1999) 

 

Table 4-33: Comparison of Oxygen Permeability Index results with values suggested by Alexander et al, (1999) 

Fly Ash 
Content 

w/c 
Ratio 

Oxygen Permeability Index  

40⁰C / Ca(OH)2 40⁰C / No Activator 23⁰C / Ca(OH)2 23⁰C / No Activator 

0% 

0.45 

11.71 11.49 11.58 11.44 

25% 11.49 11.24 11.09 10.97 

35% 11.30 11.56 10.99 11.01 

50% 11.26 10.97 11.26 10.83 

 

0% 
0.35 

11.25 11.09 11.48 11.16 

50% 11.23 11.50 11.14 11.25 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

144 

 

4.3.4 Summary of durability Index Tests 

 

The durability index results indicate that all the concrete mixes examined in this study 

were of superior quality. The influence of a number of factors such as fly ash content, 

w/c ratio, curing temperature and Ca(OH)2 addition was established. In some cases, 

the influence of some of the factors was not significant. The results indicated that 

adding fly ash improved the durability of concrete with respect to chloride ion diffusion 

and water sorptivity. The durability parameter that was significantly improved by 

adding fly ash was the chloride conductivity index. The influence of adding Ca(OH)2 

to the concrete yielded slightly better results compared to concrete without Ca(OH)2 

activation. High temperature curing improved the durability of fly ash concrete as 

evidenced by the results of chloride conductivity index and water sorptivity index.  A 

study conducted by Cabrera and Nwaubani (1998) on the microstructure of cements 

containing metakaolin and fly ash reported that high temperature curing accelerates 

the pozzolanic reactions and results in the rapid filling of capillary pores with reaction 

products. The fly ash fine filler effect can also be attributed to the improved durability 

of fly ash concrete. Superplasticizers also have the potential of improving the durability 

of concrete. Investigations conducted by Ekolu (2014) on the effects of 

superplasticizers on durability indexes established that superplasticizers can influence 

the durability indexes of concrete. They reported that some superplasticizers improved 

durability indexes whilst some resulted in lower durability index performance. 

 

The concrete porosity values obtained from Chloride conductivity test are lower than 

the porosity values obtained from the Sorptivity test. This can be attributed to chloride 

binding which results in the formation of Friedel’s salt that lessen the porous structure 

of the paste (Gardner et. al., 2006; Shen et. al., 2019; Yuan et. al., 2009). The Chloride 

conductivity test is carried out after the chloride binding has taken place on samples 

that have been saturated in a highly concentrated sodium chloride solution. 
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4.3.5 Regression Analysis of Durability and Compressive Strength Results 

 

Regression analysis was used to relate the chloride conductivity index to fly ash 

content. It was established that a polynomial regression function of order two can best 

describe the relationship between chloride conductivity index and fly ash content. The 

relationship was best described by the regression analysis function of the form shown 

in Equation 4-4 with an average correlation (R2) value of 0.97. The regression 

functions for each graph showed a high correlation and they can be used to develop 

prediction models of chloride conductivity index in concrete with varying fly ash 

contents. The typical regression trendlines depicting the relationship between chloride 

conductivity index and fly ash content are shown in Figure 4.57. 

 

𝑦 = 𝐴𝑥2 − 𝐵𝑥 + 𝐶      Equation 4-4 

Where:  𝑦 is the Chloride Conductivity Index 

  A, B and C are constants 

  𝑥 is fly ash content as a percentage 

 

 
Figure 4.57: Typical Regression Trendlines for the Relationship between FA content and Chloride 
Conductivity Index  
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Figure 4.58 outlines the relationship between chloride conductivity index and porosity 

of concrete determined using the chloride conductivity index test. It can be noted that 

there is good correlation between chloride conductivity index and porosity of concrete. 

An increase in concrete porosity results in a corresponding increase in chloride 

conductivity. This relationship can be observed across all the concrete specimens. 

The relationship between chloride conductivity index and porosity is best described by 

the regression function of the form shown in Equation 4-5. 

 

𝑦 = 𝐴𝑥𝐵     Equation 4-5 

Where:  𝑦 is the Chloride Conductivity Index 

  A and B are constants 

  𝑥 is concrete porosity 

 

 
Figure 4.58: Relationship between Chloride Conductivity Index and Porosity Determined Using CCI Test  
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Figure 4.59: Relationship between Compressive Strength and Porosity Determined Using Chloride 

Conductivity Index Test 

 

 
Figure 4.60: Relationship between Compressive Strength and Porosity Determined Using Water 

Sorptivity Index Test 
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Figure 4.59 and Figure 4.60 shows the relationship between compressive strength 

and porosity determined using the chloride conductivity index test and water sorptivity 

index test respectively. It can be noted in both graphs that the correlation between 

compressive strength and porosity is low. However, it can be established in both 

graphs that an increase in concrete porosity resulted in a corresponding decrease in 

compressive strength. Figure 4.61 shows the relationship between compressive 

strength and water sorptivity index. The graph indicates that there is no correlation 

between compressive strength and water sorptivity index, however it can be noted that 

when the water sorptivity index increases the compressive strength of concrete 

reduces. The discussion on the regression analysis of the relationship between 

durability indexes, porosity and compressive strength indicates that when porosity 

increases there is a corresponding reduction in compressive strength. Similarly, an 

increase in porosity results in a corresponding increase in chloride conductivity. 

 

 

Figure 4.61: Relationship between Compressive Strength and Water Sorptivity Index  
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5. Economic Analysis of High Strength High Volume Fly Ash Concrete 

 

The compressive strength and durability results of high-volume fly ash concrete 

obtained in this study indicate that it is beneficial to utilize higher quantities of fly ash 

in concrete. The benefits of increased fly ash utilisation range from improved concrete 

properties to significant cost reduction in concrete material cost. This section gives an 

overview of the economic benefits of incorporating fly ash in concrete based on the 

results obtained during the laboratory testing of concrete samples.  

 

5.1 Engineering Benefits 

High volume fly ash improves the workability of concrete. This presents significant cost 

savings as a result of reduced demand for high range water reducing admixtures. The 

superplasticiser dosage results presented in Figure 3.15 indicate that 50% fly ash 

concrete utilised the least amount of superplasticiser when compared to the other 

concrete mixes. The durability results indicate that incorporating high volume fly ash 

improved the durability properties of concrete. The improved durability prolongs the 

life span of a concrete structure and this presents a possible cost saving on the future 

maintenance cost of a concrete structure. 

 

5.2 Environmental Benefits 

The economic benefits of high-volume fly ash utilisation are not only limited to direct 

cost saving due to the reduction in cement content in concrete. The economic benefits 

also include reduction in costs associated with environmental factors such as carbon 

emissions, extraction of cement raw material and fly ash disposal. The cement 

manufacture process is an energy intensive process which emits significant amounts 

of carbon dioxide (Duda et al., 2016). Therefore, reducing the demand of cement by 

incorporating high volume fly ash results in corresponding reduction in energy costs 

associated with cement manufacture. The costs associated with cement raw material 

extraction and the resulting environmental degradation can be reduced when 

significant quantities of cement are replaced with fly ash. Duda et al. (2016) state that 

the production of 1 kg of cement emits 0.86 kg of carbon dioxide. With such high 

carbon emissions, cement manufacturing is likely to be affected by carbon emissions 

penalties such as statutory carbon taxes. The South African government has 

introduced the Carbon Tax Bill (2018) which proposes a tax rate of R120 per tonne of 
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carbon dioxide emitted. This carbon tax burden can be lessened through increased 

use of fly ash in cement and concrete. Table 5-5 gives an overview of the possible 

carbon tax costs for 60MPa concrete incorporating high volume fly ash. The other 

significant benefit of high-volume fly ash utilisation is the reduction in the cost of fly 

ash disposal in compliance with environmental laws.  

 

5.3 Cost Benefits 

An economic analysis of high-volume fly ash concrete is essential in promoting higher 

levels of cement substitution with fly ash. Figure 5.1 presents the graphical relationship 

between the 28-day compressive strength results and fly ash content. It can be noted 

that most of the concrete samples yielded compressive strength above 60MPa with fly 

ash contents of up to 50%. A regression analysis of the 28-day compressive strength 

graphs shown in Figure 5.1 indicates that it is possible to achieve 28-day compressive 

strength of 60MPa with FA contents in excess of 50%. Table 5-1 shows the regression 

functions for each of the 28-day compressive strength graphs presented in Figure 5.1.  

 

 
Figure 5.1: Relationship between 28 Day Compressive Strength and Fly Ash Content 
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Table 5-1: Regression Functions for 28 Day Compressive Strength Graphs 

w/c Ratio Curing Temperature | 
Chemical Activator 

Regression Function Correlation Factor 

w/c=0.35 

40⁰C | Ca(OH)2  y = -249.5x2 + 96.924x + 109.5 R² = 0.9959 

40⁰C | No Activator  y = -178.28x2 + 53.656x + 104.58 R² = 0.9998 

23⁰C | Ca(OH)2  y = -168.75x2 + 6.497x + 115.45 R² = 0.9951 

23⁰C | No Activator  y = -123.1x2 - 44.989x + 120.35 R² = 0.9998 

 

w/c=0.45 

40⁰C | Ca(OH)2   y = -356.48x2 + 164.85x + 76.342 R² = 0.9730 

40⁰C | No Activator  y = -437.44x2 + 194.37x + 71.468 R² = 0.8931 

23⁰C | Ca(OH)2   y = -171.62x2 + 13.99x + 86.933 R² = 0.9970 

23⁰C | No Activator  y = -320.13x2 + 84.635x + 78.148 R² = 0.9223 

Where: y is Compressive Strength (MPa) 
 X is Fly Ash Content (%)   
 

Plotting the regression functions presented in Table 5-1 for fly ash contents ranging 

between 0% and 90% yields compressive strength-fly ash content trendlines shown in 

Figure 5.2. 

 

 
Figure 5.2: Trendlines for the Relationship Between 28 Day Compressive Strength and Fly Ash Content 

based on Regression Functions Presented in Table 5-1. 
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The regression trendlines in Figure 5.2 indicate that it is possible to achieve 28-day 

compressive strength of 60MPa with fly ash content of up-to 68% for concrete cured 

at 40°C with w/c ratio of 0.35. Table 5-2 shows eight concrete mixes which can be 

developed by incorporating fly ash contents derived from regression trendlines in 

Figure 5.2. The eight concrete mixes can attain 28-day compressive strength of 

60MPa for each particular w/c ratio, curing temperature and activation method. It can 

be observed in Figure 5.2 that there is a general trend of decreasing 28-day 

compressive strength with increasing fly ash content. This trend can be reversed by 

using a combination of fly ash activation techniques. The 28-day compressive strength 

of concrete can be increased through the use of alkali activators such as Ca(OH)2 in 

combination with heat activation and fine fly ash or fly ash blended with active 

components.  

 

Table 5-2: Eight 60MPa Concrete Mixes Incorporating Fly Ash Contents Derived from Regression Trendlines 

Mix w/c Ratio 
Curing Temperature | 
Chemical Activator 

Projected Fly Ash Content 
Projected 28 Day 

Compressive Strength 

P01 

w/c=0.35 

  40⁰C | Ca(OH)2  68% 60MPa 

P02   40⁰C | No Activator  67% 60MPa 

P03   23⁰C | Ca(OH)2  59% 60MPa 

P04   23⁰C | No Activator  54% 60MPa 
 

P05 

w/c=0.45 

  40⁰C | Ca(OH)2   54% 60MPa 

P06   40⁰C | No Activator  50% 60MPa 

P07   23⁰C | Ca(OH)2   44% 60MPa 

P08   23⁰C | No Activator  40% 60MPa 
 

The cost analysis was done for the binder material due to its significant contribution 

on the cost of concrete. The cost of other concrete constituents such as aggregates 

was not considered in the analysis due to the fact that their contents were kept 

constant in all the concrete mixes and their influence on the overall cost of concrete is 

much lower compared to the cost of binder material. A cost analysis of the binder 

material was done in order to ascertain the cost effectiveness of utilising high-volume 

fly ash and activation methods. The analysis was based on the cost of binder material 

per cubic metre of concrete. The cost of cement and fly ash was obtained from 

commercial retailers. The cost of a 50kg bag of OPC CEM 1 52.5N cement was 

R105.00 inclusive of VAT. The cost of a 40kg bag of ultra-fine fly ash was R62.10 

inclusive of VAT. The cost of ultra-fine fly ash is equal to 74% of the cost of OPC. 

Table 5-3 presents an outline of the cost of the binder materials used in the study. It 

can be noted that replacement of cement with fly ash yielded a corresponding binder 

cost reduction ranging between 6 and 13%. Table 5-4 shows the estimated binder 

costs based on the projections of fly ash binder materials which yield equal 28-day 
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compressive strength of 60MPa as outlined in Figure 5.2. The projected binder 

material costs shown in Table 5-4 indicate that high temperature curing and Ca(OH)2 

activation yield the highest binder material cost reduction for both w/c ratios.   

 

Table 5-3: Cost Comparison Between OPC and Fly Ash Binder Material 

Concrete 
Mix  

Cement Fly Ash Total Cost of 
Binder 

Material  
(R/m3 of 

Concrete)  

Binder Cost Reduction  

Quantity 
(kg/m3 of 
Concrete)  

Cement 
Cost  

(R/m3 of 
Concrete)  

Quantity 
(kg/m3 of 
Concrete)  

FA Cost  
(R/m3 of 

Concrete)  

(R/m3 of 

Concrete) 

Percentage 
Cost Reduction 

(%) 

OPC 400 R 840 0 R 0.00 R 840.00 R 0.00 0% 

25% FA 300 R 630 100 R 153.90 R 783.90 R 56.10 6.7% 

35% FA 260 R 546 140 R 215.46 R 761.46 R 78.54 9.35% 

50% FA 200 R 420 200 R 310.50 R 730.50 R 109.50 13% 

 

Table 5-4: Projected Cost of Binder Material Which Yields 28 Day Compressive Strength of 60MPa 

Mix 
Projected 
Fly Ash 
Content 

w/c 
Ratio 

Curing Temperature | 
Chemical Activator 

Cement Fly Ash Total Cost of 
Binder 

Material  
(R/m3 of 

Concrete) 

Quantity 
(kg/m3 of 
Concrete) 

Cost  
(R/m3 of 

Concrete) 

Quantity 
(kg/m3 of 
Concrete) 

FA Cost  
(R/m3 of 

Concrete) 

P01 68% 

w/c=0.35 

40⁰C | Ca(OH)2  128 R268.80 272 R422.28 R691.08 

P02 67% 40⁰C | No Activator  132 R277.20 268 R416.07 R693.27 

P03 59% 23⁰C | Ca(OH)2  164 R344.40 236 R366.39 R710.79 

P04 54% 23⁰C | No Activator  184 R386.40 216 R335.34 R721.74 

 

P05 54% 

w/c=0.45 

40⁰C | Ca(OH)2   184 R386.40 216 R335.34 R721.74 

P06 50% 40⁰C | No Activator  200 R420.00 200 R310.50 R730.50 

P07 44% 23⁰C | Ca(OH)2   224 R470.40 176 R273.24 R743.64 

P08 40% 23⁰C | No Activator  240 R504.00 160 R248.40 R752.40 

 

Table 5-5: Carbon Tax Cost Per Cubic Metre of Concrete with Projected 28 Day Strength of 60MPa 

Mix 
Projected 
Fly Ash 
Content 

w/c 
Ratio 

Curing Temperature | 
Chemical Activator 

Cement 
(kg/m3 of 
Concrete) 

Fly Ash 
(kg/m3 of 
Concrete) 

Carbon 
Emissions**  

(kg/m3 of 
Concrete) 

Carbon Tax 
(R/m3 of 

Concrete) 

P01 68% 

w/c=0.35 

40⁰C | Ca(OH)2  128kg 272kg 110.08kg R13.21 

P02 67% 40⁰C | No Activator  132kg 268kg 113.52kg R13.62 

P03 59% 23⁰C | Ca(OH)2  164kg 236kg 141.04kg R16.92 

P04 54% 23⁰C | No Activator  184kg 216kg 158.24kg R18.99 
 

P05 54% 

w/c=0.45 

40⁰C | Ca(OH)2   184kg 216kg 158.24kg R18.99 

P06 50% 40⁰C | No Activator  200kg 200kg 172.00kg R20.64 

P07 44% 23⁰C | Ca(OH)2   224kg 176kg 192.64kg R23.12 

P08 40% 23⁰C | No Activator  240kg 160kg 206.40kg R24.77 

**Carbon emissions calculated based on the emission of 0.86kg of CO2 for every kilogram of cement produced 
(Duda et al, 2016) 
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A cost analysis to evaluate the possible cost savings of using high volume fly ash was 

done using the total cost of binder material outlined in Table 5-4 and carbon tax costs 

outlined in Table 5-5. The binder content used in a study conducted by Angelucci 

(2013) was used to estimate the binder cost of OPC only concrete with 28-day 

compressive strength of 60MPa. Angelucci (2013) achieved 28 days compressive 

strength of 61MPa using OPC content of 388kg/m3 of concrete. Based on the OPC 

cement prices obtained in this study, the cost of OPC binder material used by 

Angelucci (2013) is R814.80 per cubic metre of concrete. The carbon tax cost for 

binder material with OPC content of 388kg/m3 is R46.56 per cubic metre of concrete. 

The cost of OPC only binder and carbon tax costs of OPC only concrete was used to 

compare with those of projected HVFA concrete mixes in order to determine the 

possible cost savings. Table 5.6 and Table 5.7 show the possible binder material and 

carbon tax cost savings respectively. 

 

Table 5-6: Possible binder material cost savings 

Mix 
Projected 
Fly Ash 
Content 

w/c 
Ratio 

Curing Temperature 
| Chemical Activator 

Total Cost of Binder 
Material  

(R/m3 of Concrete) 

Binder Cost 
Saving  

(R/m3 of Concrete)  

P01 68% 

w/c=0.35 

40⁰C | Ca(OH)2  R 691.08 R 123.72 

P02 67% 40⁰C | No Activator  R 693.27 R 121.53 

P03 59% 23⁰C | Ca(OH)2  R 710.79 R 104.01 

P04 54% 23⁰C | No Activator  R 721.74 R 93.06 

 

P05 54% 

w/c=0.45 

40⁰C | Ca(OH)2   R 721.74 R 93.06 

P06 50% 40⁰C | No Activator  R 730.50 R 84.30 

P07 44% 23⁰C | Ca(OH)2   R 743.64 R 71.16 

P08 40% 23⁰C | No Activator  R 752.40 R 62.40 

 

Table 5-7: Possible Carbon Tax Cost Savings 

Mix 
Projected 
Fly Ash 
Content 

w/c 
Ratio 

Curing Temperature 
| Chemical Activator 

Carbon Tax Cost 
(R/m3 of Concrete) 

Carbon Tax Saving  
(R/m3 of Concrete)  

P01 68% 

w/c=0.35 

40⁰C | Ca(OH)2  R 13.21 R 33.35 

P02 67% 40⁰C | No Activator  R 13.62 R 32.94 

P03 59% 23⁰C | Ca(OH)2  R 16.92 R 29.64 

P04 54% 23⁰C | No Activator  R 18.99 R 27.57 

 

P05 54% 

w/c=0.45 

40⁰C | Ca(OH)2   R 18.99 R 27.57 

P06 50% 40⁰C | No Activator  R 20.64 R 25.92 

P07 44% 23⁰C | Ca(OH)2   R 23.12 R 23.44 

P08 40% 23⁰C | No Activator  R 24.77 R 21.79 

 



 

155 

 

Table 5-8 outlines the increase or decrease in 28-day compressive strength of 

concrete due to fly ash addition. A comparison between increase or decrease in 28-

day compressive strength and reduction in binder cost is presented in Figure 5.3. It 

can be noted that in concrete cured at 40⁰C, the binder cost reduction of up to 11% 

had a corresponding increase in 28-day compressive strength. It can also be observed 

that concrete cured at 23⁰C exhibited significant decrease in 28-day compressive 

strength due to fly ash addition. Binder cost reduction of 13% had a corresponding 28-

day compressive strength decrease of approximately 40%. The binder cost and 

change in compressive strength comparisons are detailed in Figure 5.3 and  

Figure 5.4.    

 

Table 5-8: Increase or decrease in 28 Day Compressive Strength Compared to OPC Concrete Strength: w/c=0.45 

Concrete 
Mix  

Total Cost of 
Cementitious 

Material  
(R/m3 of 

Concrete)  

Cost 
Reduction 

(R/m3 of 
Concrete)  

Increase or Decrease in 28 Day Compressive Strength Compared to 
OPC Concrete Strength  

23⁰C |  
No Activator | 

w/c=0.45 

23⁰C | 
Ca(OH)2 | 
w/c=0.45 

40⁰C | 
 No Activator | 

w/c=0.45 

40⁰C | 
Ca(OH)2 | 
w/c=0.45 

OPC R 840.00 R 0.00 0 MPa 0 MPa 0 MPa 0 MPa 

25% FA R 783.90 R 56.10 +7.67 MPa -6.17 MPa +27.67 MPa +21.4 MPa 

35% FA R 761.46 R 78.54 -15.57 MPa -17.1 MPa +8.57 MPa +11.77 MPa 

50% FA R 730.50 R 109.50 -35 MPa -35.47 MPa -9.5 MPa -5.67 MPa 

 

 

Table 5-9: Increase or Decrease in 28 Day Compressive Strength Compared to OPC Concrete Strength: w/c=0.35 

Concrete 
Mix 

Total Cost of 
Cementitious 

Material  
(R/m3 of 

Concrete) 

Cost 
Reduction 

(R/m3 of 
Concrete) 

Increase or decrease in 28 Day Compressive Strength Compared to 
OPC Concrete Strength 

23⁰C | No 
Activator | 
w/c=0.35 

23⁰C | 
Ca(OH)2 | 
w/c=0.35 

40⁰C | No 
Activator | 
w/c=0.35 

40⁰C | 
Ca(OH)2 | 
w/c=0.35 

OPC R 840.00 R 0.00 0 MPa 0 MPa 0 MPa 0 MPa 

25% FA R 783.90 R 56.10 -19.33 MPa -7.47 MPa +2.13 MPa +7.87 MPa 

35% FA R 761.46 R 78.54 -30.47 MPa -19.73 MPa -2.93 MPa +4.07 MPa 

50% FA R 730.50 R 109.50 -53.43 MPa -38.33 MPa -17.8 MPa -14.23 MPa 
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Figure 5.3: Increase or Decrease in 28 Day Compressive Strength vs Cost Reduction (w/c=0.45)  
 

 
Figure 5.4: Increase or Decrease in 28 Day Compressive Strength vs Cost Reduction (w/c=0.35)  
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study indicate that HVFA concrete is less permeable and has excellent resistance 

chloride resistance. This translates into significant cost savings as a result of reduced 

maintenance costs and prolonged life span of a concrete structure. The literature 

review on the ecological benefits of high-volume fly ash indicates that its utilisation 

contributes to sustainability development and environmental preservation. This will 

help to mitigate against the costly effects of climate change. The cost analysis has 

shown that utilisation of high-volume fly ash is a worthwhile initiative that can be 

embraced in the quest to reduce the cost of concrete materials. 



CHAPTER 6 

158 

 

6. CONCLUSIONS  

 

The objectives of this study were to investigate the influence of high volume fly ash 

content, curing temperature, Ca(OH)2 activation and water to cement ratio on 

compressive strength development and durability of concrete. The following 

conclusions were made based on the findings of this investigation. 

 

1. Effect of high-volume fly ash content on compressive strength and durability 

of concrete 

 

• The results indicate that partial replacement of cement with 25% fly ash 

produces concrete with compressive strength higher than that of OPC concrete, 

35%FA concrete and 50%FA concrete at the ages of 28 days and beyond. This 

is notable at both curing temperature conditions and across both w/c ratios of 

0.35 and 0. 45. Therefore, it can be concluded that the optimum fly ash content 

for concrete evaluated in this study is 25%. 

 

• Substituting cement with 50% fly ash results in reduced early age compressive 

strength development when concrete is cured at normal temperature without 

chemical activation. However, subjecting 50%FA concrete to high temperature 

curing and Ca(OH)2 activation improves early age strength of concrete. 

 

• The regression analysis of compressive strength development trends indicates 

that it is possible to develop high strength-high volume fly ash concrete with 28-

day compressive strength of 60MPa using fly ash content of between 40% and 

68% depending on the fly ash activation methods adopted.  

 

• Fly ash concrete has better resistance to chloride penetration compared to OPC 

concrete. Increasing fly ash content in concrete improves the concrete 

resistance to chloride ingress. Improvements in chloride resistance were 

significant at 25%, 35% and 50% fly ash replacement levels. It can be 

concluded that the optimum fly ash replacement level for improved chloride 

resistance is 35%.  
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• Substituting cement with high volume fly ash content improves the 

workability of concrete. The results indicate that OPC concrete requires 

higher superplasticiser dosage compared to fly ash concrete in order to 

achieve workability within the desired slump range. The workability of 

concrete improves with increase in fly ash content. High volume fly ash 

concrete with 50% FA content had the most significant reduction in the water 

requirement. The reduction in the water demand for high-volume fly ash 

concrete results in cost saving owing to reduced use of superplasticisers. 

 

• High strength concrete with 28 day compressive strength of 60MPa can be 

achieved with high volume fly ash content.  

 

2. Effect of curing temperature on compressive strength of concrete and 

durability of concrete 

 

• High temperature curing increases the rate of strength development of fly ash 

concrete. The increase in the rate of strength development is more significant 

in high volume fly ash concrete with 35%FA and 50%.  

 

• Pozzolanic reactions between fly ash and Ca(OH)2 are accelerated by high 

temperature curing. The results indicate that 50% FA concrete gained strength 

rapidly when it was cured at a high temperature of 40⁰C compared to curing at 

23ºC.  

 

• The late age strength of OPC concrete is reduced when concrete is cured at 

high temperature. The results indicate that the late age compressive strength 

of OPC concrete cured at high temperature was lower than that of concrete 

cured at 23ºC. This was noted at both w/c ratios of 0.35 and 0.45. Therefore, it 

can be concluded that high temperature curing impacts on late age 

compressive strength development for OPC concrete.  
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• Curing fly ash concrete at high temperature results in concrete with improved 

resistance to chloride penetration. This effect is more significant in high volume 

fly ash concrete.  

 

• High temperature curing improves the resistance of concrete to water 

penetration through capillary action.  

 

• High temperature curing results in higher compressive strength and durability 

improvements compared to Calcium Hydroxide activation.   

 

• The porosity of concrete cured at high temperature is lower that the porosity of 

concrete cured at 23°C. 

 

• Concrete porosity determined using chloride conductivity index test is 

significantly lower than porosity determined using the water sorptivity index test. 

 

3. Effect of Calcium Hydroxide Activation on compressive strength and 

durability of concrete 

 

• Ca(OH)2 activation improves the compressive strength of high volume fly ash 

concrete. The results indicate that there was no notable improvement in 

compressive strength of OPC concrete and 25% FA concrete as a result of 

Ca(OH)2 activation. The effect of Ca(OH)2 activation was significant in concrete 

with high volume fly ash contents of 35%  and 50%. 

 

• Calcium Hydroxide has a high-water demand. Addition of Ca(OH)2 to concrete 

increases the water requirement of concrete. The superplasticiser dosage 

results indicate that concrete mixes with calcium hydroxide required more 

superplasticiser compared to similar concrete mixes without calcium hydroxide. 

 

• Combination of high temperature curing and Ca(OH)2 activation significantly 

improves strength of HVFA concrete. 
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4. Effect of water content on compressive strength and durability of concrete 

 

• Low w/c ratio reduces the chloride conductivity index of concrete. The results 

indicate that concrete with w/c ratio of 0.35 had more resistance to chloride 

penetration compared to concrete with w/c ratio of 0.45. 

 

• Low w/c ratio increases the compressive strength of concrete with varying 

amounts of fly ash content.  

 

5. X-Ray diffraction Analysis 

 

• The early age compressive strength of fly ash concrete can be improved by 

addition of Calcium Hydroxide. The X-ray diffraction analysis indicates that 

there was significant calcium hydroxide depletion in fly ash concrete compared 

to OPC concrete. The calcium hydroxide peaks for fly ash concrete were much 

smaller at 90 days compared to 28 days. However, in OPC concrete, the 

calcium hydroxide peaks at 90 days were the same as the peaks at 28 days.   

 

6. Economic Analysis 

 

• High volume fly ash concrete yields significant cost savings. The economic 

analysis indicates that replacing cement with FA can reduce the cost of 

concrete binder material.  
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7. RECOMMENDATIONS FOR FUTURE RESEARCH 

 

The following research areas are recommended for future research in order to expand 

knowledge pertaining to development of high strength-high volume fly ash concrete 

subjected to high temperature and chemical activation.  

 

• Influence of Ca(OH)2 addition on water demand and workability of high volume 

fly ash concrete. 

 

• Influence of Ca(OH)2 addition on the heat of hydration of high volume fly ash 

concrete. 

 

• Optimum Duration of high temperature curing of high-volume fly ash concrete 

 

• Pore size distribution of high-volume fly ash concrete paste 

 

• Reliability of Oxygen Permeability Index Test in the evaluation of high-strength 

concrete. 
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9. Annexures 

 

Annexure 1: Compressive Strength Results 

 
Table 9-1: Compressive Strength Test Results 

     
23⁰C Curing Temperature 40⁰C Curing Temperature 

Mix 
Cementitious 

Material 
w/c 

Ratio 

Calcium 
Hydroxide 

Content 

Ages  
(Days) 

Average 
Compressive 
Strength of 3 
Cubes (MPa) 

Standard 
Deviation 

Average 
Compressive 
strength of 3 
Cubes (MPa) 

Standard 
Deviation 

1 OPC 0.35 5% 

1 59 1.10 73 2.86 

3 81 2.12 85 2.37 

7 95 2.34 92 4.16 

28 115 0.31 110 1.60 

90 120 2.72 112 1.53 

180 122 3.18 114 1.57 

 

2 OPC 0.35 0% 

1 55 1.44 69 2.96 

3 90 0.78 81 1.17 

7 98 1.29 86 2.68 

28 120 2.62 105 4.08 

90 124 1.40 110 1.20 

180 126 1.47 114 3.79 

 

3 OPC 0.45 5% 

1 24 0.38 33 0.62 

3 59 1.77 58 2.49 

7 70 0.67 68 1.72 

28 87 1.15 76 1.05 

90 92 0.76 78 1.22 

180 95 2.95 82 1.68 

 

4 OPC 0.45 0% 

1 19 1.02 31 1.81 

3 57 1.15 55 1.79 

7 69 1.05 63 1.13 

28 77 0.72 71 3.18 

90 88 1.52 74 4.20 

180 90 0.12 778 1.93 

 

5 OPC+25%FA 0.35 5% 

1 35 0.91 46 1.23 

3 62 3.21 73 1.41 

7 82 0.20 87 0.80 

28 108 2.20 117 3.72 

90 121 1.33 119 0.92 

180 124 1.60 121 1.01 
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23⁰C Curing Temperature 40⁰C Curing Temperature 

Mix 
Cementitious 

Material 
w/c 

Ratio 

Calcium 
Hydroxide 

Content 

Ages  
(Days) 

Average 
Compressive 
Strength of 3 
Cubes (MPa) 

Standard 
Deviation 

Average 
Compressive 
strength of 3 
Cubes (MPa) 

Standard 
Deviation 

6 OPC+25%FA 0.35 0% 

1 31 0.83 41 1.21 

3 58 0.98 62 1.59 

7 75 0.81 80 4.97 

28 101 3.30 107 4.98 

90 126 2.39 116 3.83 

180 128 0.87 118 1.72 

 

7 OPC+25%FA 0.45 5% 

1 18 0.53 31 1.25 

3 44 0.46 52 0.51 

7 58 1.11 73 1.31 

28 81 2.46 97 1.07 

90 105 2.72 106 1.68 

180 109 3.61 108 1.00 

 

8 OPC+25%FA 0.45 0% 

1 16 0.25 25 0.76 

3 45 0.64 51 1.18 

7 59 1.78 70 0.30 

28 85 2.72 98 1.29 

90 107 1.92 105 6.47 

180 109 1.21 107 1.25 

 

9 OPC+35%FA 0.35 5% 

1 32 0.95 41 0.61 

3 50 1.55 58 0.76 

7 69 1.18 80 2.25 

28 96 3.00 114 3.41 

90 105 3.59 116 2.00 

180 113 2.91 119 1.82 

 

10 OPC+35%FA 0.35 0% 

1 28 1.19 38 1.75 

3 51 2.00 58 2.47 

7 64 2.55 80 0.90 

28 90 2.91 102 1.36 

90 100 1.97 106 1.51 

180 104 1.83 109 3.14 

 

11 OPC+35%FA 0.45 5% 

1 14 0.46 21 1.36 

3 37 1.79 43 0.60 

7 48 0.59 61 1.79 

28 70 2.09 88 3.92 

90 94 2.72 102 5.61 

180 103 2.85 107 5.03 
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23⁰C Curing Temperature 40⁰C Curing Temperature 

Mix 
Cementitious 

Material 
w/c 

Ratio 

Calcium 
Hydroxide 

Content 

Ages  
(Days) 

Average 
Compressive 
Strength of 3 
Cubes (MPa) 

Standard 
Deviation 

Average 
Compressive 
strength of 3 
Cubes (MPa) 

Standard 
Deviation 

12 OPC+35%FA 0.45 0% 

1 13 0.36 20 0.38 

3 27 1.45 38 1.01 

7 39 1.10 54 2.37 

28 62 1.20 79 1.86 

90 79 0.62 91 3.79 

180 89 2.50 94 2.16 

 

13 OPC+50%FA 0.35 5% 

1 22 0.51 31 0.95 

3 38 0.29 51 3.36 

7 49 0.45 73 0.81 

28 77 1.10 95 1.60 

90 105 2.12 108 1.44 

180 115 1.53 114 3.59 

 

14 OPC+50%FA 0.35 0% 

1 21 0.57 27 1.48 

3 34 1.12 43 1.50 

7 44 0.87 62 1.91 

28 67 0.90 87 1.20 

90 89 5.21 97 2.25 

180 105 2.75 103 1.40 

 

15 OPC+50%FA 0.45 5% 

1 9 0.10 13 0.99 

3 23 0.15 32 1.48 

7 30 0.25 47 0.78 

28 51 1.60 70 2.36 

90 71 1.40 84 0.82 

180 83 2.00 86 0.78 

 

16 OPC+50%FA 0.45 0% 

1 7 0.10 11 0.62 

3 17 0.20 24 1.31 

7 25 0.96 36 1.23 

28 42 0.47 61 1.27 

90 62 2.72 71 1.56 

180 75 2.53 73 1.87 
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Annexure 2: Compressive Strength Line Graphs for Relationship 

Between Compressive Strength and Age of Concrete 

 

 

Figure 9.1: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.45) 

 

 

Figure 9.2: Compressive Strength for Concrete Cured at 23⁰C with Ca(OH)2 Activator (w/c = 0.45) 
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Figure 9.3: Compressive Strength for Concrete Cured at 40⁰C without Ca(OH)2 Activation (w/c = 0.45) 

 

 

 
Figure 9.4: Compressive Strength for Concrete at 40⁰C with Ca(OH)2 Activator (w/c = 0.45) 
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Figure 9.5: Compressive Strength for Concrete Cured at 23⁰C without Ca(OH)2 Activator (w/c = 0.35) 

 

 

 
Figure 9.6: Compressive Strength for Concrete Cured at 23⁰C with Ca(OH)2 Activation (w/c = 0.35) 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

110

120

130

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

C
o

m
p

re
ss

iv
e 

S
tr

en
g

th
 (

M
P

a)

Age (Days)

23⁰C Curing Temperature: w/c 0.35: No Activator

0%FA 25%FA 35%FA 50%FA

0

10

20

30

40

50

60

70

80

90

100

110

120

130

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

C
o

m
p

re
ss

iv
e 

S
tr

en
g

th
 (

M
P

a)

Age (Days)

23⁰C Curing Temperature: w/c 0.35: Ca(OH)2 Activation

0%FA 25%FA 35%FA 50%FA

High Strength Concrete > 60 MPa 

 

High Strength Concrete > 60 MPa 

 



 

178 

 

 

 

Figure 9.7: Compressive Strength for Concrete Cured at 40⁰C without Ca(OH)2  Activator (w/c = 0.35) 

 

 

 
Figure 9.8: Compressive Strength for Concrete Cured at 40⁰C with Ca(OH)2 Activator (w/c = 0.35) 
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Annexure 3: Compressive Strength Line Graphs for Relationship 

Between Compressive Strength and Fly Ash Content 

 

 
Figure 9.9: Relationship Between Compressive strength and FA Content (23⁰C: w/c 0.45: No Activator) 

 

 
Figure 9.10: Relationship between Compressive strength and FA Content (23⁰C: w/c 0.45: Ca(OH)2 Activator) 
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Figure 9.11: Relationship Between Compressive strength and FA Content (40⁰C: w/c 0.45: No Activator) 

 

 
Figure 9.12: Relationship Between Compressive strength and FA Content (40⁰C: w/c 0.45: Ca(OH)2 Activator) 
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Figure 9.13: Relationship Between Compressive strength and FA Content (23⁰C: w/c 0.35: No Activator) 

 
 

 
Figure 9.14: Relationship Between Compressive strength and FA Content (23⁰C: w/c 0.35: Ca(OH)2 Activator) 
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Figure 9.15: Relationship Between Compressive strength and FA Content (40⁰C: w/c 0.35: No Activator) 

 
 

 
Figure 9.16: Relationship Between Compressive strength and FA Content (40⁰C: w/c 0.35: Ca(OH)2 Activator) 
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Annexure 4: Chloride Conductivity Test and Porosity 
Results 
 

The Chloride Conductivity Index results were processed using an Excel spreadsheet 

developed by University of Capetown and University of Witwatersrand (2017). 
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Table 9-2: Chloride Conductivity Index Test Results 

     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

3 OPC 0.45 5% 

1 0.75 

0.76  11.88 

0.74 

0.74  10.95 
2 0.87 0.66 

3 0.65 0.85 

4 0.77 0.71 

4 OPC 0.45 0% 

1 0.87 

0.85  4.96 

0.80 

0.77  9.57 
2 0.79 0.67 

3 0.89 0.75 

4 0.86 0.84 

7 OPC+25%FA 0.45 5% 

1 0.37 

0.38  3.59 

0.08 

0.09  4.82 
2 0.36 0.09 

3 0.38 0.09 

4 0.39 0.09 

8 OPC+25%FA 0.45 0% 

1 0.46 

0.45  4.09 

0.15 

0.13  14.28 
2 0.45 0.11 

3 0.42 0.13 

4 0.46 0.12 

11 OPC+35%FA 0.45 5% 

1 0.30 

0.27  10.10 

0.07 

0.06  7.59 
2 0.28 0.07 

3 0.28 0.06 

4 0.23 0.06 

12 OPC+35%FA 0.45 0% 

1 0.26 

0.29  7.84 

0.07 

0.07  

4.32 
 
 

 
 

2 0.32 007 

3 0.29 0.08 

 0.30 0.08 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

15 OPC+50%FA 0.45 5% 

1 0.38 

0.37  5.55 

0.05 

0.08  30.76 
2 0.40 0.08 

3 0.37 0.07 

4 0.35 0.11 

16 OPC+50%FA 0.45 0% 

1 0.37 

0.39  2.48 

0.07 

0.07  3.58 
2 0.39 0.07 

3 0.39 0.08 

4 0.39 0.07 

 

1 OPC 0.35 5% 

1 0.37 

0.28  24.19 

0.22 

0.24  15.72 
2 0.28 0.21 

3 0.21 0.22 

4 0.26 0.29 

2 OPC 0.35 0% 

1 0.28 

0.28  6.17 

0.27 

0.28  15.28 
2 0.27 0.31 

3 0.27 0.31 

4 0.30 0.22 

5 OPC+25%FA 0.35 5% 

1 0.15 

0.15  8.79 

0.03 

0.04  12.09 
2 0.15 0.03 

3 0.16 0.04 

4 0.13 0.04 

6 OPC+25%FA 0.35 0% 

1 0.16 

0.18  9.01 

0.05 

0.05  11.15 
2 0.18 0.05 

3 0.20 0.04 

4 0.17 0.06 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

CCI Value 
(mS/cm) 

Average CCI 
(mS/cm) 

 Coeff. Of 
Variation (%) 

9 OPC+35%FA 0.35 5% 

1 0.11 

0.12  5.72 

0.03 

0.04  21.04 
2 0.12 0.04 

3 0.12 0.04 

4 0.12 0.03 

10 OPC+35%FA 0.35 0% 

1 0.13 

0.12  2.02 

0.04 

0.04  11.46 
2 0.13 0.03 

3 0.12 0.04 

4 0.12 0.04 

13 OPC+50%FA 0.35 5% 

1 0.21 

0.24  11.16 

0.06 

0.06  1.23 
2 0.23 0.06 

3 0.27 0.06 

4 0.24 0.06 

14 OPC+50%FA 0.35 0% 

1 0.22 

0.22  5.28 

0.07 

0.06  6.11 
2 0.21 0.06 

3 0.22 0.06 

4 0.24 0.06 
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Table 9-3: Porosity Test Results Determined in Terms of CCI Test 

     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
Standard 
Deviation 

Coeff. Of 
Variation (%) 

Porosity 
(%) 

Average 
Porosity (%) 

Standard 
Deviation 

Coeff. Of 
Variation (%) 

3 OPC 0.45 5% 

1 3.27 

3.28  2.45 

3.13 

3.27  4 
2 3.35 3.32 

3 3.17 3.43 

4 3.32 3.21 

4 OPC 0.45 0% 

1 3.46 

3.47  2.86 

3.62 

3.43  4.20 
2 3.61 3.32 

3 3.40 3.32 

4 3.40 3.48 

7 OPC+25%FA 0.45 5% 

1 3.38 

3.37  3.52 

1.74 

1.69  3.47 
2 3.29 1.63 

3 3.31 1.73 

4 3.52 1.64 

8 OPC+25%FA 0.45 0% 

1 3.91 

3.78  3.91 

2.47 

2.34  8.65 
2 3.70 2.05 

3 3.61 2.49 

4 3.91 2.35 

11 OPC+35%FA 0.45 5% 

1 3.70 

3.45  7.1 

1.42 

1.31  10.82 
2 3.60 1.45 

3 3.34 1.18 

4 3.16 1.19 

12 OPC+35%FA 0.45 0% 

1 3.56 

3.82  4.68 

1.62 

1.51  

8.84 
 
 
 
 

2 3.98 1.52 

3 3.85 1.32 

4 3.89 1.56 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
Standard 
Deviation 

Coeff. Of 
Variation (%) 

Porosity 
(%) 

Average 
Porosity (%) 

Standard 
Deviation 

Coeff. Of 
Variation (%) 

15 OPC+50%FA 0.45 5% 

1 3.38 

3.37  1.08 

1.31 

1.49  11.04 
2 3.32 1.70 

3 3.40 1.44 

4 3.36 1.50 

16 OPC+50%FA 0.45 0% 

1 3.39 

3.55  4.39 

1.57 

1.58  2.29 
2 3.76 1.56 

3 3.51 1.56 

4 3.53 1.64 

 

1 OPC 0.35 5% 

1 1.60 

1.40  13.35 

1.26 

1.43  11.38 
2 1.47 1.41 

3 1.15 1.39 

4 1.40 1.65 

2 OPC 0.35 0% 

1 2.13 

2.13  4.39 

2.47 

2.48  10.66 
2 2.05 2.47 

3 2.08 2.80 

4 2.26 2.16 

5 OPC+25%FA 0.35 5% 

1 1.99 

1.96  5.36 

0.71 

0.79  7.28 
2 2.03 0.79 

3 2.02 0.80 

4 1.81 0.84 

6 OPC+25%FA 0.35 0% 

1 1.98 

2.16  5.87 

1.05 

1.12  11.50 
2 2.19 1.03 

3 2.29 1.08 

4 2.18 1.31 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
Standard 
Deviation 

Coeff. Of 
Variation (%) 

Porosity 
(%) 

Average 
Porosity (%) 

Standard 
Deviation 

Coeff. Of 
Variation (%) 

9 OPC+35%FA 0.35 5% 

1 2.01 

2.05  4.29 

0.7 

0.72  3.52 
2 1.95 0.75 

3 2.14 0.7 

4 2.12 0.74 

10 OPC+35%FA 0.35 0% 

1 2.31 

2.29  2.08 

0.91 

0.73  17.62 
2 2.34 0.71 

3 2.24 0.59 

4 2.25 0.72 

13 OPC+50%FA 0.35 5% 

1 2.41 

2.36  2.26 

0.96 

0.95  2.42 
2 2.29 0.96 

3 2.36 0.91 

4 2.39 0.95 

14 OPC+50%FA 0.35 0% 

1 2.63 

2.73  2.74 

1.10 

1.03  5.96 
2 2.79 0.98 

3 2.78 1.06 

4 2.70 0.97 
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Annexure 5: Water Sorptivity Index and Porosity 

Test Results 

 

The Water Sorptivity Index and porosity results were processed using an Excel 

spreadsheet developed by University of Capetown and University of Witwatersrand 

(2017). 
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Table 9-4: Water Sorptivity Index Test Results 

     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

3 OPC 0.45 5% 

1 5.59 

5.69  2.0 

4.62 

4.55  4.9 
2 5.85 4.45 

3 5.66 4.31 

4 5.65 4.82 

4 OPC 0.45 0% 

1 5.85 

6.55  7.9 

4.80 

4.58  5.5 
2 6.62 4.21 

3 6.63 4.63 

4 7.10 4.67 

7 OPC+25%FA 0.45 5% 

1 4.82 

5.14  6.9 

4.57 

5.13  8.0 
2 4.85 5.50 

3 5.41 5.38 

4 5.48 5.09 

8 OPC+25%FA 0.45 0% 

1 5.90 

5.42  8.5 

5.23 

5.55  5.5 
2 5.23 5.77 

3 4.87 5.34 

4 5.67 5.85 

11 OPC+35%FA 0.45 5% 

1 5.91 

5.63  3.7 

6.15 

6.18  5.2 
2 5.41 5.78 

3 5.60 6.57 

4 5.60 6.21 

12 OPC+35%FA 0.45 0% 

1 5.01 

5.44  5.4 

6.10 

5.97  4.9 
2 5.57 5.82 

3 5.68 5.65 

4 5.49 6.31 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

15 OPC+50%FA 0.45 5% 

1 5.15 

5.28  6.1 

5.63 

5.53  3.8 
2 5.75 5.74 

3 5.17 5.26 

4 5.03 5.51 

16 OPC+50%FA 0.45 0% 

1 6.10 

5.96  3.1 

4.74 

4.95  3.5 
2 5.73 5.16 

3 6.12 4.91 

4 5.89 5.00 

 

1 OPC 0.35 5% 

1 5.85 

5.64  4.4 

4.58 

4.28.  13.5 
2 5.45 4.70 

3 5.86 3.43 

4 5.40 4.39 

2 OPC 0.35 0% 

1 5.54 

5.69  7.8 

4.46 

4.54  11.6 
2 5.34 5.10 

3 6.19 3.85 

4 - 4.76 

5 OPC+25%FA 0.35 5% 

1 6.22 

6.04  2.8 

3.57 

3.63  4.3 
2 6.13 3.52 

3 5.84 3.81 

4 5.97 - 

6 OPC+25%FA 0.35 0% 

1 6.19 

6.43  5.8 

4.97 

4.55  10.0 
2 6.83 3.94 

3 6.66 4.81 

4 6.04 4.46 
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     23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

WSI Value 
(mm/hr0.5) 

Average WSI 
(mm/hr0.5) 

 Coeff. Of 
Variation (%) 

9 OPC+35%FA 0.35 5% 

1 7.23 

6.66  8.6 

3.25 

3.17  33.1 
2 6.05 2.45 

3 7.05 4.63 

4 6.29 2.35 

10 OPC+35%FA 0.35 0% 

1 5.53 

5.16  5.8 

4.01 

4.30  18.8 
2 4.81 3.51 

3 5.24 5.42 

4 5.07 4.25 

13 OPC+50%FA 0.35 5% 

1 4.95 

4.85  5.2 

4.80 

4.36  9.3 
2 4.80 4.00 

3 4.52 4.62 

4 5.11 4.03 

14 OPC+50%FA 0.35 0% 

1 4.73 

5.06  6.5 

3.33 

3.55  5.1 
2 4.83 3.48 

3 5.25 3.73 

4 5.42 3.67 
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Table 9-5: Porosity Test Results Determined In Terms of Water Sorptivity Test 

 

    
23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 

3 OPC 0.45 5% 

1 7.19 

7.37  3.2 

6.86 

6.78  2.0 
2 7.14 6.75 

3 7.59 6.92 

4 7.55 6.61 

4 OPC 0.45 0% 

1 7.61 

7.84  2.6 

7.61 

7.58  5.8 
2 7.73 7.12 

3 7.98 7.41 

4 8.05 8.16 

7 OPC+25%FA 0.45 5% 

1 8.36 

8.64  2.7 

4.80 

4.66  4.0 
2 8.76 4.52 

3 8.89 4.47 

4 8.54 4.83 

8 OPC+25%FA 0.45 0% 

1 9.10 

9.37  3.9 

5.94 

5.94  1.4 
2 9.03 6.05 

3 9.74 5.86 

4 9.62 5.91 

11 OPC+35%FA 0.45 5% 

1 10.53 

9.67  7.6 

4.61 

4.47  7.0 
2 8.81 4.82 

3 9.94 4.37 

4 9.39 4.09 

12 OPC+35%FA 0.45 0% 

1 9.98 

9.71  2.5 

4.16 

4.40  

4.3 
 
 
 

2 9.53 4.49 

3 9.85 4.60 

 9.49 4.34 
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23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 

15 OPC+50%FA 0.45 5% 

1 8.80 

8.90  1.3 

4.26 

4.08  9.4 
2 9.00 4.48 

3 8.81 3.98 

4 9.00 3.59 

16 OPC+50%FA 0.45 0% 

1 10.34 

9.78  6.4 

4.55 

4.43  6.7 
2 10.27 4.79 

3 9.48 4.27 

4 9.04 4.12 

 
 

1 OPC 0.35 5% 

1 3.67 

3.44  8.0 

2.61 

2.75  4.5 
2 3.11 2.79 

3 3.66 2.72 

4 3.33 2.90 

2 OPC 0.35 0% 

1 5.94 

5.67  5.5 

4.87 

4.46  10.3 
2 5.33 4.81 

3 5.74 4.18 

4 - 3.96 

5 OPC+25%FA 0.35 5% 

1 3.71 

3.86  3.1 

1.84 

2.25  16.2 
2 3.82 2.54 

3 3.98 2.37 

4 3.98 - 

6 OPC+25%FA 0.35 0% 

1 4.04 

4.02  4.1 

2.10 

2.15  7.0 
2 3.88 1.97 

3 4.24 2.32 

4 3.92 2.22 
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23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 
Porosity 

(%) 
Average 

Porosity (%) 
 Coeff. Of 

Variation (%) 

9 OPC+35%FA 0.35 5% 

1 4.35 

3.99  9.7 

1.82 

2.00  7.2 
2 4.22 2.16 

3 3.89 2.06 

4 3.49 1.96 

10 OPC+35%FA 0.35 0% 

1 4.55 

4.75  8.3 

1.84 

1.75  6.7 
2 4.68 1.86 

3 4.46 1.64 

4 5.33 1.66 

13 OPC+50%FA 0.35 5% 

1 6.00 

6.03  3.6 

2.58 

2.54  1.9 
2 6.35 2.47 

3 5.85 2.55 

4 5.94 2.55 

14 OPC+50%FA 0.35 0% 

1 6.85 

6.92  2.9 

2.84 

2.84  6.2 
2 7.10 2.63 

3 6.67 3.06 

4 7.07 2.84 
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Annexure 6: Oxygen Permeability Test Results 

 

The Oxygen Permeability Index results were processed using an Excel spreadsheet 

developed by University of Capetown and University of Witwatersrand (2017). 
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Table 9-6: Oxygen Permeability Index Test Results 
 

 

    
23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
OPI Value Average OPI 

Standard 
Deviation 

Coeff. Of 
Variation (%) 

OPI Value Average OPI 
Standard 
Deviation 

Coeff. Of 
Variation (%) 

3 OPC 0.45 5% 

1 11.44 

11.58 0.18 1.5% 

11.8 

11.71 0.10 0.9% 
2 11.78 11.6 

3 11.53 11.72 

4 - - 

4 OPC 0.45 0% 

1 11.56 

11.44 0.10 0.9% 

11.6 

11.49 0.14 1.2% 
2 11.33 11.58 

3 11.48 11.5 

4 11.39 11.29 

7 OPC+25%FA 0.45 5% 

1 10.98 

11.09 0.15 1.3% 

11.7 

11.48 0.20 1.7% 
2 11.07 11.24 

3 11.3 11.56 

4 10.99 11.44 

8 OPC+25%FA 0.45 0% 

1 10.99 

10.97 0.04 0.4% 

11.21 

11.24 0.20 1.8% 
2 10.91 11.03 

3 11 11.52 

4 10.96 11.19 

11 OPC+35%FA 0.45 5% 

1 11.18 

10.99 0.19 1.7% 

11.19 

11.30 0.26 2.2% 
2 11 11.12 

3 10.8 11.59 

- - - 

12 OPC+35%FA 0.45 0% 

1 11 

11.01 0.07 0.6% 

11.93 

11.56 0.36 3.2% 2 11.09 11.56 

3 10.95 11.2 
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23°C Curing Temperature 40°C Curing Temperature 

Mix Binder 
w/c 

Ratio 
Ca(OH)2 

Content 
Sample 

No. 
OPI Value Average OPI 

Standard 
Deviation 

Coeff. Of 
Variation (%) 

OPI Value Average OPI 
Standard 
Deviation 

Coeff. Of 
Variation (%) 

15 OPC+50%FA 0.45 5% 

1 11.32 

11.26 0.07 0.6% 

11.16 

11.26 0.18 1.6% 
2 11.27 11.09 

3 11.17 11.3 

4 11.29 11.5 

16 OPC+50%FA 0.45 0% 

1 10.8 

10.83 0.08 0.7% 

11.03 

10.96 0.13 1.1% 
2 10.82 10.82 

3 10.75 10.91 

4 10.94 11.1 

  

1 OPC 0.35 5% 

1 11.56 

11.48 0.11 0.9% 

11.2 

11.25 0.25 2.3% 
2 11.34 11.53 

3 11.45 11.03 

4 11.57 - 

2 OPC 0.35 0% 

1 11.04 

11.16 0.11 1.0% 

10.62 

11.09 0.45 4.1% 
2 11.21 11.14 

3 11.29 11.52 

4 11.1   

13 OPC+50%FA 0.35 5% 

1 11.06 

11.1425 0.25 2.3% 

11.58 

11.23 0.34 3.0% 
2 10.82 11.2 

3 11.36 10.91 

4 11.33   

14 OPC+50%FA 0.35 0% 

1 11.34 

11.25 0.10 0.9% 

11.48 

11.50 0.12 1.3% 
2 11.32 11.63 

3 11.19 11.34 

4 11.14 11.54 
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Annexure 7: Fly Ash and Cement Particle Size 

Distribution 
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Annexure 8: Ultra Fine Fly Ash Data Sheet 

 

 

 

The Ultra-fine Fly Ash Data Sheet is Obtainable in the url below; 

 

http://ashresources.co.za/wp-content/uploads/2018/02/05.29_SupaPozz-Brochure_PR.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://ashresources.co.za/wp-content/uploads/2018/02/05.29_SupaPozz-Brochure_PR.pdf
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Annexure 9: Superplasticiser Data Sheet 

 

The Superplasticiser Data Sheet is Obtainable in the url below; 

 

http://files.autospec.com/za/sika/2018datasheets/sika-viscocrete-90he.pdf 

 

 

 

 

 

 

 

http://files.autospec.com/za/sika/2018datasheets/sika-viscocrete-90he.pdf
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Figure 9.17: Particle Size Distribution for Ultra Fine Fly Ash, Silica Fume and Standard Fly Ash (Source: 
Seedat, 2003) 

 

 

 


