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Abstract

Environmental implications associated with the manufacture and consumption of 

Portland cement (PC) presents a major challenge to the construction industry. For 

every tonne of PC manufactured, an equivalent amount of carbon dioxide is generated 

as greenhouse gas emissions. The use of supplementary cementitious materials 

(SCMs), also known as pozzolans, for the partial replacement of PC aids the reduction 

in consumption of PC. SCMs, as environmentally friendly ‘green solutions’, also 

provide performance-driven engineering properties of long-term strength development 

and enhanced durability.

Siliceous and aluminous industrial by-products, such as fly ash (FA), silica fume (SF) 

and ground granulated blast furnace slag (GGBFS) are used as SCMs to partially 

substitute PC in order to reduce the consumption of PC in cement-based construction 

materials. In this study, pitchstone fines (PF) which are the by-product of the 

production of expanded perlite from a naturally occurring pitchstone deposit in the 

state of Queensland in Australia are investigated. PF are produced in the crushing 

stage of the operation where particulates of less than 0.5 mm, which constitute as 

much as 30% of the pitchstone rock, are discarded causing a potential waste problem.

PF being an amorphous aluminosilicate material was investigated as a potential SCM. 

Initial investigations on an as received grade of PF, passing 150 pm mesh, produced 

favourable results for small substitutions of PC (10%); however, a significant water 

demand was noted in the production of mortars, otherwise the poor workability 

reduced homogeneous compaction in the moulds and resulted in inconsistent samples 

with low compressive strength. Two factors, reduced particle size and improved flow, 

were identified as critical for the improvement of mortar properties. In order to 

demonstrate this, a fine grade PF with an average particle size 10 pm was prepared. 

The water demand for the finer grade PF was significant and superplasticiser was 

added to improve flow. After accelerated ageing at elevated temperature the strength 

of mortars containing increasing PF additions up to 40% demonstrated increased 

strength.



In order to investigate the further potential of PF, PF mortars were compared to FA 

mortars (FA being an industry accepted SCM). The PF was graded to a similar 

particle size distribution to the FA, and was found to produce similar strength. Based 

on the ASTM standard criteria for classification as a pozzolan, strength activity index 

(SAI), a relative measure requiring the strength to be within 75% of the control 100% 

PC mortar, both PF and FA were found to fulfil the criteria at 20% additions at 7 and 

28 days ageing. Mortars with 40% additions approached the SAI criteria only at 

significantly longer periods of ageing (91 days). A further 10 pm grade PF was 

prepared by bead milling to investigate the standard water curing of PF mortars and 

compared to a similarly graded FA. Both mortar types produced with 20% and 40% 

addition levels significantly surpassed the strength of the control PC mortars.

The susceptibility of PF and FA mortars to sulphate attack was investigated by 

immersing mortar cubes in deionised water and 1 M sodium sulphate. The degree of 

sulphate attack was monitored by mass gain and compressive strength measurement 

after 182 days of immersion. The 100% PC control mortar showed significant 

susceptibility with a large increase in mass gain and a reduction in strength. Both the 

PF and FA substituted mortars were found to be significantly more resistant to the 

sulphate solution with lower mass gains and significant improvements in strength 

relative to the control mortar in deionised water. In the PF and FA mortar samples, 

ettringite was identified by XRD analysis suggesting that its fonnation mitigated the 

effects of sulphate attack.

The investigation of PF as a pozzolan particularly in comparison to FA demonstrated 

that PF in mortar and concrete exhibited the positive attributes of strength and 

durability required. This experimental investigation proved that PF may be used as a 

SCM for the partial replacement of PC. From an engineering perspective, PF, which 

are hitherto unknown as a SCM for PC-based construction materials, are a viable 

option for adoption in the manufacture of PC-based construction materials, 

eventuating in value added benefits of strength improvement and increased resistance 

to chemical attack. Since the PF studied are currently a by-product of mining, the use 

of this naturally occurring SCM also helps mitigate the environmental impact at the 

mine site.
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1 Introduction

1.1 Preface

Portland cement (PC) is the most important and abundantly employed hydraulic 

binding-material in the construction industry. Ubiquitous in production worldwide, 

PC is utilised for its bonding action in creating PC-based building products, such as 

concrete, for residential, commercial and structural infrastructure applications. The 

consumption rate of PC continues to grow at exponential rates with developing 

nations and thriving economies (Gibbs et al. 2002; Hardjito et al. 2005; Damtoft et al. 

2008). Conversely, the manufacture of PC is responsible for the emission of 

significant quantities of carbon dioxide (C02) contributing 5% to 7% or 2.9 billion 

tonnes (USGS 2009) of annual global anthropogenic emissions; for every tonne of PC 

produced, an equivalent amount of C02 is released into the atmosphere. The energy 

intensive manufacturing process behind PC production, rivalling steel and aluminium 

manufacturing industries, demands a large, continuous intake of power from the 

burning of fossil fuels, adding a further environmental consideration in the depletion 

of natural resources (Worrell et al. 2001; Uzal et al. 2003; Gartner 2004; Turanli et al. 

2005; Uzal et al. 2007). There is, therefore, an urgent need to develop new and 

sustainable technologies with the aim of minimising PC consumption and hence 

reducing C02 emissions.
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1.2 Portland Cement (PC)

PC is a finely ground grey powder manufactured by a relatively simple process which 

utilises a combination of abundantly available raw materials for obtaining appropriate 

proportions of calcium oxide (CaO), aluminium oxide (ALO3), silicon dioxide (SiCL), 

and iron oxide (Fe203). The process of manufacture was granted a patent entitled "An 

Improvement in the Mode of Producing an Artificial Stone’ to Joseph Aspdin, a 

bricklayer from Leeds, in October 1824. Aspdin used the term ‘Portland cement’ to 

describe his invention due to its similarity with the Portland stone, an oolitic 

limestone quarried on the channel coast of England, on the Isle of Portland in Dorset.

Although the process has been refined with technological advances, the manufacture 

starts with the quarried, crushed and ground materials, usually limestone, clay, sand 

and iron oxide, which are blended prior to being heated in a kiln. In order to ensure a 

PC of uniform composition and predictable properties, great attention is given during 

the blending stage to ensure the raw feed entering the rotary kilns is kept to very tight 

chemical specifications. The pyroprocessing (burning) stage, which takes place in the 

kiln, involves the raw mix being gradually heated to between 1400 to 1600 °C and the 

residual oxides, a result of water and CCF (calcination) being driven off, combining to 

form new chemical compounds listed in Table 1.1.

Table 1.1 Main chemical compounds formed in the PC kiln (ACI-Committee-E-

701 2001)

Compound Chemical formulae Notation Wt. %

Tricalcium silicate (alite) 3CaOSi02 C3S 25-60

Dicalcium silicate (belite) 2Ca0Si02 C2S 15-50

Tricalcium aluminate 3CaOAl203 c3a 4-12

Tetracalcium aluminoferrite 4CaOAl2C)3-Fe203 c4af 8-12
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As noted in Table 1.1, the chemical formulae of the four common oxides in PC are 

commonly abbreviated to a single letter representative of the oxide present and are 

expressed as a sum of the oxides. Standard ‘PC chemist’s notation’ used to represent 

empirical formulae are as follows:

C = CaO S = Si02 A = A1203 F = Fe203 H = H20

The dark grey, porous nodules, which exit the kiln, are termed clinker. In the final 

stage of PC production, the clinker is cooled by forced air followed by an 

intergrinding process with a small amount of gypsum (CaS04-2H20), hemihydrate 

(CaSCV'AFFO) or anhydrite (CaSCC) added in order to control setting behaviour, 

strength development and volume stability. Different proportions and finenesses of 

the four main compounds, listed in Table 1.1, and calcium sulphate results in different 

PCs having slightly different chemical and physical properties. The five basic types 

of PCs available are given in Table 1.2. The final product is so fine that over 90% 

passes through a sieve having 60 openings per square millimetre (ACI-Committee-E- 

701 2001).

Table 1.2 Type and typical compound composition of PC (ACI-Committee-E-701

2001)

Type Attributes C3S C2S C3A c4af Fineness (m“/kg)

I General purpose 55 19 10 7 370

II
Moderate sulphate

resistance
51 24 6 11 370

III High early strength 56 19 10 7 540

IV Low heat of hydration 28 49 4 12 380

V Sulphate-resistant 38 43 4 9 380
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1.3 Concrete

The term concrete refers to the construction material that is properly proportioned 

from a mixture of hydraulic PC, supplementary cementitious materials (SCMs), water, 

fine and coarse aggregates, and, often, chemical admixtures (Oxford 2009). Concrete 

solidifies and hardens after mixing its raw materials with water from a chemical 

process known as hydration. The water reacts with PC, which bonds the other 

cementing components, giving a formable product and eventually creating a strongly 

bonded material, with high compressive strength and, currently, relatively low cost.

The versatility of this low cost construction material has lead to its global adoption as 

governments attempt to house and provide infrastructure for their burgeoning 

populations. Over the last 50 years, the world's population has doubled from 3 to 6 

billion people, with the majority of this increase occurring in developing countries, 

where more than 85 % of the world’s population reside. By the year 2050, more than 

75% of the world's population is predicted to live in metropolitan areas. To serve the 

continuous needs of growing nations, large amounts of building materials are needed 

for construction of houses, office buildings, roads and infrastructure. The uses of 

concrete in building and construction are diverse, ranging from commercial building 

and infrastructure applications (/. e., architectural and parking structures, foundations, 

roads and bridges) to residential applications (brick and block walls). The successful 

use of concrete in construction depends not only on knowing the right proportions of 

materials to use for a particular application, but also, knowing how to select the 

correct materials. This requires knowledge of the properties of each of the materials 

and understanding the tests used to determine and measure these properties. In the 

last century, an increased awareness in structural engineering development has been 

witnessed, where concrete has played a vital role in construction. The success of this 

material is significant and a clear trend exists that such engineering development will 

continually shift to the developing world. Concrete consumption worldwide is in the 

order of 10 billion tonnes per year (Meyer 2009) and will continue to increase as 

populations increase, leading to an increase in PC consumption and, hence, an 

increase in the associated emissions. Minimising PC consumption, therefore, will 

help to mitigate the environmentally deleterious increases in CCC emissions. Thus,
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although concrete is the most versatile solution to problems of the construction of 

housing and infrastructure, in particular in developing nations, the reduction of the 

environmental impact these PC based construction materials must also be addressed 

(Ngab et al. 2001).

1.4 PC Hydration

The properties of hydraulic PC are determined by the way, in which each PC 

compound reacts with water in a process known as hydration. In this context, the 

term broadly denotes the totality of changes that occur when anhydrous PC is mixed 

with water. A mixture of PC and water, in proportions in which setting and hardening 

occurs, is called a paste; this is typically at a water-to-cement (w/c) or water-to-solids 

(w/s) ratios of 0.3 to 0.6. Setting is the stiffening of PC paste that occurs within a few 

hours without the significant development of compressive strength, whilst hardening 

is a slower process that results in the significant development of compressive strength. 

Figure 1.1 shows how with hydration each of the four pure PC compounds develops 

strength. It should be noted that chemical reactions taking place during hydration are 

more complex than simple conversions of anhydrous compounds, with many different 

reactions occurring often at the same time (ACI-Committee-E-701 2001).
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Figure 1.1 Compressive strength development in pastes of pure PC compounds

(ACI-Committee-E-701 2001)

C3S (alite), the major and characteristic mineral of PC, is responsible for setting and 

the development of ‘early’ age strength; a consequence of its higher calcium (Ca) 

content and presence of an oxide ion in the lattice structure. XRD and other methods 

reveal that about 70% of C3S typically reacts within 28 days and virtually all C3S is 

consumed within a year. The hydration of C3S occurs according to the following 

reaction (Equation 1.1):

2(3CaOSi02) + 6H20 O 3Ca02Si02-3H20 + 3Ca(OH)2 (1.1)

Figure 1.2 highlights the role of C3S in the development of early strength. For 

concrete made with different PC types, the rates are approximately proportional to the 

C3S content (Table 1.2). In the case of Type III PC, early strength development is 

also due to its fineness.
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Figure 1.2 Rates of strength development in concretes made with the different

PC types listed in Table 1.2

C2S (belite) is compositionally similar to the naturally occurring mineral larnite and 

behaves in a similar fashion to C3S. Whilst C3S gains most of the strength in the first 

2 to 3 weeks, C2S contributes to long-term strength; the reaction proceeding more 

slowly with typically only 30% having reacted by 28 days and 90% in 1 year. The 

hydration of C2S occurs according to the following reaction (Equation 1.2):

2(2CaOSi02) + 4H20 ^ 3Ca0-2Si02-3H20 + Ca(OH)2 (1.2)

The products of both reactions are calcium hydroxide (CH), and a nearly amorphous 

calcium silicate hydrate, referred to as the ‘C-S-ET phase. Dashes (-) are used, as the 

stoichiometry is variable and the state of chemically and physically bound water in the 

structure is not transparent. C-S-H has the properties of a rigid gel and it grows as a 

mass of interlocking needles that provide strength to the cementing system.

It is evident from Table 1.1 that C3S is not the most reactive of the PC compounds; 

C3A (tricalcium aluminate) is actually far more reactive and can on occasions lead to 

premature stiffening or flash set when first mixed with water. The presence of C3A in 

PC clinker is solely due to the high temperature requirements necessary to obtain the
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liquid state which facilitates the formation of the silicate phases; formation of C3A 

becomes inevitable as it occurs as an ‘interstitial phase’, crystallising from the melt. 

It has been found that the addition of between 4% to 8% gypsum (calcium sulphate) 

can be used to control the setting characteristics of C3A. In solution, the sulphate ions 

promote the formation of an insoluble layer of ettringite over the surface of the 

aluminate crystals, hence pacifying them.

Table 1.3 Characteristics of hydration of PC compounds (ACI-Committee-E-701

2001)

Compound Reaction rate Strength attained

C3S Moderate High

C2S Slow Low at first, high later

C3A Fast Low

c4af Moderate Low

Tetracalcium aluminoferrite (C4AF), the last of the four PC compounds also 

crystallises from the melt; iron acting as a fluxing agent in a similar manner to that of 

aluminium. It is generally accepted that C4AF does not appreciably contribute to 

development of strength.

During the hydration reactions of the PC compounds heat is liberated; the rise in 

temperature being affected by amongst other factors PC composition and fineness. In 

particular, considerable heat may be generated in the first few days by the hydration 

of C3A and C3S.

The rate of hydration is affected by the PC fineness particularly during the early 

period of hydration, where finer-sized cements (320 to 400 m2/kg Blaine fineness 

index) cause more rapid generation of heat and greater strength gain, whilst more 

coarsely ground cements (250 to 280 m7kg Blaine fineness index) tend to produce 

lower early strength development. Careful selection of PC type, in relation to 

fineness, is required as each has its own advantages and disadvantages. For example, 

whilst fine cements tend to have early strength development and reduce bleeding, they 

will generally have a higher water demand (ACI-Committee-E-701 2001).
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1.5 Hydration Reactions and C-S-H Formation

The rate of strength development occurring in PC concrete is determined principally 

from the hydration rates of its cementing ingredients. Hydration rates are controlled 

by many factors, including PC composition, w/c ratio, surface area, particle size 

distribution, the incorporation of SCMs, temperature and the inclusion of admixtures 

(Wild et al. 1995; Dwivedi et al 2008). For instance, an increase in the w/c ratio will 

increase the rate of hydration and the presence of an elevated temperature accelerates 

the rate of hydration. The utilisation of SCMs for the partial replacement of PC also 

affects the rate of hydration. PC hydration reactions and rates are critical in liberating 

CH. The hydration reaction associated with C3S hydrates faster than C2S producing 

three times more CH. This is important for SCMs that require CH to develop strength 

from the pozzolanic reaction.

1.6 Supplementary Cementitious Materials (SCMs)

Rising international concern over the greenhouse gas effect and the link of CO2 

emissions and global warming resulting in the probable onset of climate change has 

resulted in an insistent push for the development of environmentally conscientious 

solutions for controlling and restricting the amount of CO2 emissions generated even 

for the PC industry (Figure 1.3).
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Figure 1.3 Worldwide carbon dioxide (CO2) emissions from PC production in the

year 1994 (Worrell et al. 2001)

Although steps have been taken by industry to improve energy efficiency in the 

manufacturing process of PC, including the utilisation of dry kiln systems and low- 

carbon fossil fuels, the reduction in CO2 emissions may be effectively achieved by 

reducing the amount of PC consumed through the use of materials incorporated as 

partial PC replacements (Ogawa et al. 1980). Such materials, termed SCMs, can be 

naturally occurring or artificially derived. In effect, the use of SCMs minimises PC 

consumption, hence, reducing emissions of CO2 (Figure 1.4). Since SCMs do not rely 

on the energy-intensive heating (kiln) process, required for manufacturing clinker in 

PC production and are usually by-products of industrial processes, the use of SCMs 

aids the reduction of the unit monetary and environmental costs associated with the 

PC component incorporated in concrete.
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Figure 1.4 Greenhouse gas emissions from PC production in the year 2000 (Gt

giga tonnes) (Rehan et al. 2005)

An SCM, otherwise known as a pozzolan, is a siliceous or a siliceous-aluminous 

material possessing little or no cementitious attributes in itself, but will, in finely 

divided form and in the presence of moisture, chemically reacts with CH liberated 

during PC hydration at standard temperatures and pressure, to form bonded 

compounds possessing cementitious properties (Ravina 1980; Scheetz et al. 1998). In 

addition to replacing PC, the most energy-intensive component in the production of 

concrete, SCMs are important to the construction industry due to their fundamental 

role in increasing strength development and improving the durability aspects with 

ageing of structural concrete. As such, the usage of SCMs in concrete is growing, as 

benefits exist in terms of desired fresh and hardened state properties (i.e., enhanced 

workability, reduced permeability, reduced heat of hydration, improved durability, 

improved resistance to the alkali-silica reaction and increased long-term strength 

development). In concrete, the evaluation of pozzolanic by-product SCMs for the 

partial replacement of PC, including pulverised fuel (fly) ash (FA), silica fume (SF), 

ground granulated blast-furnace slag (GGBFS), clay-brick waste and perlite, have 

been investigated with positive results reported (Raask et ai 1975; Detwiler et al. 

1989; Yu et al. 2003; O'Farrell et al. 2006; Duran Atis et al. 2007). In addition, the 

introduction of agricultural aluminosilicate by-product SCMs, including hazelnut 

shell, rice husk, sugar cane (bagasse) and wheat straw ashes, as partial PC 

replacements have also demonstrated potential as SCMs exhibiting pozzolanic



properties (Demirbas et al. 1998; Biricik et al. 1999; Singh et al. 2000). The use of 

by-product materials as SCMs provides a novel and innovative way of rehamessing 

the residual potential of these by-product materials.

The term SCM is generally used to describe such inherent or latent cementitious 

ingredients, which other than PC, aggregates, water and chemical admixtures, are 

added during the initial mixing stage of concrete. The resulting cementing products 

of this reaction between the CH and the SCM tend to modify various properties of the 

concrete, both by their physical presence and the chemical influence they may have 

exerted on the hydration products of the PC. The advantageous properties afforded by 

SCMs are often coupled by some disadvantages, due to the diversity in chemical and 

physical properties of the SCM. Principally, the most common and well-established 

SCMs include FA, SF and GGBFS.

FA is produced from the non-combustible residue of ground or powdered coal after 

burning in thermal power plants. FA contains fine spherical, glassy particles (1 to 150 

pm diameter) whose reactivity is dependent on the calcium content. Low calcium FA 

contains aluminosilicate glasses that are less reactive than the calcium aluminosilicate 

glass present in high calcium FA. Hence, the size of the particles and the crystalline 

to amorphous aluminous-silica ratio plays an important role in the reactivity of FA 

(Hewlett 1998). In concrete, the use of FA improves workability and durability, 

reduces permeability and produces high long-term strength.

SF is captured from the effluent gasses produced in the silicon metal and ferro-silica 

alloy industries. The condensed material consists of greater than 80% amorphous 

(non-crystalline) silica content in the form of tiny spheres (typically 0.1 pm 

diameters). Due to its fineness, large surface area and mostly amorphous nature, SF is 

considered a highly reactive SCM. The benefits of SF include a reduction in 

permeability, improved durability and both high short and long-term strength 

improvements.

GGBFS is generated from the iron production process from iron ore, when slag is 

rapidly cooled from its molten state (Malhotra et al. 1996). The limited formation of 

crystalline phases results in a high glass content of greater than 80% that is then
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pulverised to a fineness representative of the particle size of PC. GGBFS is highly 

cementitious in nature, or latently hydraulic, due to its calcium content of 35% to 

40%, which can be substituted for PC on a 1:1 basis. The use of GGBFS usually 

reduces water demand, improves workability and durability.

Natural pozzolanic materials, with the exception of diatomaceous earth, are derived 

from volcanic minerals (Malhotra et al 1996). The glassy or poorly crystalline 

structure and high surface area of these materials is responsible for the reactivity of 

aluminosilicate phases present. Perlite, represents an excellent instance of such 

material; being a highly reactive amorphous aluminosilicate of rhyolitic origin.

1.7 Natural Pozzolans

According to the ACI Committee 232.1R-00 report (ACI-Committee-232 2000), a 

natural pozzolan may be defined as either a raw or calcined natural material that has 

pozzolanic properties. Natural pozzolans include volcanic ashes, pumicites, opaline 

cherts, clays, shales, tuffs and diatomaceous earths. The American Society for 

Testing and Materials (ASTM) C 618-08a standard specification lists chemical and 

physical requirements for compliance of FA and natural pozzolans for use as mineral 

admixtures (SCMs) in concrete. In this standard specification, the natural pozzolans 

described in their raw or calcined state are designated as Class N pozzolans. SCMs of 

volcanic origin are mostly found in Europe, where they have been utilised over the 

past two centuries as additives for enhancing cementing properties in concrete. Raw 

or processed natural pozzolans may be utilised in the production of concrete and 

mortars in two ways: an integral component in blended PC-SCM cements or as a 

SCM additive for improving properties.

As an additive, natural pozzolans provide variable properties due to their origin, 

constituent proportions and mineralogical characterisation of active materials. The 

chemical composition of natural pozzolans contains silica (SiCF), alumina (AFO3) and 

ferrite (Fe20_3), which will all react with CH and alkalis (/. e., sodium and potassium) 

to form complex cementitious compounds. Pozzolanic activity cannot be determined
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solely by quantifying the presence of silica, alumina and ferrite within the SCM. The 

amount of amorphous silica present in a natural pozzolan usually determines the level 

of reactivity. The constituent components of a natural pozzolan can exist in a variety 

of forms, ranging from amorphous to reactive materials to crystalline products that 

will react slowly or be inert. Since the amorphous silica content cannot be determined 

by standard measurement techniques, it is important to evaluate each natural pozzolan 

to confirm its degree of pozzolanic activity. This is due to there being no clear 

distinction between siliceous materials that are considered pozzolans and those that 

are not. Generally, amorphous silica reacts with CH and alkalis more rapidly than 

does silica in its crystalline form (quartz) and, as observed in the case of chemical 

reactions, the larger the particles (the lower the surface area per unit volume), the less 

rapid the rate of reaction.

The chemical composition of a natural pozzolan does not clearly reflect its ability to 

combine with CH and alkalis. Volcanic glasses and zeolitic tuffs, when mixed with 

CH produce C-S-H as well as hydrated calcium aluminates and calcium 

aluminosilicates. Natural clays and shales exhibit low levels of pozzolanic activity, as 

these minerals do not react readily with CH unless their crystalline structure is altered 

by calcination occurring at temperatures below 1093 °C. High-purity kaolin may be 

processed to form a high-reactivity pozzolan called metakaolin. Researchers 

(Woolley et al 2000) who have investigated pozzolanic volcanic glasses have 

indicated reactive glass originates from the explosive process during volcanic 

eruptions. From Thera and Mount Vesuvius volcanoes, natural pozzolans have 

formed containing unaltered aluminosilicate glass structures as their main reactive 

component. These aluminosilicate pumicites are highly reactive with CH and alkalis 

at normal temperatures.

When a mixture of PC and a SCM react, the pozzolanic reaction progresses like an 

acid-base reaction of CH and other alkalis reacting with silica, alumina and ferrite of 

the SCM. Firstly, there is a gradual decrease in the free CH liberated with ageing. 

Secondly, during this reaction, there is an increase in formation of C-S-H and calcium 

aluminosilicates, which are similar to the hydration products of PC. The partial 

replacement of PC by pozzolan of high SiCF/IGCb ratio (where R2O3 is, 

approximately, the summation of the AFO3 and Fe2C>3 contents) has been found to
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increase the resistance of concrete to sulphate and seawater attack (ACI-Committee- 

232 2000). In part, this is attributable to the removal of free CH liberated from the 

hydration of PC. This results in the hardened cementitious paste containing less CH, 

more C-S-H and other products of low porosity. Research on the hydration products 

of PC-SCM blended cements made with natural pozzolans of volcanic origin (such as, 

Santorin earth and pozzolana) indicate pore refinement resulting from the pozzolanic 

reaction is responsible for enhancing chemical durability and mechanical strength.

Particular properties including the shape, fineness, particle-size distribution, density, 

and composition of the natural pozzolan influences the properties of freshly mixed 

concrete and the ultimate strength development of the hardened concrete. Most 

natural pozzolans tend to show an increase in water demand from normal consistency 

tests due to their micro-porous structure and high surface area. Natural pozzolans can 

improve the properties of the blended PC-SCM cement or as a SCM additive in 

concrete in the following ways:

• Reduce greenhouse gas emissions by minimising PC consumption

• Recyclable use of by-product materials

• Strength improvement, lightweight, low shrinkage, acoustically and thermally 

resistant and enhanced physical and chemical durability performance
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1.8 Fly Ash (FA)

Fly ash (FA), as an artificial by-product pozzolan, is captured as the incombustible 

inorganic component of the flue gases generated in coal-based thermal power stations. 

It is the most prolific utilised SCM for PC-based construction products (Sivapullaiah 

et al. 1998; Siddique 2004; Chindaprasirt et al. 2007). In concrete, FA improves fresh 

and hardened properties including workability, bleeding, heat of evolution, 

permeability, durability and long-term strength development (Jaturapitakkul et al. 

2004; Demir et al. 2008). Current estimates of FA usage approach one billion tonnes 

per annum (Sivapullaiah et al. 1998; Malhotra 2006). With increasing population 

growth in China, India and the USA and the rising demand of electricity generation 

increasing within these countries, the usage of coal is expected to increase, resulting 

in the increased production of FA (Babu et al. 1993). Within these countries, coal- 

fired power plants are being continuously built to meet the never-ending increase in 

demands for electricity generation, making FA a sustainable SCM at least until the 

year 2050.

FA contains a typical siliceous content from 50% to 65% allowing C-S-H formation 

to develop slowly with age, due to the nature of the pozzolanic reaction consuming 

CH (Ma et al. 1995; Ma et al. 1997; Demir et al. 2008). This ultimately produces a 

less porous cementitious matrix (Fraay et al. 1989; Shetty 2005). The degree of 

pozzolanic reactivity of FA is greatly influenced by the alkalinity of the 

microstructural bound pore water and the water-to-cementitious material (w/cm) ratio. 

The parameters of high pH and a low w/cm ratio allow for greater pozzolanic 

reactivity in dissolving FA, as the amount of hydroxide ions (OH ), potassium ions 

(K1) and sodium ions (Na ) increase, whilst the amount of calcium ions (Ca21) are 

depleted with increasing age. Furthermore, temperature has a fundamental role, as the 

solubility of FA increases with elevated temperatures and higher basicity levels (pH). 

At elevated temperatures, hydration products from PC precipitate much closer to PC 

particles allowing permeation to continue through interstitial voids. The use of FA 

results in precipitates occurring inside these vacant interstitial spaces, giving less 

porosity and improving the impervious properties of the cementing system (Fraay et 

al. 1989).
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In comparison to angular shaped particles of PC, the spherical shape of FA greatly 

influences the rheological behaviour of the freshly mixed cementitious paste, enabling 

a ‘ball-bearing’ effect that enhances workability. These characteristics of FA provide 

for effective coverage and filling of voids in producing improved packing of the 

structure, leading to impervious and durable PC-based building products (Handjito et 

al. 2005). Reducing the particle fineness of a pozzolan can be beneficial, as hydration 

and pozzolanic activity, packing factor and reaction nucleation are enhanced with 

decreasing size of the SCM, resulting in a more homogenous denser paste, with CH 

consumed more readily as it is liberated from PC with ageing (Chindaprasirt et al. 

2007).

The addition of FA in concrete, when used in the correct proportions for the partial 

replacement of PC, will ultimately result in a greater strength concrete compared to 

solely using PC alone. Due to its slow pozzolanic behaviour, FA promotes delayed 

strength development (Babu et al. 1993; Scheetz et al. 1998). The ultimate strength 

achieved will greatly depend on the composition of the FA and its uniformity in 

chemical and physical characteristics. Many researchers have reported on variations 

and inconsistencies in the quality of FA (Diamond 1984; Woolley et al. 1996; Sarkar 

et al. 2005; Kumar et al. 2007). Dependant mainly on its chemical composition, the 

type of particles and their size distribution, the quality of FA is of paramount 

importance in view of its intended engineering application. FA may also differ in 

characteristics, depending on the compositional mineral content of the coal and on the 

combustion process conducted during its formation (Gutierrez et al. 1993). This is an 

important consideration for selecting alternatives SCMs to FA exhibiting a uniform 

and consistent chemical composition.
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1.9 Pitchstone

Perlite is the generic term defining a group of natural occurring rhyolitic, siliceous- 

aluminous based volcanic glassy materials (Ray et al. 2007). Worldwide, perlite can 

be found in three major geological zones: in glassy zones within regions of welded 

flow ash tuffs, in solidified silicic lava flows accumulated around volcanic vents and 

in igneous wall zones of felsitic intrusive plugs and dikes (Bush et al. 2001). The 

relatively high water content of perlite between 2% to 5% further distinguishes this 

amorphous material from other natural occurring hydrous volcanic glasses, such as 

pumicite. The unique ability of perlite to expand in volume upon heating enables it to 

transfonn into a lightweight low bulk-density material (Bektas et al. 2005). These 

properties make expanded perlite ideal for many commercial applications, including 

the construction, chemical, horticultural and petrochemical industries. Based on 

internal-bound water composition, perlite can be accordingly categorised further as 

obsidian (containing less than 2% water), perlite (containing 2% to 5% water) or 

pitchstone (containing greater than 5% water) (Sodeyama et al. 1999).

In Australia, extensive deposits of high quality pitchstone (water content circa 7% to 

8%) exist in the Nychum district near the town of Chillagoe (Figure 1.5), in far north 

Queensland, approximately 200 km west of Cairns.

Figure 1.5 Location of Nychum pitchstone deposits in far north Queensland,

Australia
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The mining site has the potential to provide in excess of 100 million tonnes of high 

quality pitchstone. The pitchstone at the Nychum site is currently mined using 

conventional open cut quarrying methods, such as drilling and blasting. The deposit 

is then excavated before being crushed and screened at an onsite plant prior to 

transportation to a processing facility located at Horsham, Victoria, Australia for the 

production of lightweight expanded perlite (Figure 1.6).

During the crushing stage, 30% of the material is unintentionally fractured as 

pitchstone fines (PF), resulting in PF measuring less than 500 pm in particle size. 

This by-product material is currently stockpiled at the mine site as no commercially 

viable applications have been identified. If suitably pulverised and classified in 

appropriate crushing plants, PF represents an aluminosilicate material, which has the 

potential to be used as a SCM.

Figure 1.6 Photographs showing (a) unprocessed pitchstone and (b) processed

perlite from pitchstone
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1.10 Research Objectives

The main aim of this research is to investigate and develop ecologically sustainable 

PC-SCM blended construction materials, for use in concrete and cementing systems, 

by examining engineering physical properties associated with the partial substitution 

of PC with PF.

The three principal objectives of this research are:

1. To investigate the potential of utilising PF as a SCM for partial replacement of 

PC;

2. To determine the pozzolanic activity of PF by comparing with FA, a well 

established and widely utilised SCM; and,

3. To assess aspects of the chemical durability of PF compared to FA.

The research is the first ever attempt in the world to facilitate the use of PF, as a 

sustainable material for the manufacture of PC-based construction materials. In 

addition, the author anticipates that the research outcomes will have international 

significance since the use of SCMs in construction is worldwide. Furthermore, the 

research is also aimed at promoting community awareness into the usefulness of PF 

and will promote its use for the production of construction materials.

In order to achieve the research objectives, an experimental program, was conducted 

in three stages. During the first stage of the research, supplied PF was assessed for 

pozzolanic attributes in mortar. The fresh properties of flow and wet density were 

investigated and using a selection of curing regimes, the compressive strength was 

based on strength activity index (SAI) determinations. To improve workability in 

mortars incorporating PF additions, superplasticiser was introduced and utilised. 

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis were 

utilised to monitor pozzolanic activity with increasing PF addition levels and 

increasing age in PF mortars. The incorporation of pitchstone for partial substitution 

of fine aggregate was also investigated.
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The second stage of the research program comprised the preparation and evaluation 

of mortars and concrete incorporating PF and FA additions of different particle size 

distributions. The assessment of PF mortars in comparison to FA mortars involved a 

combination of physical and mechanical testing methods in addition to characterising 

cementing phases utilising thermogravimetric analysis (TGA). Physical testing 

methods included flow, slump, wet densities, compressive strength, SAI, length 

change and drying shrinkage characterisation.

The third stage of research involved examining durability of PF in comparison to FA 

mortars on exposure to a sodium sulphate environment. Measurements of pH and 

mass change were monitored with increasing age. At the completion of 182 days 

ageing, compressive strength and SAI were determined. Detritus from mortar 

specimens immersed in sodium sulphate was collected for characterisation of the 

phases present using XRD and TG analysis.

1.11 Significance

Research conducted to date on PF has led to an understanding of the behavioural 

characteristics of PF in PC-based systems, proving the viability of this material as 

potential SCM for the development of novel PC-based construction materials. This 

current study contributes to the further development of SCMs, addressing 

environmental concerns of reducing CCF emissions and minimising energy rates 

associated with the manufacture of PC. In developing viable eco-friendly PC-based 

construction materials, a new application for the PF by-product material, currently 

stockpiled, is demonstrated converting the PF into a value added product for the PC 

and concrete industry. Additionally, beneficial engineering properties are uncovered.
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1.12 Structure of the Thesis

The thesis has hitherto provided a general background on SCMs and the potential use 

of PF as an SCM additive in PC-based construction materials.

Chapter 2 reports on the status of current investigations into rhyolitic SCMs and the 

mechanical properties and pozzolanic attributes of expanded perlite aggregate (EPA), 

fine expanded perlite aggregate (FEPA), perlite powder and PF in cementing systems. 

The assessment of pozzolanic activity by compressive strength evaluation is described 

with reference to national and international standard test method specifications, 

introducing the concept of strength activity index (SAI) and specified criteria relating 

pozzolanic activity to strength development. This chapter concludes with an 

overview of the mechanisms of chemical attack, in particular, that of sulphate attack is 

presented describing aspects of the durability of cementing systems.

Chapter 3 outlines the raw materials, methodology of preparation, characterisation 

and evaluation for mortars and concretes investigated in this study. The theory and 

experimental methods undertaken are also covered, in addition to the techniques 

applied to evaluate the physical properties of mortars and concretes.

Chapters 4, 5 and 6 present the three main investigation areas of this research work, as 

outlined in Section 1.10. The description of research conducted, utilising sample 

preparation, characterisation and evaluation methods outlined in Chapter 3, is 

provided in the preface section of each chapter. Chapter 4 is a fundamental study 

assessing the pozzolanic performance of PF, as a partial replacement of PC in mortar, 

by utilising compressive strength determinations and characterisation methods of 

SEM and XRD analysis. Chapter 5 compares the pozzolanic performance of PF and 

FA in cementing systems of mortar and concrete by strength evaluation and TG 

analysis, with additional assessment of drying shrinkage carried out. The introduction 

of SF, as a property enhancing SCM, blended in combination with PF or FA is also 

evaluated to compare the pozzolanic performance of PF to FA. Chapter 6 examines 

the durability of PF and FA in mortars exposed to 1 M sodium sulphate by monitoring 

pH, mass change with increasing age and evaluating strength after a 6-month period
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of immersion in comparison to equivalent mortars immersed in a control solution of 

deionised water. Detritus collected from the immersion containers was characterised 

by XRD and TG analysis for mortars exposed to sulphate solution.

Summary and conclusions relating the pozzolanic attributes of PF, a comparison of PF 

with FA in terms of pozzolanic behaviour and the reactivity status of PF and FA in 

sulphate solution are included in Chapter 7.

References for all chapters are listed at the end of the thesis in the Bibliography 

section.

DTA-TG-DTG experimental results of test specimens not presented elsewhere are 

contained in Appendix A. The various journal and conference publications submitted 

during the candidature of this thesis are included in Appendix B
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2 Pozzolanic Activity of Pitchstone and Related SCMs

2.1 Preface

This chapter provides an overview of the available scientific literature relevant to the 

use of expanded perlite aggregate (EPA), fine EPA (FEPA), perlite powder (PP) and 

PF in cementing systems. In addition, a broad overview of the literature available in 

relation to perlite is presented. The concept of pozzolanic activity by compressive 

strength evaluation and strength activity index (SAI) are discussed. Details describing 

the mechanisms of sulphate attack are also described.
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2.2 Perlite Aggregate Investigations

2.2.1 Expanded Perlite Aggregate (EPA)

Expanded perlite aggregate (EPA), containing typically between 71 to 75% Si02 

(silica) and 12 to 16% AI2O3 (alumina), has been used in concrete where lightweight 

properties are desired. Further benefits from using EPA in concrete include lower 

thermal conductivity and higher durability performance. In contrast to conventional 

aggregates, the use of EPA also presents some disadvantages, with a decrease in 

performance of mechanical properties. Somewhat, these disadvantages may be 

overcome by introducing SCM additions in EPA concrete for improving compressive 

strength. Demirboga and Gul (2003) demonstrated the compressive strength of EPA 

concrete increasing for 10%, 20% and 30% SF addition levels after 28 days ageing. 

These authors reported on strength increases of 9%, 13% and 4% for the 

aforementioned SF addition levels, respectively. These authors also demonstrated a 

similar relationship existing for 10% FA addition levels, where the compressive 

strength in EPA concrete increased by 2% after 28 days ageing. FA compared to SF 

was noted to be a more effective SCM addition in decreasing the thermal conductivity 

of EPA concrete.

Demirboga et al. (2001) studied the compressive strength performance of EPA 

lightweight aggregate concrete (LWAC) incorporating up to 60% addition levels of 

pumice aggregate (PA). In addition, the affect on compressive strength for the partial 

replacement of PC with SF and FA up to 30% addition levels was also examined. The 

authors were noted to alter the water content of EPA LWAC mixes to attain reference 

slump, as superplasticiser was added at a fixed level. From tabulated mix design data, 

the amount of water required for achieving reference slump was documented to 

increase with increasing EPA addition levels in LWAC. A similar relationship was 

noted with increasing SF addition levels. For increasing FA addition levels, a 

decrease in water requirement was noted for obtaining reference slump. FA was 

found to increase the slump and workability of LWAC mixes due to its spherical 

particle shape reducing friction at the PC-aggregate interface. The amount of water
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required with inereasing EPA addition levels in LWAC also caused the w/cm ratio to 

increase for this study, which in turn is known to decrease the compressive strength 

(Hover et al. 1995). After 7 and 28 days ageing, the compressive strength of EPA 

LWAC was reported to increase with increasing EPA addition levels. In comparison 

to control LWAC containing no EPA additions, the largest strength increase of 208% 

occurred for EPA LWAC containing 60% EPA addition levels. The increase in 

strength recorded from 7 to 28 days ageing was also reported to be the largest for the 

60% EPA LWAC. Chemical interaction with the PC-aggregate interface and 

mechanical interlocking of the EPA were attributed as two factors responsible for this 

noted strength improvement. Furthennore, water adsorbed by EPA was mentioned to 

assist with delayed hydration by slowly transferring water from the aggregate to the 

hydrating paste interface. From this study, SF and FA additions were reported to 

show interesting trends of strength development in EPA LWAC with increasing EPA 

addition levels after 28 days ageing. The strength of EPA LWAC was noted to 

increase with up to 20% SF and EPA addition levels. This trend of strength increase 

continued for 10% SF and up to 60% EPA addition levels. The strength of EPA 

LWAC with 30% SF and up to 20% EPA addition levels increased and then decreased 

thereafter up to 60% EPA addition levels. This strength reduction was attributed to 

the rheological behaviour and particle size aspects of SF in comparison to PC 

particles. The smaller-sized SF particles were described to improve rheology 

permitting further movement into open pores of the EPA in comparison to the 

rheology of coarser-sized PC particles. This provided for reducing bonding 

development at the PC-aggregate interfacial transition zone (ITZ). With increasing 

EPA addition levels, the number of cementing pores in EPA LWAC was found to 

increase. These authors also reported on increasing addition levels of SF for the 

partial replacement of PC. Higher strength decreases were noted to result with 

increasing SF addition levels of up to 30% for 40% EPA LWAC after 7 days ageing. 

In contrast to SF additions, FA demonstrated lower strength decreases with increasing 

FA addition levels of up to 30% for the same EPA LWAC after the same age and 

much lower strength decreases at 60% EPA addition levels in LWAC. The strength 

of EPA LWAC incorporating FA was noted to decrease with increasing FA and EPA 

addition levels. The use of increasing addition levels of FA in EPA LWAC was 

stated to decrease heat of hydration and early age strength development.
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The use of lightweight EPA in concrete has been investigated by Top^u and Islkdag 

(2008) for the replacement of fine sand at 30% addition levels and increasing PC 

contents of 300 kg/m1, 350 kg/m1 and 400 kg/m1. For these three PC contents, the 

additional effect of substituting sand with EPA at 0%, 15%, 30%, 45% and 60% 

addition levels was investigated for evaluating hardened concrete properties. Slump 

measurements on concretes incorporating 30% EPA addition levels revealed that for a 

fixed w/c ratio of 0.5, workability decreased with increasing PC addition levels. As 

the unit weight of 30% EPA concrete increased with increasing addition levels of PC, 

the slump decreased. Concrete containing 30% EPA with the lowest PC addition 

level exhibited the lowest unit weight and highest slump due to its porous cementing 

structure. After 28 days ageing, the compressive and splitting-tensile strengths of 

30% EPA concretes were found to increase with increasing PC addition levels. For 

fixed PC and increasing EPA addition levels, the compressive and splitting-tensile 

strengths of concretes after 28 days ageing were noted to decrease. The unit weights 

of these concretes also decreased with increasing EPA addition levels. These authors 

demonstrated an optimum balance of adequate strength and lightweight properties 

established when incorporating EPA as a fine sand replacement in concrete.

Turkmen and Kantarci (2007) studied the replacement of fine sand with EPA in 

creating self-compacting concrete (SCC). EPA was added at 5%, 10% and 15% 

levels with fresh and hardened properties of delayed slump and compressive strength, 

respectively, determined after 28 days ageing. Furthermore, five different curing 

conditions were examined. For a fixed w/cm ratio, the delayed slump recorded for the 

SCC containing increasing EPA addition levels was found to be identical. In lime- 

saturated water, the compressive strength after 28 days ageing decreased by 7% for 

the SCC containing 15% EPA addition levels compared to the control SCC. Under air 

storage conditions, an improvement in strength occurred for the SCC containing 15% 

EPA addition levels in comparison to the control SCC. The authors of this 

investigation listed two inconsistencies with their tabulated SCC mix designs. EPA 

addition levels for fine sand replacements in the SCC indicate higher addition levels 

of 12.5%, 25% and 37.5% of EPA used in this study. Furthermore, a variable w/cm 

ratio reported indicates increasing water contents used with increasing EPA addition 

levels. The compressive strength after 28 days ageing improved if the w/cm ratio is 

held constant, regardless of any EPA addition level studied.
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2.2.2 Fine Expanded Perlite Aggregate (FEPA)

Park et al. (1999) investigated PC slurry composites in the absence of reinforcing 

fibres using up to 26% fine EPA (FEPA) addition levels for partial replacement of a 

blended PC comprised of 60% PC (early-strength type) and 40% FA. The purpose of 

using FEPA in this study was to fonnulate lightweight cementitious composite 

matrixes. Fresh properties of flow and hardened properties of compressive strength 

after autoclaving were evaluated. For obtaining equal flow to control, the w/cm ratio 

of the 26% EPA cementitious slurry was increased by 150%. This finding by the 

authors indicates a high affinity of water by the FEPA. The density of the 

cementitious composite with 13% EPA addition levels after 5 hours autoclaving at 

180 °C was found to decrease by 145% in comparison to the control composite. For 

this same cementitious composite, the compressive strength was noted to decrease by 

300% in comparison to the control composite. If the w/cm ratio selected for this 

investigation was held constant, an improvement in compressive strength may have 

occurred with the use of a superplasticiser. Furthermore, the mean particle size of 2.2 

mm for the EPA compared to the mean particle size of less than 45 pm for the 

blended PC also implies much less pozzolanic activity and strength development. 

These authors attributed this finding to a substantial decrease in pozzolanic activity 

from excess CH generated from early-strength type PC reacting with the coarser-sized 

FEPA.

A study involving the incorporation of perlite with a composition of 76% silica and 

13% alumina as an FEPA inclusion in render mortars has been reported by Torres and 

Garcia-Ruiz (2009). SEM micrographs of lightweight FEPA ranging from 0.08 to 1 

mm in particle size revealed quasi-spherical shaped geometry. Individual particles of 

FEPA also illustrated inner cavities, indicating possible sites for water adsorption. 

From flow measurements, the demand of water by EPA was found to reduce 

workability in mortar with increasing FEPA addition levels. For achieving reference 

flow, the water noted for achieving reference flow was found to increase from 21% to 

27% with FEPA addition levels from 0.6% to 1.8%. At 0.6% FEPA addition levels, 

EPA mortar was reported to have a flow within 5% of control mortar. Mechanical 

properties demonstrated that for 0.6% EPA addition level, 82% of control strength
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was achieved after 28 days ageing. Electrical conductivity tests performed on EPA in 

solution with PC at a ratio of 1:2 and w/c ratio of 0.70 after 7 days ageing indicated 

pozzolanic activity. The electrical conductivity was noted to decrease by 18% 

compared to PC due to the EPA consuming CH.

Research performed by Demir and Baspinar (2008) investigated the pozzolanic 

activity of FEPA for replacing FA in lightweight blocks. In this investigation, FEPA 

was incorporated at 12.5% and 25% addition levels for the partial replacement of FA 

in lime-gypsum mixes. The content of alumina and silica in FEPA was reported at 

73% and 13%, respectively. In addition, the P80 (/. e., 80% passing) particle size of 

FEPA was established to be 350 pm. In contrast, the FA was reported to contain 54% 

silica and 21% alumina and a P80 particle size of 65 pm. FA was incoiporated at 

40% addition levels by weight of the lime-gypsum mix. By adjusting water and 

altering the w/cm ratio, a slump of 20 mm was maintained for all concrete mixes. 

Furthermore, the use of superplasticiser enabled a set of mixes to be prepared using a 

lower w/cm ratio at the same desired slump. The hardened concrete properties of 

water absorption and compressive strength for control (40% FA), 12.5% and 25% 

FEPA concretes were assessed. Water absorption measurements revealed that for 

increasing FEPA addition levels water demand increased. Compared to the control 

mix, an increase of 149% was noted in water demand for the 25% FEPA mix. The 

water adsorption characteristics of FEPA reflect an important consideration where 

saturated surface dry (SSD) conditions must be satisfied, prior to batching aggregate 

material (Kasemchaisiri et al. 2007). The compressive strength of concretes were 

assessed employing two curing regimes of 28 days water curing and 6 h autoclave 

curing at 1.5 bar and 120 °C. In the absence of superplasticiser and with respect to 

control concrete, a decrease of 41% in strength was noted for the 25% FEPA concrete 

after 28 days water curing. Autoclave curing of the 25% FEPA concrete also showed 

an identical decrease in compressive strength. With the use of superplasticiser and 

autoclaving curing, a similar decrease of 42% in strength was found for the 25% 

FEPA concrete. SEM micrographs of the control and 25% FEPA concretes were also 

analysed in attributing reported decreases in strength caused by FEPA additions. The 

authors acknowledged the reactivity status of FEPA was inert with no development of 

C-S-H noted in the adjacent areas of FEPA. The coarser-sized FEPA and higher 

w/cm ratios used in concretes containing FEPA additions explained the reasons of
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inertness displayed by the FEPA. FA is known to contain spherical-shaped particles 

that aid workability of fresh concrete (Park et a/. 2005; Kim et a/. 2008). Increasing 

addition levels of FA allow for decreasing w/cm ratios to be utilised in the absence of 

superplasticiser. If the particle size distribution of FEPA is similar to that of finer- 

sized FA particles and w/cm ratios are kept fixed in the presence of superplasticiser, 

enhancements in pozzolanic activity may prevail in higher achievement of strength.

Lanzon and Garcia-Ruiz (2008) investigated the use of FEPA in mortars typically 

simulating renders. Fresh paste properties of unit weight, flow, water retentivity and 

workable life were examined for the replacement of fine aggregate by FEPA at 0.6%, 

1.2%, 1.8%, 3.5% and 7.1% addition levels. Hardened mortars were evaluated for 

water absorption, compressive and flexural strengths after 28 days ageing. The unit 

weight of fresh mortars with increasing addition levels of FEPA decreased due to the 

low bulk density of FEPA (49 kg/m3). In the absence of using superplasticisers in 

render type mortars, the mixing water requirement was found to increase with 

increasing FEPA addition levels for obtaining reference flows varying from 167 to 

205 mm. With the highest 7.1% FEPA addition level, the water requirement had 

increased to 49% compared to 21% required for the control mix. The water retention 

measured after 2 minutes increased slightly to 96% for the 0.6% FEPA mix, then 

decreased to 95% for the 1.2% EPA mix and thereafter gradually decreased with 

increasing FEPA addition levels. With decreasing FEPA addition levels, it was 

concluded that higher water retentivity for regulating water evaporation improved 

mortar coverage capacity and plasticity due to the FEPA retaining water in its internal 

cavities. Furthermore, the workable time of the fresh mortars were found to increase 

from 2 h 30 min to 5 h 45 min with increasing EPA addition levels. This suggests 

that increasing the amount of EPA extends the workability life of mortar. The water 

absorption of hardened mortars was found to increase considerably with increasing 

FEPA addition levels. An increase of 8% and 37% was reported for the control and 

7.1% EPA mortars, respectively, indicating an affinity of water absorption by the 

FEPA. These authors proposed increased water absorption of FEPA, due to water 

accumulation from hollow cavities present in SEM micrographs of FEPA, may lead to 

durability concerns. Compressive and flexural strengths did not show any pozzolanic 

attributes of FEPA. These strengths were found to decrease with increasing addition 

levels of FEPA. The w/cm ratio selected by these authors was noted to increase with
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increasing FEPA addition level due to the higher water demand of the FEPA. These 

noted decreases in compressive and flexural strengths may have occurred from an 

increasing w/cm ratio.

2.2.3 Pozzolanic Perlite

Urhan (1987) investigated the alkali-silica and pozzolanic reactions in FEPA concrete 

by chemical, mechanical and physical monitoring methods. The chemical dissolution 

of FEPA with a particle size up to 2.5 mm was evaluated following the International 

Organisation for Standards (ISO) recommendation R 863-1968 pozzolanicity test for 

pozzolanic cements using low-alkali and high-alkali PC cements. This pozzolanicity 

test method involves determining the calcium ion (Ca~ ) concentration and solution 

alkalinity from the hydration of PC interacting with a candidate pozzolan for 7 days 

ageing at 40 °C. The hydration of PC allows the solution to become supersaturated 

with CFI and the dissolution reactivity of the pozzolan with CH will lower the Ca~ 

concentration and solution alkalinity. The level of pozzolanicity measured by 

chemical reactivity in this test establishes a quantitative assertion of the permissible 

assessment of a material qualifying as pozzolanic (Gutt et at. 1975; Cheriaf et al. 

1999). Measurements of pozzolanicity earned out by the author using this test

method indicated that FEPA in the presence of low-alkali and high-alkali PC 

conformed to the pozzolan specification. Furthermore, mechanical testing of three 

types of FEPA concretes were also examined from 28 to 180 days ageing using four 

different curing regimes in establishing any noteworthy improvements in compressive 

strength occurring from pozzolanic activity of FEPA. In comparing compressive 

strength, the strength obtained for the high-alkali and low-alkali PC FEPA concretes 

cured at 50% relative humidity (RH), 99% RH and in water were of noteworthy 

importance. At 50% RH, the high-alkali PC FEPA concrete showed an increase in 

strength of 105% for the ageing period between 28 to 180 days. For 99% RH, the 

high-alkali PC FEPA concrete was found to have a strength increase of 120% up to 

180 days. In water, the strength increase reported for the high-alkali PC FEPA 

concrete was significant, with an increase of 145% noted for the same period of 

ageing. For the low-alkali PC EPA concrete at 99% RH, the strength increase was 

much larger with a noticeable improvement of 155% recorded. Urhan attributed these

31



strength increases to the rate of pozzolanic dissolution enhancing for FEPA concrete 

with increasing humidity and alkalinity. At 50% RH, increasing strength 

development by the high-alkali PC FEPA concrete demonstrated pozzolanic activity 

with increasing age due to higher alkalinity presence. At 99% RH, low-alkali PC 

FEPA concrete was found to have much larger strength enhancements due to 

hygrometric conditions favouring higher RH conditions and increasing pozzolanic 

activity. SEM micrographs by Urhan confirmed physical pozzolanic attributes of 

FEPA in concrete with increasing age. For low-alkali PC FEPA concrete and 50% 

RH, the presence of CH adsorbed onto the surface of FEPA was evident in the 

microstructure after 1 day ageing. After 28 days ageing, the formation of C-S-H gel 

was observed. With increasing age up to 1095 days, the porosity of the C-S-H gel 

decreased with closure of pores, indicating densification of C-S-H. Urhan concluded 

that the dissolution mechanism on the EPA surface was favoured in exposed areas, 

where broken air bubble walls formed from the mixing process of concrete. These 

fractured, fragile regions were considered similar to finer-sized FEPA particles and, 

thus, pozzolanic activity was promoted forming a strongly bonded interface at the 

ITZ. With increasing alkalinity, the dissolution of FEPA to an alkali-silicate gel was 

enhanced. With evolved CH presence, a gradual transformation of the C-S-H gel 

occurred with increasing age.

Bektas et a/. (2005) examined the effectiveness of using SF, expanded perlite powder 

(EPP) and natural perlite powder (NPP) SCMs for replacing PC in mortar for 

suppressing expansion resulting from alkali-silica reactivity. Mortars incorporating 

SF, EPP and NPP additions were prepared incorporating reactive and low-reactivity 

(normal) aggregates. PC was replaced with up to 16% addition levels of SF and EPP 

and the expansion was monitored in mortars containing these aggregates. In addition, 

PC was replaced with up to 32% NPP using normal aggregate. Expansion results of 

the reactive aggregate mortar showed EPP exhibited the lowest amount of expansion 

in comparison to SF at 16% addition levels with ageing. After 30 days in aqueous 

sodium hydroxide (NaOH), control, 16% SF and 16% EPP reactive aggregate mortars 

exhibited expansions of 0.62%, 0.25% and 0.10%, respectively. For an equivalent 

period in NaOH, mortars containing normal aggregate were noted to have lower 

expansions compared to equivalent mortars containing reactive aggregate. In 

particular, expansions of 0.29%, 0.07% and 0.05% were reported for the control, 16%
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SF and 16% EPP mortars, respectively. The authors attributed the reduction in 

expansion to the effectiveness of SF reducing alkali-silica reactivity due to three 

factors. Firstly, the high level of pozzolanic reactivity of SF allows for consumption 

of CH liberated from the hydration process of PC. Secondly, SF reduces the extent of 

transportation of alkali ions from increasing densification levels with increasing age. 

Finally, alkali ions react further with SF to aid C-S-H formation with increasing age. 

From the expansion results reported, the incorporation of EPP in mortar for the 

replacement of PC indicates enhanced pozzolanic attributes compared to SF. It was 

concluded that EPP enhanced the reactivity by adsorbing sodium ions. At higher 

levels of PC replacement, NPP mixed with low reactivity aggregate also showed 

further improvements by decreasing expansion. After 30 days in aqueous NaOH, the 

32% NPP mortar demonstrated the least amount of expansion with 0.03%. Mitigation 

of the deleterious alkali-silica reaction was improved by increasing the surface area of 

the NPP through pulverisation. This in turn significantly enhanced consumption of 

CH and pozzolanic reactivity of the NPP particles. Expansion differences between 

16% EPP and 16% NPP mortars mixed with low reactivity aggregate after 30 days in 

aqueous NaOH were noted to be 0.05% and 0.13%, respectively. The expansive 

porous structure of EPP was able to accommodate more alkali-silica gel and water 

leading to dilution of alkalinity, in agreement with earlier findings reported by Urhan 

(1987) and may be attributed to the larger surface area of EPP resulting in decreased 

expansion and alkali-silica reactivity.

The replacement of limestone filler with pozzolanic materials of perlite and FA in 

mortar have been studied by Katsioti and Gkanis (2009). Mechanical properties of 

compressive strength, flexural strength and modulus of elasticity were examined for 

mortars containing limestone filler (control), perlite and FA additions. The

composition of silica and alumina in the perlite studied was found to be 74% and 

13%, respectively. From further chemical analysis, the reactive silica content of 

perlite was determined to be 50% amorphous. The FA used in this study was 

analysed to contain 48% silica and 21% alumina and the reactive silica in FA was 

reported as 35% amorphous. Mortar mixes were prepared with 8.5% PC and in the 

case of the control mortar, 5% limestone filler was incorporated as an additive. For 

mortar incorporating pozzolans in place of limestone filler, results indicated that after 

28 days the compressive and flexural strengths and modulus of elasticity achieved for
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perlite additions were comparable to FA additions. Furthermore, phase analysis by 

XRD indicated the presence of portlandite, C-S-H and ettringite in mortar containing 

perlite. The pozzolanic reactivity of perlite and FA in mortar was determined by 

XRD analysis and the rate of reduction of portlandite.

Erdem et a/. (2007) reported the properties of PC blended cements containing perlite 

powder (PP). Two PPs sourced from different locations in Turkey, Izmir (PI) and 

Erzincan (P2), with similar chemical compositions and 69% passing 45 pm particle 

size were classified as pozzolans conforming to standard specification American 

Society for Testing and Materials (ASTM) C 618-01. The PI with 88% silica- 

alumina-ferrite (Al203-Si02-Fe203) content was found to comply with ASTM C 618

01 stipulated criteria after 7 and 28 days ageing at 20% PI addition levels. The 

strength activity indexes (SAIs), comparing the relative strength of the SCM mortar to 

that of the control mortar, were measured at 80% and 82% after 7 and 28 days, 

respectively, in comparison to the specified 75% SAI pozzolan limit. For P2 

containing 86% silica-alumina-ferrite content, the SAIs at 20% P2 addition levels in 

mortar were noted to be 85% and 86% after 7 and 28 days, respectively. Mortars 

incorporating P2 showed a higher SAI compared to those containing PI after 7 and 28 

days ageing due to the lower w/cm ratio of the P2 mortars. The water requirements of 

the PI and P2 mortars were found to be 103% and 100%, respectively, for achieving 

reference flow representative of control mortar. Four different SCM mortars were 

produced by mixing PC with the PI and P2 at 20% and 30% addition levels. The PI 

and P2 was combined with PC by either grinding each SCM and then mixing or

intergrinding the PC with each SCM to produce two Blaine fineness indexes of 320
1 1 . . . . m /kg and 370 m /kg. Grinding time was found to be highest and lowest for the PC

and P2 particles, respectively, in achieving the desired Blaine fineness index.

Furthermore, separate grinding and mixing of the PC, PI and P2 yielded coarser

particles compared to the same combinations prepared by the intergrinding technique.

The authors reported that intergrinding PI and P2 with PC also provided autogenous

grinding interaction, which provided finer particle sizes for the same Blaine fineness

index. Fresh properties of water demand for reproducing consistency and setting

times of PC-SCM pastes were studied. Furthermore, hardened PC-SCM mortar

properties of compressive strength with a variable w/cm ratio compared to control

mortar were evaluated after 2, 3, 7, 28, 56 and 91 days ageing. In terms of water
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demand, the w/cm ratio was noted to increase in SCM mortars with increasing PI and 

P2 addition levels and higher Blaine surface indexes. This finding by the authors was 

reported to indicate an affinity of water by the PI and P2. Regardless of grinding 

technique, the intake of water was noted to be equivalent for all PC-SCM pastes 

containing a fixed PI and P2 addition level and for the same Blaine fineness index. In 

comparison to control paste, the initial and final setting times of PC-SCM pastes were 

noted to increase with increasing PI and P2 addition levels. Furthermore, the 

intergrinding technique demonstrated higher setting times for the PI and P2 pastes 

compared to the same pastes prepared by the separate mixing technique. The former 

grinding method also showed further benefits with higher strength achieved for all the 

PI and P2 mortars. Higher PI and P2 addition levels in mortar contributed to 

decreasing strength at early ages. The lower strength reported for the 30% PI and P2 

mortars compared to control and 20% P1 and P2 mortars was attributed to the higher 

w/cm ratio used. A general trend was noted in that strength of mortars was found to 

increase with increasing age at 20% and 30% PI and P2 addition levels, with the 

highest strength increase recorded for the highest Blaine fineness index and 20% PI 

and P2 addition levels. After 91 days ageing, the strength reported for the 20% PI 

and P2 mortars were similar to control mortar, although a higher w/cm ratio was used 

in comparison to the control mortar.

Yu et a/. (2003) studied the use of PP as a pozzolan for the partial replacement of PC 

up to 40% PP addition levels in concrete. PP containing silica and alumina contents 

of 77% and 11%, respectively, was used for replacing rapid-hardening type PC at 

10%, 15%, 20%, 25%, 30% and 40% PP addition levels. The effect of reducing the 

particle size of PP in 10% PP concrete was also examined. Decreasing the amount 

fine aggregate in the PP concrete was assessed. For the first part of this study, the 

compressive strength of PP concrete was examined after 3, 28 and 91 days ageing 

using a fixed w/cm ratio of 0.30. Superplasticiser additions were made to PP concrete 

for obtaining reference slump representative of control concrete void of PP additions. 

After 3 days ageing, the 15% PP concrete was found to have adequate strength, with 

the relative strength to control concrete measured at 98%. At 40% PP addition levels, 

the relative strength of the 40% PP concrete in comparison to the strength of the 

control concrete was noted to be at 63% after the same age. After 28 days ageing, the 

15% PP concrete showed a higher strength in comparison to control strength, with a
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higher relative strength increase of 126%. For the 40% PP concrete, the relative 

strength measured was noted to be at 97% after the same age. After 91 days ageing, 

the 15% PP concrete had increased further in strength with a relative strength increase 

of 134% in comparison to the strength of control concrete. The 40% PP concrete also 

showed improved strength after the same age with a lower relative strength increase 

of 108%. From these strength results, the authors concluded the incorporation of PP 

in concrete for the partial replacement of PC had provided significant improvements 

in strength with increasing age for all PP addition levels investigated. In addition, the 

largest strength development was noted for the highest PP addition level. For the 

second part of this study, the effect of reducing PP particle size also showed further 

strength enhancements. The strength of PP concrete was reported to increase for PP 

particles passing 80 pm sieve size compared to 90% PP particles passing 80 pm sieve 

size, after 3 and 91 days ageing. For the final part of their study, a reduction in fine 

aggregate content in PP concrete revealed improvements in strength after 3, 28 and 91 

days ageing. For fixed w/c and w/cm ratios in concrete, increasing the proportion of 

coarser-sized aggregates has been reported to increase the compressive strength 

(Tsiskreli et al. 1970).

Ray et al. (2007) investigated the use of pitchstone fines (referred to as perlite fines) 

with a composition of 70% silica and 13% alumina as a suitable SCM additive for the 

partial replacement of PC. The compressive strength of mortars containing 10% PF, 

FA and SF addition levels were evaluated up to 28 days ageing for assessing strength 

development and the pozzolanic behaviour of PF. For further characterising strength 

development, compressive strength was obtained for mortars subjected to an 

accelerated ageing cycle of 2 days at 55 °C. After 7 days ageing, the PF and FA 

mortars were noted to have achieved a relative strength of 83% compared to that of 

the control mortar. The strength noted between the PF and FA particles revealed 

similar strength development up to 7 days ageing. After this same age, the SF mortar 

had obtained 93% relative strength in comparison to the control mortar indicating. 

After 28 days ageing, the strength of PF and FA mortars relative to the strength of 

control mortar were noted to be at 93% and 81%, respectively. The strength increase 

found for the PF mortar signified an improvement in strength of 12% compared to 

that of the FA mortar. Furthermore, the strength of the PF mortar was noted to 

approach the strength of control mortar indicating further enhancements in strength

36



are likely possible with increasing age beyond 28 days. In comparison to the PF and 

FA mortars, the strength of SF mortar relative to control mortar had increased 

significantly by 117% after the same age. Accelerated ageing revealed similar trends 

of strength improvement of PF mortars with 86%, 82% and 98% relative strength 

achieved for PF, FA and SF mortars, respectively. These strength improvements 

demonstrate pozzolanic reactivity of the PF and development of C-S-H strengthening 

phases. From differential thermal analysis (DTA), the authors characterised the 

pozzolanic reactivity of PF mortar after 1, 3 and 7 days ageing. After 1 day ageing, 

the reactivity of PF was observed to be inactive due to absence of C-S-H and CH 

endothermic peaks on DTA curves. In contrast, C-S-H and CH endothermic peaks 

were most prevalent on these same DTA curves after 3 and 7 days ageing. With 

increasing age, the C-S-H peak was noted to increase in intensity whilst the CH peak 

remained constant. XRD analysis confirmed DTA data with the characteristic 

diffraction peaks of portlandite (CH) identified. These portlandite peaks were found 

to increase in intensity with increasing age for PF mortars after 3 to 7 days ageing. 

The large portion of CH generated after 7 days ageing for the PF mortar indicated 

slow reactivity of PF in developing sufficient C-S-H strengthening phases. 

Improvements in strength from pozzolanic activity of PF with increasing age were 

most noteworthy after 28 days ageing. At this age, the strength performance of PF 

mortar was concluded to be superior to that of FA mortar and almost equivalent to 

that o f control mortar. The authors did not report the size of the PF and FA particles 

investigated during their study. It was established from their investigation that the 

41% PF particles used during this study were found to pass 45 pm size compared to 

88% passing the 45 pm particle size for the FA. It is possible that had the PF had a 

similar particle size distribution to that of the FA, the pozzolanic activity of PF 

experienced may have provided further strength gains comparable to the reported 

performance of SF mortar. A reduction in particle size of the SCM is known to 

increase the surface area and pozzolanic activity for amorphous-based aluminosilicate 

materials in forming C-S-H strengthening phases (Yu et al. 1999; Shi et al. 2001; 

Antiohos et al. 2007; Binici et al. 2007).
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2.3 Pozzolanic Activity

2.3.1 Pozzolan Classification

The Australian/New Zealand Standard (AS/NZS) 3582.3:2002 and Australian 

Standard (AS) 3582.1-1998 stipulated SCM requirements allow classification of an 

amorphous silica and FA for use with PC, respectively. Following AS/NZS 

3582.3:2002 SCM requirements, PF complies with the description of naturally 

occurring amorphous silica. For assessing the relative compressive strength 

performance of two different SCMs in mortar, these two standards are limited, as 

AS/NZS 3582.3:2002 refers to use of ASTM C 1240-05 and AS 3582.1-1998 

alternatively refers to AS 3583.6-1995. Furthermore, AS 3583.6-1995 is restrictive 

for comparing relative strength between PF and FA. A suitable substitute is that of 

the ASTM C 618-08a standard specification allowing for comparisons of relative 

strength in the form of strength activity index (SAI) between SCM and control 

(containing no SCM) mortars for use in concrete.

2.3.2 Concrete Use

A candidate pozzolan is classified to be cementitious for use in concrete when 

adherences to listed chemical and physical requirements of specification ASTM C 

618-08a are obeyed. This specification allows for the inclusion of modifications 

where variances to SCM addition levels and ageing require evaluation. For assessing 

appropriate pozzolanic behaviour beyond the prescribed replacement level of PC and 

ages specified, additional low and high volume SCM levels after short and long-term 

ageing periods may be examined. This specification represents an indirect measure of 

pozzolanic activity relative to strength development of the SCM interacting with CH 

with further ageing.
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2.3.3 Strength Activity Index

The pozzolanic reactivity between a pozzolan and CH liberated from the hydration of 

PC may be determined by measurement of relative strength (Papadakis et al. 2002; 

Papadakis et al. 2002; ASTM C 618-08a 2008). Physical criteria of specification 

ASTM C 618-08a allow for strength development of the pozzolan in mortar to be 

assessed at a fixed 20% addition levels after 7 and/or 28 days ageing. By referencing 

test method ASTM C 311 -07, this measurement of pozzolanic activity is termed 

strength activity index (SAI). The compressive strength of the mortar incorporating 

the pozzolan under evaluation is compared to the compressive strength of control 

mortar void of pozzolan. If the SAI of the pozzolan mortar is greater than or equal 

75% in comparison to the strength of control mortar, then the SCM confonns to the 

classification specification of a pozzolan. In addition, standard specification ASTM C 

1240-05 also utilises SAI criteria to classify SF for use in cementitious mixes. If the 

SAI of the cementitious mortar is greater than or equal 105% in comparison to the 

strength of control mortar, then the candidate SCM confonns to the specification of 

SF.

2.3.4 ASTM C 618-08a Specification Compliance

For achieving classification as a pozzolan or SCM, additional prescribed chemical and 

physical requirements of specification ASTM C 618-08a require adherence for Class 

N compliance. Raw or calcined natural pozzolans fit appropriate categorisation under 

Class N and include the following materials:

• Diatomaceous earths

• Opaline cherts and shales

• Tuffs and volcanic ashes or pumicites (calcined or uncalcined)

• Clays and shales requiring calcination
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The acceptance of a pozzolan by imposed limits governed by chemical composition 

and physical properties are described below.

Chemical Requirements

For Class N compliance, the following chemical criteria are required to be satisfied:

1. SiCL + AI2O3 + Fe2C>3 content greater than or equal 70.0%

2. Loss on ignition (LOI) less than or equal 10.0% (FLO and CO2 loss by 

application of heat)

3. SO3 content less than or equal 4.0%

4. Moisture content less than or equal 3.0%

For the context of this investigation, the first and second parameters were selected as 

most important for compliance of the PF examined.

Physical Requirements

For Class N compliance, the following physical properties are required to be satisfied:

1. Particle fineness wet sieved greater than or equal 66% passing 45 pm sieve

2. SAI of SCM with PC greater than or equal 75% of control mortar after 7 

and/or 28 days

3. Water requirement less than or equal 115% of control mortar for achieving 

flow within ± 5% of control mortar

4. Soundness by autoclave expansion or contraction is less than or equal 0.8% 

change

In this case, the first and second parameters were selected as important for compliance 

of the PF examined. It is worth mentioning that a practical limitation exists with the 

third listed requirement. For attaining an equivalent flow to that of the control mortar, 

an addition or subtraction of water is required for the SCM mortar. This limitation 

will affect the compressive strength of the mortar, due to increasing and decreasing 

w/c and w/cm ratios (Hover et al. 1995). In order to retain fixed w/c and w/cm ratios,
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an alternative to maintaining a constant flow is to use superplasticisers. The 

introduction of a superplasticiser improves the workability of fresh mortar without 

compromising consolidation levels and strength improvements. For comparative 

purposes, superplasticisers also allow the same w/c and w/cm ratios to be utilised 

between different mortars. The use of superplasticiser alleviates the variable of water 

content and is akin to assisting industry foresee the benefits of using SCMs as PC 

property enhancing materials, representing strength improvements representative of 

SF (Mazloom et al. 2004).

2.4 Sulphate Attack

Cyclic exposure of concrete to sulphate present in soils, ground water, seawater and 

sewage causes deterioration of the hardened PC paste by way of chemical attack. 

Regardless of the severity of cyclic exposure to sulphate, the resistance of concrete to 

mechanical degradation in the form of microstructure disruption is an important 

structural consideration required for predicting accurate models of design life.

The deleterious attack arising from sulphate ion reactivity in concrete gives rise to 

undesirable features of disruptive expansion and surface disintegration. This form of 

attack originates from the ability of sulphate ions to react with various cementing 

phases generated during the hydration process of PC. Specifically, the evolution of 

CH during hydration of principally C3S and C2S, hydrates of C3A, additional alumina

bearing phases present in C4AF and SCMs are all notoriously susceptible to chemical 

reactivity with sulphate ions (Irassar 2009). In aqueous solution, dissolved sulphate 

ions (SO4 ) react with calcium ions (Ca“ ) to give gypsum. Furthermore, gypsum can 

react with hydrates of calcium aluminate, calcium monosulphoaluminate or unreacted 

C3A to give ettringite (Cohen et al. 1988). If carbonate, sulphate and silicate ions 

react with calcium ions in the cementing system, then thaumasite formation will result 

(Pipilikaki et al. 2008). Calcium sulphate, calcium aluminate sulphate and calcium 

silicate carbonate sulphate hydrates present in the PC paste can cause softening of C- 

S-H, volume change, cracking, spalling and eventual loss of strength, due to
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topochemical crystal growth, through-solution reactivity and oriented crystal growth 

(Bassuoni et al. 2009).

2.4.1 Gypsum Formation

As an integral component of PC, calcium sulphate is added for controlling the setting 

time during the hydration of C3A to calcium aluminate hydrate (C4AH13) for avoiding 

flash set and stiffening of the water-PC paste (Bhatty 1987; Chandara et al. 2009). On 

hydration, calcium sulphate disassociates into ions and combines with water to form 

gypsum. The following reaction depicts the formation of gypsum in the presence of 

calcium and sulphate ions dissolved in solution (Hime et al. 1999):

Ca2+ + S042' + 2H20 CaS04-2H20 (2.1)

2.4.2 Sodium Sulphate (Na^SCM Exposure

On exposure to environmental sulphates, namely sodium and magnesium sulphates, 

the ongoing hydration of PC paste allows evolved CH to react with sulphate in the 

cementing pore solution to produce gypsum. Sodium and magnesium sulphates in 

solution also exhibit high levels of solubility in comparison to calcium sulphate 

indicating increased reactivity in the cementing system (Lamond et al. 2006).

In the presence of sodium sulphate (Na2S04), dissolved sulphate ions react with 

calcium ions to form gypsum according to the following reaction (Cohen et al. 1988; 

Hime et al. 1999):

Ca(OH)2 +Na2S04 + 2H20 ^ CaS04-2H20 + 2NaOH (2.2)

The rate of gypsum formation occurring in the PC paste is enhanced by increasing the 

concentration of S04 ' and CH. The existence of gypsum is reported to have a two

fold effect of softening the C-S-H matrix and causing volumetric expansion (Tian et 

al. 2000).
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Two other reactions are possible with sodium sulphate dissolved in solution (Hime et 

al. 1999):

2Naf + S042'(aq, => Na2S04(s) (2.3)

Na2S04 + 10H2O O Na2SO4-10H2O (2.4)

2.4.3 Ettringite Formation

Ettringite formation in PC paste occurs from the combined presence of sulphate, 

calcium and aluminate ions reacting in solution to produce calcium sulphoaluminate 

hydrates. Aluminate ions may arise from several active cementing sources, including 

hydrates of C3A, C4AF and calcium monosulphoaluminate and unhydrated C3A and 

SCMs. The type of calcium sulphoaluminate hydrate forming will largely depend on 

the concentration of the aluminate and sulphate ions available in solution. If there is a 

restricted amount of sulphate ions available, then the proceeding reaction will favour 

the formation of calcium monosulphoaluminate hydrate. Conversely, if there is an 

increased amount of sulphate ions present, then calcium trisulphoaluminate hydrate 

will avail leading to the formation of ettringite. Furthermore, an influx of sulphate 

ions will transform calcium monosulphoaluminate hydrate into ettringite. Moreover, 

the presence of gypsum also permits reactivity with calcium aluminate and calcium 

monosulphoaluminate hydrates and unhydrated calcium aluminate to form ettringite 

(Hime et al. 1999; Famond et al. 2006).

Microcrystalline ettringite occupies increased volume space in hardened PC paste. 

The further absorption of water generates internal pressure in the matrix and stresses 

cause fracturing from increasing volumetric expansion. Furthermore, aluminates 

found in SCMs, such as FA, have the potential to also react with gypsum to produce 

ettringite (Tian et al. 2000).
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The presence of hydrated alumina bearing phases occurring from C3A employed in 

PC and alumina present in SCMs react with gypsum to form ettringite in the 

cementing system according to the following reaction (Hime et al. 1999):

6Ca2+ + 3S042' + A12066_ + 32H20 ■=> 3CaOAl203-3CaS04-32H20 (2.5)

2.4.4 Factors Affecting Rate of Sulphate Attack

Various chemical and/or physical parameters control the rate and mechanism of 

sulphate attack occurring in the hydrating PC paste. Chemical factors, including the 

type of sulphate environment, temperature, sulphate ion concentration and ratio of 

volume of solution to volume of concrete exposed have a pivotal role in determining 

the extent and mechanism of sulphate attack (Irassar 2009).

2.4.4.1 Concentration

With exposure to high sulphate concentrations (3 to 30 g/1), gypsum fonnation 

prevails with the occupation of vacant pore spaces in the hydrating PC paste at the 

ITZ. As the sulphate concentration increases, the rate of volumetric expansion 

increases. At lower concentration levels of sulphate (less than 3 g/1), ettringite 

formation in unoccupied pores of the cementing matrix is favoured (Glasser et al. 

2008).

2.4.4.2 nil

The pH of the sulphate solution has a profound impact on the mechanism and rate of 

sulphate attack. Furthermore, the type of environmental exposure condition whether 

dynamic or static, also has an influence on the type of mechanism prevailing in the 

cementing system. Dependant on the type of sulphate, alkalinity may prevail in static 

solutions due to leaching and dissolution of CH from the PC paste. In contrast to 

static solutions, the periodic replenishment of sulphate ions in solution, representative
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of in-situ service conditions of concrete, permits the alkalinity of the cementing 

system to decline rapidly with recurring removal and depletion of CH. In static 

solutions, sulphate ions will readily react with CH to form gypsum until eventual 

depletion of CH and sulphate. With gypsum formation occurring in unoccupied pore 

spaces, alkalinity and sulphate concentration levels will decrease permitting further 

formation of ettringite (Khatri et al. 1997; Bassuoni et al. 2009; Irassar 2009).

At low pH (pH less than 7.5), representative of dynamic and acidic sulphate 

conditions, gypsum occurring from an abundance of sulphate ions reacting with CH 

promotes increased depletion of CH. Eventual depletion of CH from the cementing 

matrix will cause decalcification of C-S-H phases, which produces eventual softening, 

loss of stiffness, adhesion and binding capacity of the cementing matrix. In addition, 

this mechanism of attack is compounded by increasing gypsum presence, which itself 

contributes to volumetric expansion, spalling and further loss of strength. Beyond a 

certain level of basicity (pH greater than 11.5), gypsum formation suppresses and 

ettringite formation occupying vacant pore spaces prevails; however, below this 

threshold pH (pH between 8 to 11.5) ettringite phases become unstable transforming 

into gypsum (Irassar et al. 2003; Neville 2004).

The stability of synthetically prepared calcium sulphoaluminate hydrate phases from 

reacting fixed quantities of aluminate and calcium ions with increasing concentration 

levels of sulphate, have been investigated relative to changing basicity (Gabrisova et 

al. 1991). With a decrease in pH less than 10, increasing sulphate concentrations 

were found to produce two-fold formation of gypsum and aluminium sulphate. In the 

pH range from 10 to 10.7, decreasing sulphate concentrations were noted to favour the 

preferred formation of gypsum and hydrogarnet (hydrate phase of C3A). At higher 

pH from 10.7 to 11.6, hydrogamet presence reduces and a stronger phase of ettringite 

predominately evolves. With further depletion of sulphate ions and an increase in pH 

from 11.6 to 12.5, formation of ettringite declines and calcium monosulphoaluminate 

formation prevails. With increasing pH greater than 12.5, calcium sulphoaluminate 

hydrates with poorly ordered crystal structures resembling a composition similar to 

that of ettringite with a topotactic transformation of non-crystalline precipitate result 

(Hampson et al. 1982; Hampson et al. 1983).
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2.4.4.3 Chemical Composition

The mineralogical compositions of the cementing ingredients have an impact on the 

mechanism of sulphate attack. With increasing alumina content, sulphate reactivity 

forming calcium sulphoaluminate hydrates cause significant increases in volumetric 

expansion. Mechanical degradation initiates with oriented crystal growth of calcium 

monosulphoaluminate and trisulphoaluminate hydrates occupying vacant pore spaces. 

As these sulphate-bearing hydrates crystallise, the pressure imposed internally in the 

cementing matrix, from preferential growth in the directional order of the densest 

planes, causes disruption by way of lattice distortion and volumetric expansion 

(Talero 1996; Gonzalez et al. 1997; Clark et al. 2008; Glasser et al. 2008).

In static NaiSCC solution, increasing the C3A and C3S contents in PC produces the 

greatest volumetric change and expansion. Conversely, decreasing the amounts of 

C3A and C3S in PC causes the least dimensional change and expansion. With a low 

C3A and high C3S content in PC, the extent of volumetric change has been reported to 

increase (Cao et al. 1997). These findings reported by the authors indicate high 

concentration levels of aluminate ions are detrimental in the formation of expansive 

ettringite in the cementing matrix.

2.4.4.4 Physical Parameters

Physical parameters of the cementing system itself controlling the transfer of solution 

through the microstructure, including w/c and w/cm ratios responsible for closure of 

the pore structure, determine the rate of diffusion and ingress of sulphate ions into the 

cementing microstructure (Glasser et al. 2008).
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2.4.5 Mechanical Properties

In static l^SCC solution, the strength development of mortars incorporating SCMs 

with increasing age have been investigated at selected time intervals up to 365 days 

relative to the performance of control mortar (Cao et al. 1997). In comparison to the 

control mortar, SCM mortars using increasing addition levels of FA were noted to 

show greater strength improvement. The compressive strength performance of the 

20% FA mortar was observed to increase up to 300 days before a small decline in 

strength was measured up to 365 days. For the control mortar, the strength was found 

to increase up to 100 days and then gradually decrease up to 365 days. This decline in 

strength behaviour for the control mortar was attributed to a tendency of sulphate 

attack contributing to deterioration of well established C-S-H strengthening phases. 

The strength obtained for the 40% FA mortar, although lower in comparison to the 

strength measured for the 20% FA mortar, was noted to increase with increasing age 

up to 365 days, where a large increase in strength was noted. The authors concluded 

that increasing FA addition levels assisted greatly with increasing sulphate resistance 

due to the chemical and physical contribution of pozzolanic activity. Preferential 

pozzolanic activity of FA with CH allows for C-S-H phase development and 

increasing densification levels, with an overall reduction in permeability and ingress 

of sulphate ion from pore closure (Khatri et al. 1997).
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2.4.6 Resistance

Resistance to sulphate attack may be enhanced by decreasing the w/c ratio of the PC 

paste. A reduction in w/c ratio results in a reduction of porosity that lowers 

permeability restricting ingress and diffusion of chemicals into the cementing matrix. 

Furthermore, incorporating SCMs to bind with evolved CH in forming C-S-H phases 

by means of pozzolanic activity allows for less CH availability for initiation of 

sulphate reactivity (Khatri et al., 1997). The use of SCMs is also advantageous from 

the viewpoint of improving densification levels in the cementitious matrix, which 

decreases the porosity due to the mechanism of pozzolanic activity (Fraay et al., 

1989). In comparison to PC, the pore-blocking particle size of SCMs also decreases 

permeability of the cementing matrix. The use of SCMs, incorporating low alumina 

contents, also decreases the amount of reactive aluminate (C3A) availability in PC for 

inclination of sulphate reactivity (Zelic et al. 1999; El Sokkary et al. 2004).
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3 Experimental Procedures

3.1 Preface

This chapter describes the details of raw materials, sample preparation methods and 

analytical characterisation methods, both chemical and mechanical, utilised in this 

investigation. Evaluation methods for each study conducted are also outlined. Mortar 

and concrete incorporating PF and SCM additions for partial replacement of PC were 

mixed, moulded and aged for evaluating fresh and hardened properties. The 

workability of fresh mortars and concretes was assessed through measurements of 

flow and slump, respectively. Wet densities were measured for determining the 

consolidation levels present in fresh mortars and concretes. Strength evaluation 

involving measurement of compressive strength was utilised for determining SAIs of 

mortars and concretes for an indirect assessment of pozzolanic activity. The length 

change of mortars with ageing was monitored for determining the amount of drying 

shrinkage. Scanning electron microscopy (SEM) was utilised for providing 

microstructural images for examining hydration products. The use of X-ray 

diffraction (XRD) provided qualitative information for identifying the presence of 

characteristic cementing phases in hydration products. Thermal analysis (TG-DTA) 

was quantitatively employed for characterising the thennal decomposition pattern of 

hydration products. In addition, the use of X-ray fluorescence (XRF) provided oxide 

compositions and loss on ignition (LOI) values for the raw materials. Particle size 

analysis (PSA) by laser diffraction was performed for verifying the particle size 

distributions of raw materials. The theory of each analytical technique used in this 

study is also briefly presented in the followings sections. Exposure of mortars 

incorporating PF and FA to sodium sulphate was monitored by pH and mass change 

measurements, with compressive strength and SAI determinations perfonned at the 

end of this study.
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3.2 Raw Materials

For all experimental work, the following raw materials were selected as representing 

typical pre-mixed concrete ingredients.

3.2.1 Shrinkage Limited Portland Cement

Shrinkage limited Portland cement (PC) having a typical fineness index of 310 to 370 

m2/kg sourced from Blue Circle Southern Cement (BCSC) Pty Ltd, NSW, Australia. 

BCSC shrinkage limited PC is a special purpose PC manufactured from specifically 

prepared PC clinker and gypsum (CaSCL^FLO) and may contain up to 5% mass of 

mineral additions in accordance with AS 3972-1997 specification requirements.

Table 3.1 Chemical composition of starting materials with oxides and loss on 

ignition (LOI) are in mass percent

Oxides
PC

(%)

PF1

(%)

PF2

(%)

PF3

(%)

PF4

(%)

PF5

(%)

FA

(%)

HPFA

(%)

SF

(%)

FS

(%)

Si02 20.16 69.03 68.34 68.32 67.95 68.71 65.13 63.59 86.85 98.4

ai2o3 4.62 14.54 13.62 13.62 13.33 13.29 23.75 24.96 0.37 0.69

Fe203 4.56 1.26 1.27 1.27 2.03 1.24 3.38 4.68 0.89 0.11

CaO 65.35 0.96 0.96 0.97 0.94 1.05 1.92 1.24 0.68 0.02

MgO 1.06 0.12 0.12 0.16 0.19 0.17 0.49 0.77 1.65 0.02

Na20 - 3.81 3.74 3.70 3.75 3.81 0.48 0.10 0.40 0.03

k2o 0.44 2.52 2.51 2.50 2.52 2.53 1.46 1.33 2.53 0.17

Ti02 0.28 0.07 0.07 0.07 0.07 0.06 0.92 1.22 0.04 0.15

MnO 0.16 0.04 0.04 0.04 0.04 0.04 0.07 0.06 0.11 -

P2O5 0.07 0.04 0.03 0.04 0.03 0.03 0.25 0.23 0.17 -

S03 2.55 - - - - 0.04 0.07 0.12 0.81 0.05

LOI 1.16 8.20 8.37 8.38 8.08 8.02 1.65 1.24 4.51 0.372
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XRF analyses were earned out on cementing materials prepared as 40 mm glass discs 

using a PANalytical PW2400 Sequential WDXRF Spectrometer fitted with a rhodium 

end-window tube at the University of New South Wales (UNSW) laboratories. The 

chemical composition obtained by XRF is given in Table 3.1.

Particle size analyses (PSAs) were conducted on cementing materials at the UNSW 

laboratories utilising a Malvern Mastersizer S Particle Size Analyser, with water and 

2-propanol used as the suspending mediums for the PF, FA, SF and PC. The results 

of the PSA are given in Table 3.2, whilst the typical microstructure of the PC particles 

is plotted in Figure 3.1.

Table 3.2 Fraction of particle size less than the value listed in pm

Passing

(pm)
PC PF1 PF2 PF3 PF4 PF5 FA HPFA SF

10% 1.97 27.28 1.04 2.97 2.08 1.52 1.84 1.58 4.13

50% 10.45 106.90 5.07 23.86 16.85 6.41 12.25 7.91 27.10

90% 27.58 214.07 20.52 75.83 42.18 17.76 39.58 18.84 98.55

Figure 3.1 SEM micrograph of PC (x 800)
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3.2.2 Pitch s to neFines

Natural pitchstone fines (PF) from Nychum, QLD, Australia were supplied by Perlco 

Pty Ltd. The major oxides as determined by XRF are given in Table 3.1. The as 

supplied material was variously treated as follows:

• PF1 - sieved to achieve a particle size less than 125 pm

• PF2 - ball milled for 2 hours to achieve a particle size lees than 10 pm

• PF3 - sieved to achieve a particle size less than 75 pm

• PF4 - rod milled to achieve particle size less than 45 pm

• PF5 - bead milled to achieve particle size less than 10 pm

The microstructures of the various PF particles after mechanical treatment are shown 

in Figures 3.3 to 3.7. The PSA results and distributions for the PF are listed in Table 

3.2 and plotted in Figure 3.2, respectively.
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Figure 3.2 Particle size distributions of sieved and milled PF samples
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Figure 3.3 SEM micrograph of PF1 (x 800)

Figure 3.4 SEM micrograph of PF2 (x 800)
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Figure 3.5 SEM micrograph of PF3 (x 800)

Figure 3.6 SEM micrograph of PF4 (x 800)
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Figure 3.7 SEM micrograph of PF5 (x 800)

Figure 3.8 SEM micrograph of FA (x 800)
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3.2.3 Fly Ash

Fly ash (FA) from the Eraring Power Station, Morisset, NSW, Australia was sourced 

from Blue Circle Southern Cement Pty Ltd. Eraring FA is a Class F low-calcium fly 

ash with a low loss of ignition; important, as the unbumed-carbon content can affect 

the water requirement in concrete mixes. The fineness by 45 pm sieve is 94% passing 

tested in accordance with the AS 3581.1-1998 set reference method. The chemical 

composition of the FA is given in Table 3.1. The results of the PSA for the FA are 

given in Table 3.2, whilst the typical microstructure is shown in Figure 3.8.

3.2.4 HI-POZZ™ Fly Ash

HI-POZZ™ Fly Ash (HPFA), supplied by Si Powders Pty Ltd, is a finely pulverised 

fly ash (90% size less than 20 pm and 50% less than 8 pm) which complies with set 

requirements of AS 3582.1-1998. The composition of the HPFA is less than 10% 

crystalline silica and greater than 60% fly ash. The microstructure of FA particles, the 

chemical composition and PSA results are given in Tables 3.1, 3.2 and shown in 

Figure 3.9, respectively.

3.2.5 Densified Silica Fume

Densified silica fume (SF) from Techcon Pty Ltd China was supplied by Xypex, 

Australia. The particle size is approximately 0.1 pm and when wet-sieved on a 45 pm 

sieve, less than 13.2 wt. % of silica fume was retained due to agglomeration. The SF 

had a BET surface area of 19700 lrr/kg and bulk density of 542 kg/m'. The supplied 

typical chemical composition is given in Table 3.1. The microstructure and PSA 

results of the SL are listed in Table 3.2 and plotted in Figure 3.10, respectively.

56



Figure 3.9 SEM micrograph of HPFA (x 800)

Figure 3.10 SEM micrograph of SF (x 800)
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3.2.6 Single Washed Sand

Single washed sand (FS), from Raymond Terrace, NSW, Australia being a concrete 

construction grade fine aggregate meeting the exact grading requirements of standard 

specification ASTM C 778-06 and tested in accordance with set method AS 

1141.11.1-2009 was sourced from Rocla Quarry Products Pty Ltd, NSW, Australia. 

Prior to use, the fine aggregate was dried in ambient conditions to eliminate any free 

water. The chemical composition and the particle size distribution by sieving method 

are given in Tables 3.1 and 3.3, respectively.

Table 3.3 Particle size distribution (sieving method) of Raymond Terrace single

washed sand

Grading
Specification

Limits (%)

Percent Passing

Sieve (%)

1.18 mm 100 100

600 pm 96-100 96

425 pm 65-75 75

300 pm 20-30 28

150 pm 0-4 1

3.2.7 Pitchstone Fine Aggregate

Pitchstone fine aggregate (PFA) was supplied by Perlco Pty Ltd. The PFA was sieved 

against AS 1141.11.1-2009 and AS 1141.12-1996 set methods and re-classified to 

achieve an equal particle size distribution representing that of the Raymond Terrace 

single washed sand (Table 3.4).
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Table 3.4 Particle size distribution (sieving method) of pitchstone fine aggregate

Grading
Specification

Limits (%)

Percent Passing Sieve (%)

FS PFA

2.36 mm 100 100 100

1.18 mm 100 99.6 99.6

600 pm 96-100 95.9 96.0

425 pm 65-75 74.7 74.6

300 pm 20-30 27.6 27.9

150 pm 0-4 1.5 1.4

75 pm 1.5 0.4 0.5

3.2.8 Nepean River Sand

Double washed Nepean river sand (CS), from Emu Plains Quarry, NSW, Australia 

being a commercial concrete grade coarse quartz river sand was sourced from Boral 

Quarries Pty Ltd, NSW, Australia complying with the exact grading requirements of 

the specification tolerances listed in Table 3 of AS 2758.1-1998. Current production 

of Nepean river sand contains approximately 15% of washed crusher dust resulting 

from the crushing of Nepean river gravels. Prior to use, the coarse sand was prepared 

to SSD conditions. The typical particle size distribution is listed in Table 3.5.

3.2.9 Kurnell Sand

Kumell fine sand (KFS), single washed dune sand from Kurnell, NSW, Australia 

being a concrete construction grade fine, single size, sub rounded quartz sand meeting 

the exact grading requirements of the specification limits listed in Table 3 of AS 

2758.1-1998 was sourced from Rocla Quarry Products Pty Ltd, NSW, Australia. 

Prior to use, the fine sand was prepared to SSD conditions. The sieved materials 

profile graded sizes are given in Table 3.3.
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Table 3.5 Particle size distribution (sieving method) of Nepean double washed

river sand

Grading
Specification

Limits (%)

Percent Passing

Sieve (%)

6.7 mm 100 100

4.75 mm 95-100 99

2.36 mm 70-90 84

1.18 pm 55-75 66

600 pm 40-60 46

425 pm - 32

300 pm 12-30 22

150 pm 4-14 9

Table 3.6 Particle size distribution (sieving method) of Kurnell single washed

sand

Grading
Specification

Limits (%)

Percent Passing

Sieve (%)

4.75 mm 100 100

2.36 mm 100 100

1.18 pm 100 100

600 pm 96-100 99

425 pm - 89

300 pm 45-65 57

150 pm 0-4 3
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3.2.10 Coarse Aggregate

Coarse aggregate (CA), from Dunmore Quarry, NSW, Australia being 10 mm (10CA) 

and 20 mm (20CA) crushed latite gravel was sourced from Boral Quarries Pty Ltd, 

NSW, Australia complying with the exact grading requirements of the specification 

range listed in Table 2 of AS 2758.1-1998. Prior to use, the coarse aggregates were 

prepared to SSD conditions. The particle size distributions by sieving method are 

given in Tables 3.7 and 3.8.

Table 3.7 Particle size distribution (sieving method) of 10 mm coarse aggregate

Grading
Specification

Limits (%)

Percent Passing

Sieve (%)

13.2 mm 100 100

9.5 mm 85-100 91

6.7 mm 40-60 52

4.75 mm 0-20 12

2.36 mm 0-5 3

1.18 mm - 2

Table 3.8 Particle size distribution (sieving method) of 20 mm coarse aggregate

Grading
Specification

Limits (%)

Percent Passing

Sieve (%)

26.5 mm 100 100

19.0 mm 85-100 97

13.2 mm 40-60 54

9.5 mm 0-20 9

6.7 mm 0-10 4

4.75 mm 0-5 3

2.36 mm - 2

1.18 mm - 2
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3.2.11 Water

Drinking grade tap water (W) was used and conditioned at 23 ± 2 °C prior to use.

3.2.12 Glenium 51 (G 51) Superplasticiser

Glenium 51 (G 51) is a polycarboxylic-ether based superplasticiser that increases 

workability and decreases water demand in high-performance concrete, where high 

durability resistance is required.

At the very early stages of PC hydration, conventional superplasticisers, based on 

sulphonated melamine and naphthalene formaldehyde condensates, are able to absorb 

onto the surface of PC particles at the commencement of mixing. The negative charge 

on the surface of the PC particle increases in the presence of sulphonic groups and 

dispersion results by means of electrostatic repulsion.

Free from chlorides, G 51 consists of long carboxylic-ether based polymeric chains. 

These lateral chains permit a steric hindrance of molecules, which significantly aids 

stability in separation of individual particles of PC. In combination with electrostatic 

repulsion, this mechanism greatly enhances the dispersion of PC particles at the start 

of the mixing sequence.

G 51 primarily allows workable concrete to be achieved using lower w/c and w/cm 

ratios, without the result of segregation or bleeding. Curing periods and ageing 

cycles, dependant on temperature and time respectively, are also decreased. Less 

vibration is also required during placement of concrete, resulting in less labour. The 

surface finish and texture of concrete is improved, and compared to conventional 

superplasticisers, the addition of G 51 improves physical properties and the durability 

performance of concrete.
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3.3 Sample Preparation Methods

3.3.1 Mortar Mix Proportions

Mortar mix designs were proportioned from standardised raw material fractions listed 

under Section 27 of test method ASTM C 311-07. The cement-to-sand and 

cementitious material-to-sand (c/s and cm/s) ratios were fixed at 1:2.75 for 

investigations involving the evaluation of additions of pozzolans, as partial 

replacements for PC. In the case of fine aggregate evaluation, this ratio was changed 

accordingly to reflect the new c/s ratios used.

The fine-angular shaped aggregate sourced for experimental purposes was a concrete 

construction grade fine sand complying with the particle size requirements of test 

method ASTM C 778-06. Prior to use, this fine sand was dried in ambient laboratory 

conditions to eliminate the presence of any free water.

A modification was incorporated for the addition or subtraction of water listed under 

Section 31 of test method ASTM C 311-07. A fixed water requirement (WR) was 

used for all mortar mixes, as this variable was deemed to affect the water-to-cement 

(w/c) and water-to-cementitious material (w/cm) ratios and, hence, resulting strength. 

The w/c and w/cm ratios were fixed at 0.48 for control and pozzolan mixes based on 

proportioning listed under Section 27 of test method ASTM C 311-07. To 

compensate for fixed water additions and concerns of workability with pozzolan 

additions, superplasticiser (G 51) was introduced to those mixes in order to achieve 

the reference flow that was deemed satisfactory for consolidation and moulding. 

Based on preliminary trials, a satisfactory reference flow was established based on the 

flow patterns observed and the relative ease of compaction of the moulded test 

specimens. The flows were also optimised to minimise bleeding and segregation 

(Knaus et al. 2003; Leemann et a/. 2007).

63



3.3.2 Mortar Mixing Procedures

The mechanical mixing of mortar to plastic consistency was conducted in accordance 

with the prescribed listed procedures of test method AS 2350.12-2006. In the case of 

adding pozzolans to mixes, the adopted AS 2350.12-2006 test method was modified 

with an additional step. Prior to adding any PC to water, pozzolan additions were 

allowed to pre-mix with water for 30 s on a speed setting of 140 ± 5 revolutions/min 

using a complaint Hobart mixer. This step was undertaken to ensure an adequate 

level of pre-wetting of the pozzolan in the absence of PC. Furthennore, an additional 

step was incoiporated for those mortar mixes requiring G 51 additions for achieving 

representative flow. By following parameters listed under requirement AS/NZS 

3582.3:2002 and Section 16 of standard specification ASTM C 1240-05, G 51 

additions were thoroughly mixed in with the water to ensure proper dispersion prior to 

the commencement of mixing. The liquid fraction of G 5 1 was established to be 65% 

w/w from uniformity testing conducted in accordance with Section 2, Clause 2.1.3 of 

test method AS 1478.1-2000. This liquid fraction of G 51, typically representative of 

water, was taken into volumetric consideration by subtracting total batched mix water.

3.3.3 Mortar 50-mm Cubes and Shrinkage Bars

For each mortar mix, three representative cube shaped test specimens measuring 50 

mm in length, width and height dimensions were moulded in accordance with test 

method ASTM C 109/C 109M-08 procedures, using the hand-tamping compaction 

technique listed under Clause 10.4.2. As a moist room or closet for the initial 24 h 

curing at 23 ± 2 °C was unavailable, air-tight zip-lock plastic bags filled partially with 

water were used for storage of the gang moulds containing the moulded mortar cubes. 

At the completion of 24 h moist curing, the mortar cubes were appropriately labelled 

with identification and placed into containers of lime-saturated water at 23 ± 2 °C, in 

compliance with Section 7 requirements of specification ASTM C 511-06, for ageing.

With accelerated ageing regimes, the mortar cubes were subjected to Clause 8.4 

requirements of test method AS 3583.6-1995. In summary, this procedure involves
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24 h curing in a humidity cabinet at 23 ± 2 °C, 96 h curing in lime-saturated water at 

23 ± 2 °C, curing in water at an elevated temperature of 50 ± 1 °C for 46 h and 2 h 

curing in lime-saturated water at 23 ± 2 °C. To prevent leaching of CH from mortar 

and to maintain alkalinity for the curing of cubes, lime-saturated water was introduced 

for ageing mortar prior to testing for compressive strength.

For each mix design specified in Section 3.3.1, three representative shrinkage bars for 

length change determinations were moulded following the procedures listed under 

Section 9 of test method specification ASTM C 157/C 157M-08. Moist curing for 24 

h at 23 ± 2 °C was earned out following the procedure prescribed under Section 22 of 

test method specification ASTM C 311-07. After the initial moist curing cycle, the 

shrinkage bars were de-moulded and then cured for 6 days in lime-saturated water at 

23 ± 2 °C. Test specimens were then removed from lime-saturated water for air 

storage in compliance with requirements listed in Clause 11.1.2 of ASTM C 157/C 

157M-08, where comparator readings were performed after a specified age.

3.3.4 Concrete Mix Proportions and Preparation

The concrete mix designs selected were based on industry representation of typical 

construction grade 32 MPa concrete after 28 days standard water ageing. A fixed 

w/cm ratio of 0.50 was employed for all concrete mixes. The coarse aggregate 

fraction was prepared by blending 10 mm and 20 mm aggregates. Similarly, the fine 

aggregate fraction was obtained by blending fine and coarse sands. All aggregates 

used were conditioned to saturated surface dry (SSD) conditions prior to 

proportioning and mixing of concrete to ensure adsorption effects of water by 

aggregates and free water present in the mixes were eliminated (A'ltcin 1998).

The mixing of concrete was prepared in accordance with test method AS 1012.2-1994 

specifications.
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3.3.5 Concrete 100-mm Diameter Test Cylinders

For hardened concrete properties, concrete was moulded into 100 mm diameter x 200 

mm high cylindrical test specimens adhering to the external vibration compaction 

procedure listed under Clause 7.4 of test method AS 1012.8.1-2000. After 24 h 

storage in steel moulds at 23 ± 2 °C, concrete cylinders were de-moulded and then 

aged in lime-saturated water following standard temperature zone moist-curing 

conditions of 23 ± 2 °C specified in Clause 9.3 of AS 1012.8.1-2000 and in air at 

temperature controlled conditions of 23 ± 2 °C. The compressive strength of test 

cylinders was determined in accordance with test method AS 1012.9-1999.
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3.4 Methods of Characterisation

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful imaging technique capable of 

producing high-resolution images of a sample’s surface morphology (Goldstein et a/. 

1992). In essence, SEM employs a high-energy beam of electrons to scan over an 

area of a sample surface. Interaction of this primary electron beam with the atoms 

that make up the sample results in energy loss due to repeated random scattering and 

absorption. A variety of signals is produced from this interaction; however, the 

detection from the secondary electrons (SE) are utilised for the production of images. 

As a result, SE due to their low energy originate within a few nm of the sample’s 

surface, and, hence, images are produced which have excellent topographic contrast 

and display detail of about 1 to 5 nm in size.

Microstructural analysis was conducted using a Zeiss Supra 55VP Field Emission 

Scanning Electron Microscope (FESEM) equipped with an in-lens detector. All 

specimens were carbon coated and placed under vacuum prior to imaging at an 

accelerating voltage of 20 kV. In order to reduce any charging, a silver dag was 

employed to provide a conductive path between the sample and the aluminium stub to 

which the sample was affixed.

3.4.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a scattering technique, which can be used to determine the 

geometric arrangement of atoms within a crystal. In practice, its most widespread use 

is in phase identification and semi-quantitative analysis. The material under 

investigation is bombarded with X-rays whilst gradually being rotated, such that every 

possible crystalline orientation is represented equally. The position and relative 

intensity of the diffraction peaks produced in this manner are characteristic of the 

material’s crystallographic lattice planes. Phase identification is, therefore, possible
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by comparison with reference patterns. The method is suited to the identification of 

crystalline and semi-crystalline phases in both single and multi-component powder 

samples. Limitations of the technique arise when phases are present in minor 

amounts, peaks overlap due to multiple phases and/or the material is non-crystalline. 

In the case of non-crystalline or amorphous materials, often encountered in PC-based 

research, the diffraction patterns exhibit broad and featureless peaks making 

identification difficult.

XRD analysis was performed using a Siemens D5000 X-ray powder diffractometer 

with symmetrical Bragg-Brentano geometry. A Philips PW2276/20 x-ray tube was 

used at a power of 30 mA and 40 kV to produce CuKa radiation (X = 0.1540981 nm). 

Powdered samples were mounted in plastic sample holders, placed on the 

diffractometer and scanned from 20 values of 3.000° to 65.000°. Step times of 

between 2 to 8 seconds per 0.020° intervals were employed, whilst the receiving-slit 

width was 0.2 mm. All qualitative phase identification was conducted using the 

Powder Diffraction Standards (ICDD-JCPDS) database.

3.4.3 Thermal Analysis

Thermal analysis techniques, used to characterise materials by measuring physical and 

chemical properties as a function of temperature (Haines 1995), are invaluable for the 

study of hydration reactions and identifying and quantifying phases formed from the 

effects of pozzolanic additives. Differential thermal analysis (DTA) monitors the 

difference in temperature between a substance and a reference material as a function 

of time, or temperature, whilst the temperature of the two specimens is programmed. 

The DTA curve, is a plot of the difference in temperature between the reference and 

sample versus the temperature and generally shows a series of peaks, the positions of 

which are governed by the chemical composition and crystal structure of the 

substance, and the areas of which are related to the energy involved during the 

reaction. An endothermic reaction, where energy is absorbed in the form of heat, 

gives a negative peak, whilst an exothermic reaction, where energy is released in the 

form of heat, gives a positive peak.
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Thermogravimetric analysis (TGA) monitors the weight change of a sample in 

relation to change in temperature. The derivative weight loss (DTG) curves, which 

plot of rate of mass change with temperature, can be used to tell the point at which 

maximum weight loss is most apparent. Decomposition phases, irrespective of their 

crystallinity, can be characterised by TGA.

Simultaneous thermal analysis refers to the application of two or more thermal 

analysis techniques at the same time with DTA-TG being the most frequently used 

methods. The development of such techniques is driven by the need to reduce the 

uncertainty inherent in the comparison of results obtained using two or more 

individual analysis units, in addition to enhancing productivity. The techniques 

provide complementary information, allowing for differentiation of endothermic and 

exothermic events with no associated mass loss (e.g., phase transitions and solid state 

reactions) from those with a mass loss (e.g., dehydration and decarbonation reactions). 

Pozzolanic reactions, between the CH liberated by the hydration of PC and the 

siliceous or siliceous and aluminous material of the pozzolan, may be monitored by 

the estimation of the proportion of CH present in the cementing system. This method 

of evaluation allows for the determination of the degree of pozzolanic activity 

applicable to the SCM system under investigation at a given age of maturity. Other 

indirect methods of characterising cementing phases involving qualitative and 

quantitative techniques also exist; however, SDT analysis represents an effective tool 

for quantitative evaluation, considering the low-degree of crystallinity and amorphous 

structure apparent in formed C-S-H product.

By way of example, Figure 3.11 shows typical DTA, TG and DTG data representing 

the thermal decomposition pattern of aged mortar. For characterising the cementing 

phases present, relative to maturity, the curve may be separated into three distinct 

regions. The first region below 420 °C corresponds to the adsorbed and micro-pore 

water resulting from the dehydration of C-S-H phases present. These C-S-H phases 

responsible, for strength development, have formed from the primary hydration of 

C3S and C2S, depending on age assessed, or from the pozzolanic reaction between the 

SCM (where present) and CH. The second region between 420 to 500 °C is 

characteristic of the dehydroxylation of CH present and is shown as a mass loss step 

at circa 450 °C in the differential TG (DTG) curve. In the third region from 500 to
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680 °C, the decarbonation of CaCCF, with an asymmetric decomposition peak at circa 

630 °C. For all thermograms, the thermal decomposition range of 105 to 260 °C 

associated with the dehydration of identifying C-S-H strengthening phases was 

obscured due to the loss of adsorbed water masking this region. Consequently, mass 

loss data in the dehydroxylation and decarbonation regions of thermograms was 

utilised for determining the pozzolanic activity of SCMs by estimating the degree of 

consuming CH in the formation of C-S-H strengthening phases.
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Figure 3.11 Typical DTA-TG-DTG thermogram curves showing thermal 

decomposition pattern of aged mortar
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The CH liberated from fast C3S and slow C2S hydration reactions may be estimated 

from the mass loss attributed to the occurrence of dehydroxylation of CH (LdX) from 

420 to 500 °C and decarbonation of CaCCE (LdC) from 500 to 680 °C. In cementing 

systems, the level of CH liberated associated with the ongoing process of hydration of 

PC, may be determined from the expression derived by Bhatty et a/. (1985):

CH as (CH and CaC03) = 4.1 l(Ldx) + 1.68(Ldc) (3.1)

Although Equation 3.1 gives a measure of the absolute mass of CH, a further 

consideration for determining the rate of the pozzolanic reaction is in the delayed 

reaction of the SCM interacting with CH in the formation of C-S-H strengthening 

phases and the limited potential for the SCM to react with carbonated CH that is 

CaCCE. The lack of reactivity between the SCM and the CaCCE would suggest that a 

more appropriate expression for determining the level of consumption of CH by the 

SCM in the formation of C-S-H phases is based solely on the amount of CH present 

and, hence, the dehydroxylation of CH according to Equation 3.2:

CH as (CH) = 4.11 (Ldx) (3.2)

Furthermore, a typical portion of DTA, TG and DTG data showing the main thermal 

decomposition region of the detritus collected from the mortars placed in 1 M sodium 

sulphate (NaiSCE) is shown in Figure 3.12.
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Figure 3.12 Typical DTA-TG-DTG thermogram curves showing thermal 

decomposition pattern of detritus collected from aged mortar

The sulphate content in hydrated PC pastes may be determined from the thennal 

decomposition of the sulphates present. From the thermal decomposition of calcium 

trisulphoaluminate hydrates, this has been reported to occur with an endothermic 

DTA peak at circa 753 °C (Antao et a/. 2002). The dehydration of calcium sulphate

bearing hydrates with single and dual endothermic DTA peaks occurring in the range 

between 90 to 205 °C has also been reported (Ramachandran et al. 2002). For all 

thermograms, the temperature range associated with dehydration was obscured by the 

loss of adsorbed water. Mass loss data representing the evolution of sulphur trioxide 

(SO3) was used for determining the amount of sulphate-bearing hydrates formed in 

the cementing system.

A TA Instruments SDT 2960 simultaneous DTA-TG analyser was used to measure 

the mass change and temperature difference of samples with increasing temperature. 

The mass range of powdered samples was between 20 to 25 mg, depending on the
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type of the sample analysed. Each sample was evenly packed into an open Pt-Rh 

crucible. Samples were analysed at a heating rate of 10 °C/min under flowing air at 

15 mL/min from ambient to 1000 °C, unless indicated otherwise. The absolute error 

in mass determination was estimated to be ± 0.1 mg and the relative error in the 

determination of mass change was estimated to be 0.5%.

3.4.4 Flow and Slump

The workability of fresh hydraulic mortar was determined by measurement of flow 

following the stipulated procedures of Clauses 5.3 and 5.5 under Section 5 of method 

AS 2701-2001 (ASTM C 1437-01 2001). Flow was determined from the mean 

reading of four diametrical measurements using a calliper and ruler to an accuracy of 

1 mm. The flow can be determined from Equation 3.3:

F (%) - °2 ~ x 100 (3.3)
D.

where:

F = percent flow

Dj (mm) = internal base diameter of base of conical flow mould (100 mm)

D? (mm) = average diameter of mortar mass after flowing

During flow determinations, visual assessments were carried out for establishing any 

irregularities in rheological behaviour of dry and wet mixes. At the completion of 

measuring flow, the dispersed mortar contents were returned to the mixing bowl and 

remixed for an additional 15 s, as specified in Clause 10.3.5 of test method ASTM C 

109/C 109M-08.

The consistency of concrete by measurement of slump was determined following the 

requirements listed under test method AS 1012.3.1-1998. Slump measurements were 

recorded to the nearest 5 mm following Section 7 criteria of this test method.
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3.4.5 Wet Density (Mass per Unit Volume)

A modified test developed on the premise of mass per unit volume of freshly mixed 

concrete by the rodding consolidation method described in Section 6 of test method 

AS 1012.5-1999 and in Clause 6.3 of test method ASTM C 138/C 138M-09 was used 

for determining mortar density.

Modified changes to equipment listed in Section 4 of test method ASTM C 138/C 

138M-09 involved downsizing to measure capacities representative of mortar. A 

kitchen plate-bowl scrapper complying with Clause 4.3.2 requirements of test method 

AS 2350.12-2006 was used for sampling mortar. The volumetric mass of mortar was 

determined using a steel cylindrical 265 mL measure and 10 mm diametrical rounded 

rod for tamping. At the completion of rodding each layer, a rubber mallet was used 

for tapping the measure to ensure closure of voids. With the filled mortar contents, a 

flat glass cover plate was fitted over the top of the volumetric measure, striking off 

any excess mortar. By use of the mentioned modified equipment, the procedural steps 

of Clauses 6.2, 6.3, 6.5, 6.6 and 6.7 of test method ASTM C 138/C 138M-09 were 

followed for determining volumetric masses.

The unit mass per unit volume of fresh concrete was determined in accordance with 

the requirements listed under test method AS 1012.5-1999, using compaction by 

external vibration following Clause 6.2 criteria. Wet densities were calculated based 

on the provision of determining mass per unit volume of freshly mixed concrete 

following Section 8 and Clause 3.1.2 of this test method. Masses were recorded for 

the empty measure plus glass plate and measure plus water plus glass plate. The 

temperature of water was also recorded for calibration purposes for determining the 

correct volume capacity of the measure.
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By combining these measured masses of the filled contents, the wet densities of 

mortars and concrete, respectively, can be determined from Equation 3.4:

P wet

M -M..
V

(3.4)

where:

pwet (kg/m3) = wet density

Mc (kg) = measure filled with cementing mix contents 

Mm (kg) = mass of empty measure 

V (m3) = volume of measure

The absolute error in wet density determination was taken to be ± 10 kg/m3 following 

the criteria stipulated in Section 9 of standard test method ASTM C 138/C 138M-09 

and the requirements listed in Section 10 of standard method AS 1012.5-1999.

3.4.6 Compressive Strength

The compressive strength of hardened 50 mm mortar cube specimens was determined 

following the listed procedures of test method ASTM C 109/C 109M-08. Clause 10.6 

of this test method was utilised for determining individual maximum compressive 

loads to failure, using a calibrated Tinius Olsen Super L 600 kN hydraulic universal 

testing machine (UTM) meeting test equipment compliance requirements of Clause 

5.9. Relative to Clause 10.6.1 permissible ageing strength testing tolerances, all cubes 

were evaluated for strength within a 30 min limit of reaching their designated 

maturity. Prior to loading, the cube surface-area dimensions were measured to an 

accuracy of 0.01 mm, using Mitutoyo Digimatic 2071M electronic vernier callipers. 

The alignment of specimen faces were checked following Clause 10.6.2 requirements; 

ensuring contact surfaces were planar to the bearing-block contact surface area of the 

UTM. Clause 10.6.3 was abided with an exception applied to adjusting the rate of 

movement during yielding and prior to failure of the specimen. In the latter half of
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strength testing, the rate of applied movement from the UTM was increased 

proportionally following the designated load rate to destruct the cube. An additional 

test involving characterisation of phases was to be performed at a later stage on 

mortar fragments.

For concrete test cylinders, the compressive strength was determined in accordance 

with test method AS 1012.9-1999 using an Avery 7112CCG 1800 kN hydraulic 

UTM.

The compressive strength can be determined from Equation 3.5:

L=~t 0-5)A

where:

fm = compressive strength of the test specimen (MPa)

P = maximum load of the test specimen (N)

A = loaded surface area of the test specimen (mm2)

The strength tolerance range stipulated in Section 13 of ASTM C 109/C 109M-08 was 

employed for statistically determining the correct mean strength from either three or 

two test specimens representing a set. In accordance with Clause 13.2 rejection and 

acceptance criteria, the permissible strength range was taken to be within ± 8.7% of 

the mean strength for a set representing three specimens and within ± 7.6% of the 

mean strength for a set representing two specimens. The percent coefficient of 

variation in strength data was estimated to be 3.8% following the Table 2 precision 

limits listed in test method ASTM C 109/C 109M-08 and the precision and bias 

statements stipulated in standard practice ASTM C 670-03.

For calculating SAI data, the standard deviation was taken to be 3.7% following the 

requirements stated in Section 36 of test method ASTM C 311-07, the requirements 

stated in Section 21 of standard specification ASTM C 1240-05 and the precision and 

bias statements listed in standard practice ASTM C 670-03.
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At the completion of testing strength of mortars, the failed sample representing the 

highest load in the set was retained for archival purposes. These mortar samples were 

stored at the datum temperature of -10 °C. At this temperature, the ongoing process 

of PC hydration has been reported to be arrested and the advancement of strength gain 

ceases (Abdel-Jawad 2006). This datum temperature was utilised to preserve existing 

cementing phases.

3.4.7 Length Change and Drying Shrinkage

PC-based materials are known to expand slightly when placed in water, or in a high 

humidity environment, and conversely shrink on being dried. Termed drying 

shrinkage, the length change on drying, primarily due to the change in volume of 

hydrated PC paste associated with the removal of absorbed water, represents a major 

problem for PC-based materials. In this investigation, the mean length change and 

mean drying shrinkage from a set of three specimens were determined in accordance 

with the requirements of AS 2350.13-2006, ASTM C 311-07 and ASTM C 157/C 

157M-08 test methods, using mortar bar specimens of dimensions 120 x 16 x 16 mm. 

Length measurements, to the nearest 0.001 mm, were recorded after 0, 7, 14 and 28 

days air storage using a Mitutoyo Digimatic caliper (Model ID Cl 1) and a length 

comparator manufactured by CIVILAB Australia. The amount of length change can 

be determined from Equation 3.6:

AI(%) ^—— x 100 
G

(3.6)

where:

AL = percent length change of the test specimen

Lx (mm) = current length of the test specimen minus the length of the reference bar 

Lj (mm) = initial length of the test specimen minus the length of the reference bar 

G (mm) = nominal gage length of 200 mm
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The drying shrinkage increase can be determined from Equation 3.7:

Si = S,-Sc (3.7)

where:

Sj = percent drying shrinkage increase relative to control mortar 

S, = percent drying shrinkage of the test specimen 

Sc = percent drying shrinkage of the control specimen

For calculating mean percent length change and drying shrinkage increase data, the 

standard deviation was taken to be 0.0048% following the requirements listed in 

Section 14 of standard test method ASTM C 157/C 157M-08, the criteria stated in 

Appendix C of standard method AS 2350.13-2006 and the precision and bias 

statements stipulated in standard practice ASTM C 670-03.
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3.5 Evaluation Methods

The strength of mortar and concrete using PF for the partial replacement of PC and 

fine aggregate (fine sand) was assessed at various low and high-volume addition 

levels using different curing conditions and ageing periods. The compressive strength 

performance of PF mortars and concretes was compared to control mortar and 

concrete devoid of PF additions for assessing strength development levels. Strength 

and SAI determinations were used as an indirect method for evaluating the pozzolanic 

performance of PF containing different particle size distributions, in combination with 

SF (PF-SF) and as a fine sand replacement (PFA) in mortar and concrete. These 

hardened mortar and concrete properties were also compared to the performance of 

equal low and high-volume addition levels of FA and FA-SF blends.

3.5.1 Pitchstone Fines Assessment

3.5.1.1 PC Replacement in Mortar by PF1

This investigation was earned out to establish the pozzolanic performance of sieved 

PF1 (passing 125 pm sieve size) as partial replacement for PC in mortar. Accelerated 

ageing was selected for classifying pozzolanic activity of the PF1 mortars by SAI 

determinations, in which the compressive strength of PF1 mortar was compared to 

that of the 100% PC (control) mortar. Control mortar and PF1 mortars incorporating 

10%, 20% and 40% PF1 addition levels were prepared using fixed w/cm and w/c 

ratios of 0.48. Table 3.9 lists the raw materials and masses of mortar mix designs.

Flows, wet densities, compressive strength and SAIs of the mortars were determined 

following the relevant experimental methods described in Sections 3.3 and 3.4.
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Table 3.9 Mortar mix designs incorporating PF1 additions

Mix PC PF1 FS W

Designation (g) (g) (g) (g)
lOOPCwc 500.0 0.0 1375.0 242.0

10PF1 wcm 450.0 50.0 1375.0 242.0

20PF1 wcm 400.0 100.0 1375.0 242.0

40PF1wcm 300.0 200.0 1375.0 242.0

10PF1 wc 450.0 50.0 1375.0 218.0

20PF1 wc 400.0 100.0 1375.0 194.0

40PF1 wc 300.0 200.0 1375.0 145.0

3.5.1.2 PC Replacement in Mortar by PF1 Using G 51

To aid workability of mortar incorporating PF1, this investigation was carried out to 

reassess the pozzolanic activity of PF1 as a partial replacement for PC in mortar with 

the use of a superplasticiser (G 51). Short-term ageing periods in lime-saturated water 

of 1, 7 and 28 days were selected for classifying the extent of pozzolanic activity of 

PF1 mortars by SAI determinations. Control and PF1 mortars incorporating 10%, 

20% and 40% PF1 addition levels were prepared using G 5 1 and a fixed w/cm ratio of 

0.48. The raw materials and masses used in mix designs are listed in Table 3.10.

Table 3.10 Mortar mix designs incorporating PF1 addition levels with G 51

Mix PC PF1 FS W G 51

Designation (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 1375 241.6 0.6

lOPFISPwcm 450.0 50.0 1375 241.2 1.2

20PF1SPwcm 400.0 100.0 1375 241.0 1.6

40PFlSPwcm 300.0 200.0 1375 240.3 2.6

SEM photomicrographs of 10%, 20% and 40% PF1 mortars were examined at three 

magnification levels (x 2.01 K, x 10 K. and x 20 K) to identify microstructural features
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representing pozzolanic activity of PF1. An ageing period of 28 days in water was 

selected for characterising C-S-H, CH and ettringite phases in comparison to the 

morphology of the control mortar. At the completion of strength testing, the control 

and PF1 mortars were stored at -10 °C until time of SEM examination. XRD analysis 

was also conducted on the aforementioned PF1 mortars to identify the presence of 

cementing phases formed with increasing addition levels of PF1. Ageing periods in 

water of 1, 7 and 28 days were selected for the PF1 mortars for identifying portlandite 

and other hydration phases in comparison to those identified in the control mortar. 

The control and PF1 mortars evaluated for strength after 1, 7 and 28 days ageing were 

also selected for this study. Fractured mortar samples were stored at -10 °C to arrest 

hydration. Pulverising was performed on 50 g of sample using a TEMA T100 ring 

mill for 1 min. Thereafter, powdered samples were stored at -10 °C until time of 

XRD analysis.

Flows, wet densities, compressive strength, SAIs, SEM and XRD analysis of the 

mortars were conducted following the methods described in Sections 3.3 and 3.4.

3.5.1.3 PC Replacement in Mortar by PF2 Using G 51

For determining the extent of pozzolanic activity of pitchstone fines, this study was 

carried out to assess the activity level applicable to pulverised PF2, (subjected to ball 

milling), as partial replacement for PC in mortar. Accelerated ageing was selected for 

classifying pozzolanic activity of PF2 mortars by SAI determinations. Control and 

PF2 mortars containing 10%, 20% and 40% PF2 addition levels were prepared using 

G 51 and a fixed w/cm ratio of 0.48.

Table 3.11 lists the raw' materials with their masses used in preparing mixes for this 

investigation. Flows, wet densities, compressive strength and SAIs of mortars were 

determined following the experimental methods described in Sections 3.3 and 3.4.
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Table 3.11 Mortar mix designs using PF2 additions with G 51

Mix PC PF2 FS W G 51

Designation (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 1375.0 241.2 1.2

10PF2SPwcm 450.0 50.0 1375.0 241.0 1.6

20PF2SPwcm 400.0 100.0 1375.0 240.6 2.2

40PF2SPwcm 300.0 200.0 1375.0 240.0 3.0

3.5.1.4 Fine Aggregate Replacement in Mortar by PFA Using G 51

To assess the affect of PFA as a fine sand (FS) replacement, the level of pozzolanic 

activity of PFA (matching the same particle size distribution of FS) was investigated. 

Ageing periods in lime-saturated water of 14 and 28 days and accelerated ageing were 

selected for classifying the extent of pozzolanic activity by SAI determinations. 

Control and PFA mortars containing 12.5% and 25% PFA addition levels were 

prepared using G 5 1 and a fixed w/cm ratio of 0.5 1.

Table 3.12 list the raw materials and masses used for the mortar mix designs.

Table 3.12 Mortar mix designs using PFA additions with G 51

Mix PC PFA FS W G 51

Designation (grams) (grams) (grams) (grams) (mL)

lOOSSPwc 500.0 0.0 1375.0 254.0 0.2

12.5PFASPwc 500.0 171.8 1203.2 253.8 0.6

25PFASPwc 500.0 343.8 1031.2 253.2 1.6

Flows, wet densities, compressive strength and SAIs of mortars were determined 

following the relevant methods described in Sections 3.3 and 3.4.
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3.5.2 Fly Ash Comparison

3.5.2.1 PC Replacement in Mortar by PF3 and FA Using G 51

This investigation was earned out to determine any similarities existing in levels of 

pozzolanic activity between sieved PF3 (passing 75 pm sieve size) and commercial 

grade FA, as partial replacements for PC in mortar. It is worth mentioning that the 

PF3 selected for this investigation was a sieved grade of ‘as supplied’ PF by-product 

material that had not been pulverised. The only post processing earned out on the 

PF3 was that of particle size re-classification by sieving, which involves low energy 

input.

The pozzolanic performance of PF3 and FA at low and high-volume addition levels 

were compared. Ageing periods in lime-saturated water of 3, 7, 14, 28, 56 and 91 

days were selected for evaluating the extent of pozzolanic activity by determinations 

of SAIs. Furthermore, the amount of drying shrinkage was evaluated for PF3 and FA 

mortars. At the completion of 7 days water ageing, storage periods of 7, 14, and 28 

days in air were selected for assessing the extent of length change relative to 0 day 

length (taken at 7 days water ageing). Control mortar and, PF3 and FA mortars 

incorporating 20% and 40% PF3 and FA addition levels, were prepared using G 51 

and a fixed w/cm ratio of 0.48. The list of raw materials and masses used in preparing 

mortar mixes for this investigation are shown Table 3.13.

Table 3.13 Mortar mix designs using PF3 and FA additions with G 51

Mix PC PF3 FA FS W G 51

Designation (g) (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 0.0 1375.0 241.6 0.6

20PF3SPwcm 400.0 100.0 0.0 1375.0 241.1 1.4

20FASPwcm 400.0 0.0 100.0 1375.0 241.9 0.2

40PF3SPwcm 300.0 200.0 0.0 1375.0 240.6 2.2

40FASPwcm 300.0 0.0 200.0 1375.0 241.9 0.2
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Utilising TG analysis, two investigations were carried out for assessing the amount of 

pozzolanic activity occurring in PF3 and FA mortars with ageing: a comparison of 

pozzolanic behaviour at 40% PF3 and FA addition levels; and, a comparison of these 

aforementioned mortar cube test specimens sampled at core and surface locations. 

For both studies, ageing periods in water of 7, 28 and 91 days were selected and the 

amount of CH present in these PF3 and FA mortars was determined and compared to 

that present in the control mortar. Control, PF3 and FA mortars evaluated for strength 

at the aforementioned ages were selected for these two investigations. After strength 

testing, fractured mortar samples were stored at -10 °C to arrest further hydration. 

Pulverising was performed on 50 g of sample using a TEMA T100 ring mill for 1 

min. Thereafter, powdered samples were stored at -10 °C until time of TG analysis.

Flows, wet densities, compressive strength, SAIs, TG analysis, length change and 

drying shrinkage of mortars were determined following the methods in Sections 3.3 

and 3.4.

3.5.2.2 PC Replacement in Mortar by PF3-SF and FA-SF Using G 51

For further characterising pozzolanic performance of PF3 to FA, this investigation 

was carried out to assess the combined effect of pozzolanic activity occurring from 

blending PF3 with SF and FA with SF, as partial replacements for PC in mortar. 

Short and long-term ageing in lime-saturated water of 3, 7, 14, 28, 56 and 91 days 

were selected for assessing the extent of pozzolanic activity by SAI determinations. 

Furthermore, the amount of drying shrinkage for PF3-SF and FA-SF mortars was 

assessed. At the completion of 7 days water ageing, storage periods of 7, 14, and 28 

days in air were selected for assessing the extent of length change relative to 0 day 

length (taken at 7 days water ageing).

Control mortar, and PF3-SF and FA-SF mortars using 20% portions of 1:1 blends of 

PF and FA with SF were prepared using G 51 and a fixed w/cm ratio of 0.48. Table 

3.14 lists the raw materials and masses used in preparing mortar mixes.
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Table 3.14 Mortar mix designs using PF3-SF and FA-SF additions with G 51

Mix PC PF3 FA SF FS W G 51

Designation (g) (g) (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 0.0 0.0 1375.0 241.6 0.6

20PF3SFSPwcm 400.0 50.0 0.0 50.0 1375.0 240.6 2.2

20FASFSPwcm 400.0 0.0 50.0 50.0 1375.0 241.1 1.4

Flows, wet densities, compressive strength, SAIs, length change and drying shrinkage 

of mortars were determined following the described methods in Sections 3.3 and 3.4.

3.5.2.3 PC Replacement in Mortar by PF4 and FA Using G 51

This investigation was carried out to assess the level of pozzolanic activity for similar 

particle size distributions of pulverised PF4 (subjected to rod milling) and FA (as 

supplied), as partial replacements for PC in mortar. Ageing periods of 7, 28, 56 and 

91 days in lime-saturated water were selected for assessing the extent of pozzolanic 

activity by SAI determinations. Control, PF4 and FA mortars incorporating 20% and 

40% PF4 and FA addition levels were prepared using G 5 1 and a fixed w/cm ratio of 

0.48. For this investigation, Table 3.15 outlines the raw materials and masses used in 

preparing mortar mixes.

Table 3.15 Mortar mix designs using PF4 and FA additions with G 51

Mix PC PF4 FA FS W G 51

Designation (g) (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 0.0 1375.0 241.6 0.7

20PF4SPwcm 400.0 100.0 0.0 1375.0 241.1 1.4

20FASPwcm 400.0 0.0 100.0 1375.0 241.9 0.2

40PF4SPwcm 300.0 200.0 0.0 1375.0 240.4 2.5

40FASPwcm 300.0 0.0 200.0 1375.0 241.9 0.2

Flows, wet densities, compressive strength and SAIs of mortars were determined from 

methods described in Sections 3.3 and 3.4.
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3.5.2.4 PC Replacement in Mortar by PF5 and HPFA Using G 51

This study was conducted to assess the level of pozzolanic activity for similar particle 

size distributions of pulverised PF5 (subjected to bead milling) and pulverised HPFA 

(subjected to jet milling), as partial replacements for PC in mortar. Ageing periods of 

7, 28, 56 and 91 days in lime-saturated water were selected for assessing the extent of 

pozzolanic activity by SAI determinations. Control, PF5 and HPFA mortars using 

20% and 40% PF5 and HPFA addition levels were prepared incorporating G 51 and a 

fixed w/cm ratio of 0.48. For this study, Table 3.16 outlines the raw materials and 

masses used in preparing mortar mixes.

Table 3.16 Mortar mix designs using PF5 and HPFA additions with G 51

Mix PC PF5 HPFA FS W G 51

Designation (g) (g) (g) (g) (g) (mL)

lOOPCSPwc 500.0 0.0 0.0 1375.0 241.5 0.8

20PF5SPwcm 400.0 100.0 0.0 1375.0 241.0 1.5

20HPFASPwcm 400.0 0.0 100.0 1375.0 241.9 0.1

40PF5SPwcm 300.0 200.0 0.0 1375.0 240.4 2.5

40HPFASPwcm 300.0 0.0 200.0 1375.0 242.0 0.0

Flows, wet densities, compressive strength and SAIs of mortars were determined from 

methods described in Sections 3.3 and 3.4.

3.5.2.5 PC Replacement in Concrete by PF3 and FA

This investigation was earned out to determine any similarities existing in levels of 

pozzolanic activity between PF3 and FA as partial replacements for PC in concrete 

using external vibration to aid workability. Ageing periods in lime-saturated water of 

7, 28, 56 and 91 days were selected for assessing the extent of pozzolanic activity by 

SAI determinations. Storage periods in air of 28 and 91 days were also selected for 

assessing the affect of curing environment on pozzolanic activity. Control concrete 

and PF3 and FA concretes incorporating 20% and 40% replacement levels of PC were
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prepared using a fixed w/cm ratio of 0.50. The raw materials and the masses used in 

preparing concrete mix designs for this investigation are shown in Table 3.17.

Table 3.17 Concrete mix designs using PF3 and FA additions

Mix PC PF3 FA KFS CS 10CA 20CA W

Designation (kg) (kg) (kg) (kg) (kg) (kg) (kg) (kg)

lOOPCCwc 27.0 0.0 0.0 15.8 20.3 29.9 63.9 13.5

20PF3Cwcm 21.6 5.4 0.0 15.8 20.3 29.9 63.9 13.5

20FACwcm 21.6 0.0 5.4 15.8 20.3 29.9 63.9 13.5

40PF3Cwcm 16.2 10.8 0.0 15.8 20.3 29.9 63.9 13.5

40FACwcm 16.2 0.0 10.8 15.8 20.3 29.9 63.9 13.5

Slumps, wet densities, compressive strength and SAIs of concretes were determined 

following the experimental methods described in Sections 3.3 and 3.4.

3.5.3 Sulphate Exposure

This investigation was conducted to examine the chemical durability of PF4, PF5 and 

FA for partially replacing PC in mortar using G 51 and a fixed w/cm ratio. Control, 

PF and FA mortars were pre-aged in lime-saturated water for 28 days to ensure 

adequate development of strength, following the guidance of Clause 1.1 listed under 

test method ASTM C 1012-04. At the completion of 28 days ageing, specimens were 

rinsed under tap water for removal of surface lime deposits, weighed and then 

immersed into deionised water (control) and 1 M sodium sulphate (Na2S04) under 

controlled laboratory conditions of 23 ± 2 °C. The volume ratio of solution was 

proportioned following the stipulated requirements of Clause 4.8 of test method AS 

2350.14-2006, with 4.0 ± 0.5 times that the volume of the mortar cube used. Prior to 

immersion, the pH of the control and sulphate solution at 0 day was measured (pH of 

7.61 and 6.52 for control and sulphate solution, respectively). The pH was then 

monitored in close proximity to the surface of samples after 1, 28, 56, 84, 112, 140 

and 182 days ageing to assess the level of basicity in solution. For measurement of 

pH, a Hanna Instruments HI-8424 microcomputer pH meter fitted with an Aldrich
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226626-4 sealed pH electrode probe was used. This pH meter and electrode was 

calibrated prior to use with two-point pH buffer solutions of 7.0 and 10.0. 

Furthermore, during pH measurements it was ensured that a recording was carried out 

after an elapsed time of 150 s. The absolute error in pH measurement was estimated 

to be ± 0.25 based on checking the pH of the two-point buffer solutions following pH 

measurement of the container solution after each age.

After 0, 28, 56, 84, 112, 140 and 182 days ageing, the mass of cubes was measured in 

the saturated state for determining any mass change relative to 0 day mass in the form 

of mass gain or loss. Prior to weighing samples in the saturated state, mortar cubes 

were removed from solution and gently wiped for approximately 5 s with a moistened 

paper cloth (dipped in deionised water) to remove excess solution. A Sartorius Type 

1518 digital balance was used to monitor the mass of mortar cubes to an accuracy of 

0.001 g. The mean mass was determined from a set representing three specimens and 

the percent mass change was calculated relative to 0 day mass. Calculated percent 

mass change data were estimated to have a relative error of ± 0.25%. After 182 days, 

measurements of compressive strength and SAIs were carried out on the mortar cubes.

The detritus at the bottom of the containers after 182 days in sodium sulphate was 

characterised using XRD and TG analysis to identity the cementing phases present. 

Using deionised water and a conical flask vacuum filtration system, the detritus was 

rinsed over filter paper. The filtrates were then oven-dried at 30 °C for 48 h. A 

porcelain mortar and pestle set was used to prepare the oven-dried detritus prior to 

conducting XRD and TG analysis. Control mortar and PF4, PF5 and FA mortars 

incorporating 20% and 40% PF4, PF5 and FA addition levels were prepared using G 

5 1 and a fixed w/cm ratio of 0.48. The mix designs for this study are shown in Table 

3.18.
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Table 3.18 Mortar mix designs using PF4, PF5 and FA additions with G 51

Mix PC PF4 PF5 FA FS W G 51

Designation (grams) (grams) (grams) (grams) (grams) (grams) (mL)

lOOPCSPwc 500.0 0.0 0.0 0.0 1375.0 241.5 0.8

20PF4SPwcm 400.0 100.0 0.0 0.0 1375.0 241.1 1.4

20PF5SPwcm 400.0 0.0 100.0 0.0 1375.0 241.0 1.5

20FASPwcm 400.0 0.0 0.0 100.0 1375.0 241.8 0.3

40PF4SPwcm 300.0 200.0 0.0 0.0 1375.0 240.4 2.5

40PF5SPwcm 300.0 0.0 200.0 0.0 1375.0 240.4 2.5

40FASPwcm 300.0 0.0 0.0 200.0 1375.0 241.9 0.2
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4 Pitchstone Fines Assessment

4.1 Preface

This chapter discusses the pozzolanic reactivity of pitchstone fines as a supplementary 

cementitious material for the partial replacement of PC in mortar. The objective of 

this study was to examine the pozzolanic reactivity of pitchstone fines by evaluation 

of compressive strength. This was achieved by measurement of strength activity 

index. SEM and XRD analysis was carried out for characterising cementing phases 

arising from pozzolanic activity and increasing age. Mortars incorporating increasing 

addition levels of pitchstone fines were examined using a fixed w/c and w/cm ratios, 

with and without the addition of a superplasticiser and subjected to different curing 

conditions. Pulverisation was also carried out on pitchstone fines to determine the 

extent of pozzolanic activity. In addition, the strength performance of pitchstone 

aggregate for the partial replacement of fine aggregate (fine sand) in mortar was 

evaluated.
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4.2 Strength Evaluation

4.2.1 PC Replacement in Mortar by PF1

This investigation in mortar was carried out to assess the pozzolanicity of PF1 with 

the use of fixed w/cm and w/c ratios. Control mortar and PF1 mortars using 10%, 

20% and 40% PF1 addition levels, for the partial replacement of PC, were mixed and 

aged using accelerated ageing to evaluate flow, wet density, compressive strength and 

SAIs.

An important consideration in the preparation and mixing of fresh mortar is in the 

level of consolidation required to form a workable mix for casting mouldable shapes. 

The amount of water added for a given amount of PC and cementitious material will 

greatly influence the workability required for forming the desired shape. An 

alteration to w/c and w/cm ratios will significantly influence the compressive strength 

of hardened mortar after its designated period of ageing (Hover et a/. 1995).

Since water content influences compressive strength, fixed w/c and w/cm ratios were 

employed for evaluating the strength of mortar with increasing addition levels of PF1. 

In this study, two sets of mortar mixes were prepared to investigate the affect of fixed 

w/c and w/cm ratios on strength of mortar incorporating increasing addition levels of 

PF1. The first and second sets of mixes examine the addition of PF1 for the partial 

replacement of PC in mortar incorporating fixed w/cm and w/c ratios, respectively.

4.2.1.1 Flow

The degree of flow measured in fresh mortar represents both the level of workability 

and the rheological attributes required to consolidate volumetric shapes (formwork) 

for a set amount of work. Flow is affected by factors of mix design, water content, 

particle size and shape of constituent raw materials and cementitious material content 

(Lamond et a/. 2006).
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The consistencies of the fresh mortars from the measurement of flow and wet density 

are listed in Table 4.1.

Table 4.1 Fresh mortar properties of flow and wet density (pwet)

Mix flow Pwet

Designation (%) (kg/m3)

lOOPCwc 36 2140

1OPF1 wcm 31 2100

20PF1 wcm 25 2110

40PF1 wcm 17 2050

10PF1 wc 0 2090

20PF1 wc 0 1940

40PF1 wc 0 1730

For the first set of mortar mixes employing a fixed w/cm ratio, the flow was observed 

to decrease with increasing PF1 addition levels, thus indicating, a reduction in flow 

and workability. Furthermore, this observation suggests the adsorption of water by 

PF1 in preference to PC. With the second set of mortar mixes using a fixed w/c ratio, 

no flow occurred with increasing addition levels of PF1, as these mortars were 

observed to be too dry for showing any signs of workability. The absence of flow 

indicates a reduction in water for the PC. This feature of PF1 particles strongly 

suggests adsorption of water by PF1.

From measured flows, the adsorption of water is observed to increase significantly 

with increasing addition levels of PF1. Furthermore, the use of fixed w/cm and w/c 

ratios in order compound a reduction in workability, respectively, with increasing 

addition levels of PF1. These findings of water demand increasing with the use of 

natural pozzolans and fixed w/cm ratios are in agreement with those reported from 

similar investigations (Fragoulis et al. 1997; Sabir et al. 2001; Turanli et al. 2004).
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4.2.1.2 Wet density

A suitable way of measuring consistency in fresh mortar is by consolidation involving 

wet density determinations. With increasing PF1 addition levels, the wet densities of 

fresh mortar were expected to decrease from the increased presence of PF1, which has 

a lower specific gravity (2.3) compared with that of PC (approximately 3.1). The 

measured wet densities for fresh mortars are listed in Table 4.1.

For the mortar mixes of fixed w/cm ratio, wet densities were noted to decrease with 

increasing PF1 addition levels in comparison to the control mix (lOOPCwc). These 

decreases suggest the specific gravity of PF1 contributing to lower wet densities with 

increasing PF1 addition levels. Hand compaction difficulties were experienced with 

increasing PF1 addition levels during the consolidation process of fixed volumetric 

quantities of mortar. This suggests the adsorption of water by PF in preference to PC. 

For the mixes of fixed w/c ratio, wet densities also decreased with increasing PF1 

addition levels. In comparison to the fixed w/cm ratio mixes, larger decreases in wet 

densities occurred. Due to the use of a fixed w/c ratio and availability of less water, 

wet densities of these mixes were expected to increase. Notably, the reduced presence 

of water contributed significantly to hand compaction difficulties with increasing PF1 

addition levels. The increased state of dryness perhaps contributed to the decreases in 

wet densities. These low wet densities are consistent with the low flows and non- 

workable conditions reported in Section 4.2.1.1, as compaction and consolidation was 

not so easily achieved when measuring the wet densities of mortars.

4.2.1.3 Compressive Strength

Accelerated ageing (described in Section 3.3.3) was earned out for assessing the 

pozzolanic activity of PF1 contributing to the strength development in mortar relative 

to the strength of control mortar. The measured compressive strength data are shown 

in Table 4.2.
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Table 4.2 Hardened mortar properties of compressive strength (fcm) and strength 

activity index (SAI) after accelerated water ageing

Mix fcma SAIa

Designation (MPa) (%)

lOOPCwc 26.5 100

10PF1 wcm 22.8 85

20PFlwcm 19.4 70

40PF1 wcm 11.1 41

lOPFlwc 13.4 48

20PF1 wc 7.6 30

40PF1 wc 3.7 15

In comparison to the control mortar, the compressive strength of PF1 mortars was 

observed to decrease with increasing PF1 addition levels. For the PF1 mortars of 

fixed w/cm ratio, the strength decreased until a significant reduction was measured for 

the 40% PF1 mortar (40PFlwcm). With the PF1 mortars of fixed w/c ratio, a much 

larger strength decrease occurred with increasing PF1 addition levels. From all 

mortars assessed, the 40% PF1 mortar showed the lowest strength.

The reduction in workability observed in Section 4.2.1.1 with increasing PF1 addition 

levels may have affected the strength. Visual assessment during hand compaction of 

mortar cubes confirmed decreasing workability and reflected greater consolidation 

levels required for moulding PF1 mortars. A significant reduction in workability was 

most apparent with the PF1 mortars of fixed w/c ratio, where the highest 

consolidation levels were required. For these PF1 mortars, a fixed w/c ratio 

additionally signified a further reduction in water available for the PF1 particles. This 

important feature demonstrates a higher water demand by the PF1 in preference to the 

PC with increasing PF1 addition levels.
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4.2.1.4 Strength Activity Index (SAP

The measured compressive strength from the pozzolanic reaction between a SCM and 

CH liberated from PC at a given age of maturity can be further utilised for assessing 

strength development. From formation of C-S-H strengthening phases occurring from 

pozzolanic activity, the compressive strength of the SCM mortars may be compared to 

that of the control mortar.

Strength activity index (SAI) described in Section 2.3.3 is an established method for 

characterising the pozzolanicity of a SCM in mortar. SAI is a physical measure of the 

compressive strength of the SCM mortar relative to the compressive strength of 

control mortar. For a potential material to be classified as a pozzolan, the SAI must 

be greater than 75% after 7 or 28 days ageing (that is, the strength of the SCM mortar 

must not be less than 75% of the control mortar strength). This method of 

classification also allows for the inclusion of modifications where variances to SCM 

addition levels and ageing periods require further assessment. This technique is also 

useful for categorising the rate of the pozzolanic reaction with respect to strength 

development of the SCM interacting with CH in the formation of C-S-H strengthening 

phases with increasing time. Moreover, the SAI method may be also applied to other 

cementitious systems including those of concrete. The measured SAIs of mortars are 

listed in Table 4.2 and plotted in Figure 4.1.

For the PF1 mortars of fixed w/cm ratio, the SAI for the 10% PF1 mortar was 

established to comply with the 75% pozzolan classification SAI limit of the ASTM C 

618-08a specification. The SAI values of the other PF1 mortars were found to fail the 

pozzolan SAI limit. The decreasing SAIs may be explained by the reduced 

workability experienced during moulding of mortar cubes, as discussed in the case of 

compressive strength. Additionally, this observation supports the idea of increasing 

water adsorption for the PF1 with increasing PF1 addition levels. For the PF1 mortars 

of fixed w/c ratio, no SAI met compliance with the pozzolan SAI specification. With 

increasing PF1 addition levels, much large decreases in SAIs were observed in 

comparison to the SAIs for the PF1 mortars of fixed w/cm ratio. A reduction in 

workability due to the reduced availability of water contributed significantly to higher
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levels of consolidation required in moulding mortar cubes. This finding strongly 

indicates water adsorption by PF1 in preference to PC, which is in agreement with 

those reported from similar investigations (Erdem et al. 2007; Lanzon et al. 2008).

SAI (%)

■ lOOPCwc

■ lOPFlwcm

■ 20PFlwcm

■ 40PFlwcm 

■lOPFlwc

20PFlwc

40PFlwc

7

/(d)

Figure 4.1 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after accelerated water ageing

4.2.2 PC Replacement in Mortar by PF1 Using G 51

In order to overcome the poor workability of PF1 mortars, a superplasticiser was 

incorporated into mixes. The superplasticiser Glenium 51 (G 51) was added to attain 

consistent flow and retain a fixed w/cm ratio. It has been reported from similar 

investigations (£olak 2003; Uzal et al. 2003; Davraz et al. 2005) that the use of a 

superplasticiser in a cementitious paste containing natural pozzolans has improved 

workability without compromising resulting strength and altering the selected w/cm 

ratio. Control and PF1 mortars containing G 51 and 10%, 20% and 40% addition 

levels of PF1 were mixed and aged in lime-saturated water for evaluation of flow, wet 

density, compressive strength and SAIs.
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4.2.2.1 Flow

A flow range of 60 ± 15% was selected to be satisfactory based on preliminary trials 

involving additions of G 51 to PF1 mortars. It is worth mentioning that this selected 

range ensured reproducible workability for obtaining proper flows, wet densities and 

moulding of mortar cubes by hand compaction. This representative flow range was 

also adopted as the basis for all further investigations carried out in Sections 4.2.3, 

4.2.4, 5.2.1, 5.2.2, 5.2.4 and 6.2 involving PF and SCM additions to mortars. During 

investigative trials, visual assessment of flows of greater than 75% proved to be too 

wet for demonstrating any signs of suitable workability. With flows in excess of 

75%, bleeding and segregation were noted to initiate with a loss of dimensional 

stability. Below 45% flow, mixes were noted to be too dry for showing any workable 

properties. Furthermore, the control mix was found to be less workable in the absence 

of G 51. The consistencies of the fresh mortars from the measurement of flow and 

wet density are shown in Table 4.3.

Table 4.3 Fresh mortar properties of flow, wet density (pwet) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 46 2140 0.028

lOPFISPwcm 51 2150 0.057

20PF1SPwcm 46 2120 0.076

40PFlSPwcm 45 2090 0.123

For attaining reference flow, increasing addition levels of G 51 were observed to be 

required with increasing PF1 addition levels. This increase in G 51 requirement has 

likely originated from a combination of factors involving the surface texture, angular 

shape (see Figure 3.3) and an affinity of water demonstrated by the PF1 particles, 

which was discussed in Section 4.2.1.1. Furthermore, the higher microstructural 

water retention levels shown by the PF1 indicates an improvement in resistance to 

bleeding and segregation. As examined during preliminary trials for the adjustment of
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flow, the control mix lost dimensional stability with increasing additions of G 51 

representative of those used in PF1 mixes.

4.2.2.2 Wet Density

Wet densities of fresh mortar were expected to decrease from an increased presence of 

PF1, which has a lower specific gravity. With the exception of the 10% PF1 mix 

(lOPFISPwcm), wet densities were found to decrease with increasing PF1 addition 

levels (Table 4.3). The unusual increase in wet density measured for the 10% PF1 

mix may be explained by its corresponding flow being 5% higher than that of the 

control mix. It is possible that a higher degree of wetting was achieved in this mix, 

which would allow for an improved packing arrangement of the cementing particles. 

Regardless of this increase, decreases in wet densities with increasing PF1 additions 

suggest PF1 contributing to the lightweight properties of fresh mortar.

4.2.2.3 Compressive Strength

Ageing in lime-saturated water (described in Section 3.3.3) was conducted to examine 

the pozzolanic activity of PF1 contributing to strength in PF1 mortars relative to the 

strength of control mortar. The measured strength data are shown in Table 4.4 and 

Figure 4.2.

Table 4.4 Hardened mortar properties of compressive strength (fcm) and strength 

activity index (SAI) for 1, 7 and 28 days (d = 24 h) water ageing

Mix

Designation
fcm Id

(MPa)

fcm7d

(MPa)
fcm28d

(MPa)

SAI,d

(%)

SAI7d

(%)

SAl28d

(%)
lOOPCSPwc 14.1 28.4 35.7 100 100 100

lOPFISPwcm 11.9 25.8 31.8 86 93 89

20PFlSPwcm 9.7 21.7 29.9 71 79 83

40PF1SPwcm 5.4 13.5 19.7 36 50 56
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lOOPCSPwc

lOPFISPwcm

20PF1SPwcm

40PFlSPwcm

Figure 4.2 Compressive strength (/<’„,) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

The compressive strength shown for all mortars was found to increase with increasing 

age. Compared to the control mortar (lOOPCSPwc), a lower strength was noted to 

occur with increasing addition levels of PF1 in PF1 mortars. In order to demonstrate 

the delayed effect of the pozzolanic reaction contributing to strength development, the 

relative increase in strength with ageing was determined with values listed in Table 

4.5 and plotted in Figure 4.3.

Table 4.5 Hardened mortar properties of compressive strength relative to 1 day 

strength (fcJfcmia) for increasing time intervals (d = 24 h) of water ageing

Mix fcJfcmld (%)

Designation l-7d l-28d

lOOPCSPwc 201 253

10PF1SPwcm 217 267

20PF1SPwcm 224 308

40PF1SPwcm 250 365
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Figure 4.3 Strength relative to 1 day strength (%) versus time intervals (d = 24 h) 

for each mortar type after standard curing regime in water

The relative strength of the control mortar was noted to increase with ageing between 

1 to 7 days and 1 to 28 days. After the same period of ageing, higher relative strength 

increases were observed to result with increasing addition levels of PF1 in mortars. 

For the control mortar, a relative strength increase of 52% was measured between 1 to 

7 and 1 to 28 days. With the 10% PF1 mortar, a similar relative strength increase of 

50% was documented after the same period of ageing. A higher relative strength 

increase of 84% was measured for the 20% PF1 mortar (20PF1 SPwcm). For the 40% 

PF1 mortar (40PF1 SPwcm), a considerable increase in relative strength of 115% was 

noted. These higher increases occurring with increasing addition levels of PF1 and 

ageing supports pozzolanic activity of PF1 contributing to the delayed development of 

strength.
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4.2.2.4 Strength Activity Index (SAI)

The measured SAIs of mortars with increasing age are listed in Table 4.4 and plotted 

in Figure 4.4.
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Figure 4.4 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

SAIs of the 10% and 20% PF1 mortars were established to comply with the target 

pozzolan SAI specification, after 7 and 28 days ageing. Furthermore, the 10% PF1 

mortar was found to comply with the pozzolan SAI limit after 1 day ageing. The 

increasing SAI values for the 20% and 40% PF1 mortars indicate that the strength 

development is likely to be derived from the pozzolanic reaction. With increasing 

PF1 addition levels to PF1 mortars, the SAIs were noted to increase with increasing 

age indicating delayed strength development. The largest strength increase between 

the period 1 to 28 days for the 40% PF1 mortar reflects the possibility of complying 

with the pozzolan SAI specification with ageing beyond 28 days. As the formation of 

C-S-H is responsible for strength development (Richardson 2008), it is likely that 

with increasing PF1 additions the initial development of the C-S-H strengthening 

phases is restricted.
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4.2.2.5 Scanning Electron Microscopy ( SEM)

SEM micrographs of control, 20% and 40% PF1 mortars were examined after 28 days 

ageing.

Control Mortar (lOOPCSPwc)

Figures 4.5 to 4.7 show SEM micrographs of control mortar at increasing levels of 

magnification. Three characteristic phases involving the hydration process of PC with 

the formation of C-S-H and liberation of CH are identified. The first phase of 

importance is that of C-S-H product responsible for densification and strength 

development. This phase is characterised by accumulated primary growth regions of 

small-densified fibrous clusters and secondary growth of acicular fibres occurring at 

the ITZ. The pattern of fibrous branching is associated with C-S-H growth and is 

characteristically shaped like ‘cauliflower’ in accord with other similar investigations 

(Stevula et al. 1994). It is possible that this phase of C-S-H is responsible for primary 

strength increases occurring from the hydration process of C3S. At lower 

magnification (Figure 4.5), regions of densified C-S-H are noted. The second phase 

appearing in the cementing matrix is that of CH represented by stacked elliptical 

platelets. These CH platelets have embedded into the cementing system as a stacked 

arrangement of cleavage planes (Figure 4.6). The existence of protruding acicular 

fibres characterises the third phase from needle-like hydrates representing that of 

ettringite (Jo et al. 2007; Sheng et al. 2007). Figure 4.7 illustrates the presence of 

fibrillar tangential growth of needle like spurs from ettringite formation.
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Figure 4.5 SEM micrograph of control mortar after 28 days ageing (x 2.01 K)

Figure 4.6 SEM micrograph of control mortar after 28 days ageing (x 10 K)
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Figure 4.7 SEM micrograph of control mortar after 28 days ageing (x 20 K)

20% PF1 Mortar (20PFlSPwcm)

Micrographs of the 20% PF1 mortar at increasing magnification levels are shown in 

Figures 4.8 to 4.10. With the introduction of PF1 into the cementing matrix, the three 

characteristic phases of C-S-H, CH and ettringite are evident; however, in limited 

amounts. In comparison to the control mortar (Figure 4.6), much less ettringite and a 

different form of C-S-H have appeared (Figure 4.9). The confined branched regions 

indicating C-S-H growth at the ITZ appear to be heavily shadowed by an increased 

appearance of CH platelets integrating into the matrix. These new C-S-H phases, 

likely originating from pozzolanic action between the CH and finer PF1 particles have 

increased densification levels of the microstructure. The appearance of C-S-H phases 

showing less levels of fibrous growth compared to those observed in the control 

mortar also suggests less levels of strength development. In addition, the pozzolanic 

reaction between PF1 and CH may have possibly formed a tertiary C-A-S-H phase, as 

reported by Sarkar et al. (2001).
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Figure 4.8 SEM micrograph of 20% PF1 mortar after 28 days ageing (x 2.01 K)

Figure 4.9 SEM micrograph of 20% PF1 mortar after 28 days ageing (x 10 K)
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Figure 4.10 SEM micrograph of 20% PF1 mortar after 28 days ageing (x 20 K)

It is worth mentioning that the amount of ettringite appearing as acicular grains has 

also reduced. Figure 4.10 illustrates this feature with ettringite formation suppressed 

by the coexistence of CH. These features indicate the formation of different C-S-H 

phases likely occurring from pozzolanic activity between PF1 and CH.

40% PF1 Mortar (40PFlSPwcm)

Microstructures of the 40% PF1 mortar at increasing magnification levels are shown 

in Figures 4.1 1 to 4.13. At 40% addition levels of PF1, these SEM micrographs show 

the presence of C-S-H product and CH phases. In comparison to the 20% PF1 mortar, 

there appears to be fewer CH platelets and the absence of ettringite grains. Although 

the microstructure at low magnification (Figure 4.11) shows the presence of acicular 

linked regions, these branched regions are unlike those of ettringite formation noted in 

the control mortar. At the highest magnification level (Figure 4.13), these acicular 

regions reveal growth of C-S-H, which have flat sheet like layers. These C-S-H 

layers also showed increased branching and cross-linking with the presence of voids. 

This finding strongly suggests that this sheet like structure will continue to densify
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with pozzolanic activity, with further closure of voids. In comparison to the 20% PF1 

mortar (Figure 4.8), it is evident that a different C-S-H product has formed. Branched 

C-S-H formation with chained voids indicates relict growth occurring at the ITZ. 

This feature appears to mimic C-S-H development analogous with the slow hydration 

process of C2S (Young et a/. 1977). The increased presence of voids compared to that 

of the closed structures observed for the control and 20% PF1 mortars, also suggests 

less strength development. These features reflect a different C-S-H morphology 

occurring from pozzolanic activity at 40% addition levels of PF1.

Figure 4.11 SEM micrograph of 40% PF1 mortar after 28 days ageing (x 2.01 K)

107



Figure 4.12 SEM micrograph of 40% PF1 mortar after 28 days ageing (x 10 K)

Figure 4.13 SEM micrograph of 40% PF1 mortar after 28 days ageing (x 20 K)

108



4.2.2.6 X-Ray Diffraction (XRD)

XRD patterns of mortar after 1, 7 and 28 days ageing in water are shown in Figures 

4.14 to 4.20. The XRD patterns of mortars show strong peaks of quartz. This has 

resulted from the main mixing ingredient of fine sand used in the preparation of these 

mortars. Apart from portlandite characteristic diffraction peaks appearing at 20 angles 

of 34.1° and 18.1°, the presence of ettringite and larnite with peaks at 29 angles of 

9.1° and 15.9°, and 32.2° and 32.1°, respectively, were identified. The presence of 

calcite was also identified with a peak at a 29 angle of 29.5°.

It is worth mentioning that C-S-H was not detected, although this is likely to be due to 

the amorphous or microcrystalline character of these phases formed. The existence of 

C-S-H phases may also be overshadowed by the overwhelming presence of quartz. It 

is possible that C-S-H is present for the given age of investigation; however, the initial 

amorphous or microcrystalline structure associated with this compound, results in its 

absence from XRD patterns.

XRD patterns of the control mortar (lOOPCSPwc) show peak intensities of portlandite 

and larnite increasing and decreasing, respectively, with increasing age (Figure 4.14). 

In addition, the calcite peak was also found to decrease with increasing age for the 

control mortar. The portlandite increasing in peak intensities with increasing age have 

occurred from the ongoing hydration processes of C3S and C2S liberating CH. A 

similar relationship of increasing portlandite and decreasing larnite and calcite peaks 

with ageing were shown by the PF1 mortars (Figures 4.14 to 4.16). With increasing 

addition levels of PF1, the peak intensities of portlandite, larnite and calcite were 

noted to decrease (Figures 4.17 to 4.19).
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Figure 4.14 XRD patterns of control mortar after 1, 7 and 28 days (d= 24 h) 

water ageing (E = ettringite, P = portlandite, Q = quartz, Cc = calcite, L = larnite)
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Figure 4.15 XRD patterns of 10% PF1 mortar after 1, 7 and 28 days (d = 24 h)
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Figure 4.16 XRD patterns of 20% PF1 mortar after 1, 7 and 28 days (d = 24 h) 

water ageing (E = ettringite, P = portlandite, Q = quartz, Cc = calcite, L = larnite)
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Figure 4.17 XRD patterns of 40% PF1 mortar after 1, 7 and 28 days (d = 24 h)
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Figure 4.18 XRD patterns of all mortars after 1 day (d = 24 h) water ageing 

(E = ettringite, P = portlandite, Q = quartz, Cc = calcite, L = larnite)
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Figure 4.19 XRD patterns of all mortars after 7 days (d = 24 h) water ageing

(E = ettringite, P = portlandite, Q = quartz, Cc = calcite, L = larnite)
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Figure 4.20 XRD patterns of all mortars after 28 days (d = 24 h) water ageing 

(E = ettringite, P = portlandite, Q = quartz, Cc = calcite, L = larnite)

4.2.3 PC Replacement in Mortar by PF2 Usint* G 51

This investigation was carried out to assess the pozzolanicity of pulverised PF2 

(subjected to ball milling for 2 h) with the use of superplasticiser and a fixed w/cm 

ratio. Control mortar and PF2 mortars containing 10%, 20% and 40% addition levels 

of PF2, for partial replacements of PC, were mixed and aged using accelerated ageing 

to evaluate flow, wet density, compressive strength and SAIs.

4.2.3.1 Flow

The consistencies of the fresh mortars from the measurement of flow and wet density 

are shown in Table 4.6. For attaining reference flow in PF2 mortars, increasing G 51 

addition levels were required for increasing PF1 addition levels. In comparison to the 

flows discussed in Section 4.2.2, much higher G 51 addition levels were used with 

PF2 additions. This higher requirement of G 51 has likely originated from the
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reduced size of the PF2 particles requiring a higher degree of wetting. The presence 

of a larger affiliated surface area of these particles has probably increased water 

demand. In addition, for the same reasoning described in Section 4.2.2, increasing 

PF2 addition levels in mortar also further indicates an improvement in resistance 

against bleeding and segregation.

Table 4.6 Fresh mortar properties of flow, wet density {pwet) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 75 2140 0.057

10PF2SPwcm 57 2130 0.076

20PF2SPwcm 57 2120 0.104

40PF2SPwcm 45 2090 0.142

4.2.3.2 Wet Density

The wet densities of mortar were expected to decrease due to an increased presence of 

PF2, which has a lower specific gravity than that of PC being partially replaced. Wet 

densities of PF2 mortars were found to decrease with increasing PF2 additions (Table 

4.6). This finding strongly supports PF2 contributing to the lightweight properties of 

fresh mortar.

4.2.3.3 Compressive Strength

Accelerated ageing was earned out to assess the pozzolanicity of PF2 contributing to 

strength development in PF2 mortars relative to the strength of control mortar. The 

measured strength data are listed in Table 4.7.



Table 4.7 Hardened mortar properties of compressive strength (fcm) and strength 

activity index (SAI) for accelerated water ageing

Mix Java SAIa

Designation (MPa) (%)

lOOPCSPwc 31.8 100

10PF2SPwcm 32.1 101

20PF2SPwcm 33.7 106

40PF2SPwcm 31.7 100

Compared to the control mortar (lOOPCwc), the strength was observed to increase for 

the 10% and 20% PF2 mortars (10PF2SPwcm and 20PF2SPwcm). For the 40% PF2 

mortar (40PF2SPwcm), the strength was found to be almost identical to that of the 

control mortar (lOOPCSPwc). These strength increases demonstrate pozzolanicity of 

PF2 contributing appreciably to strength development with increasing PF2 addition 

levels. The presence of finer-sized PF2 particles and an elevated curing temperature 

(50 °C) have improved the rate of the pozzolanic reaction. It is possible that an 

increased amount of CH has liberated from PC hydration with the condition of 

accelerated ageing. Either way, more C-S-H strengthening phases have developed 

due to the increased pozzolanicity of the finer-sized PF2 particles. Additionally, the 

strength of the PF2 mortars with increasing PF2 addition levels have equalled or 

surpassed the strength of the control mortar.

4.2.3.4 Strength Activity Index (SAI)

The SAI values of mortars are listed in Table 4.7. The SAIs of the PF2 mortars met 

compliance with the target pozzolan SAI specification. For the 10% and 20% PF2 

mortars, the SAI values were noted to be higher than the set SAI limit of the control 

mortar. The SAI of the 40% PF mortar was also noted to comply with the control 

mortar SAI limit. Additionally, the SAI for the 20% PF2 mortar indicates compliance 

with the 105% SAI specification representative of SF classification listed under the 

ASTM C 1240-05 specification. These SAI values indicate that PF2 has contributed 

appreciably to strength development after accelerated ageing.
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4.2.4 Fine Aggregate Replacement in Mortar by PFA Using G
51

This study was conducted to examine the contribution of PFA to the development of 

strength with the use of superplasticiser and a fixed w/cm ratio. Control and PFA 

mortars using 12.5% and 25% addition levels of PFA for partial replacement of fine 

sand were mixed and aged in lime-saturated water and under accelerated ageing to 

evaluate flow, wet density, compressive strength and SAIs.

4.2.4.1 Flow

The consistencies of the fresh mortars from the measurement of flow and wet density 

are shown in Table 4.8.

Table 4.8 Fresh mortar properties of flow, wet density (pwet) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOSSPwc 61 2100 0.009

12.5PFASPwc 52 2080 0.028

25PFASPwc 49 2050 0.075

For obtaining reference flow, increasing addition levels of G 51 were observed to be 

required with increasing addition levels of PFA. In comparison to control mortar 

(lOOSSPwc), the addition levels of G 51 were noted to considerable increase with 

increasing addition levels of PFA. This finding reiterates increased water demand 

from increasing addition levels of PFA, as discussed in Section 4.2.2.

The workability of fresh mortar is reduced when ‘rounded’ shaped river sand is 

replaced with crushed sand, containing shaip angular particles. An interlocking effect 

produced by the angular shape of these aggregates reduces the freedom of movement
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in comparison to that provided by rounded aggregates. This geometrical feature of 

angular aggregate is responsible for increasing water demand, with flat or elongated 

particles further increasing affinity for water. Additionally, the w/c ratio and 

aggregate geometry selected amongst other factors in the cementing mix will affect 

the flow (Neville et a/. 1990).

4.2.4.2 Wet Density

The wet densities of mortar were predicted to decrease due to an increased presence 

of PFA, which has a lower specific gravity (approximately 2.3) compared to that of 

fine sand (approximately 2.6). With increasing PFA addition levels, the wet densities 

were found to decrease (Table 4.8).

4.2.4.3 Compressive Strength

Ageing in lime-saturated water was carried out to examine the contribution of PFA to 

strength development in mortar in comparison to the strength of control mortar. The 

measured strength data are shown in Table 4.9.

Table 4.9 : Hardened mortar properties of compressive strength (/„„) and 

strength activity index (SAI) for 14 and 28 days (d = 24 h) water ageing

Mix Jcml4d fcm28d SAIi4d SAFsd
Designation (MPa) (MPa) (%) (%)
lOOSSPwc 29.7 31.9 100 100

12.5PFASPwc 27.0 30.4 91 95

25PFASPwc 28.7 33.1 97 104

The mortar strength was observed to increase with further ageing. In comparison to 

the control mortar, strength was noted to increase with increasing PFA addition levels. 

These increases support pozzolanicity of PFA contributing to strength development 

with increasing PFA additions and increasing age.
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Accelerated ageing was further carried out to examine the affect of an elevated curing 

temperature on strength development in PFA mortar. The measured strength data are 

shown in Table 4.10.

Table 4.10 Hardened mortar properties of compressive strength (fa„) and 

strength activity index (SAI) after accelerated water ageing

Mix fcma SAIa

Designation (MPa) (%)
lOOSSPwc 26.2 100

12.5PFASPwc 26.7 102

25PFASPwc 29.2 111

In comparison to control mortar, increasing strength was noted with increasing PFA 

addition levels. This observed increase in strength strongly supports pozzolanicity of 

the PFA particles contributing to strength development with increasing PFA addition 

levels. The presence of an elevated curing temperature in this study has increased the 

rate of the pozzolanic reaction, with the development of more C-S-H strengthening 

phases, as discussed in Section 4.2.3. Although the strength after accelerated ageing 

was lower than that measured after 28 days ageing in water, an increase in curing 

temperature has favoured increased strength development.

4.2.4.4 Strength Activity Index (SAI)

The SAIs of mortars with increasing age in lime-saturated water are listed in Table 4.9 

and plotted in Figure 4.21, and SAIs of the same mortars after accelerating ageing are 

listed in Table 4.10.

After 28 days ageing, the SAI for the 25% PFA mortar met compliance with the target 

SAI limit set for the control mortar. In addition, the SAIs of 12.5% and 25% PFA 

mortars after accelerated ageing were noted to comply with the same SAI limit. The 

SAI data obtained after water ageing indicates strength improvement occurring with 

increasing addition levels of PFA and further ageing. Similarly, with conditions of
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accelerated ageing further strength improvement is noted to occur with increasing 

addition levels of PFA. Regardless of curing condition, the SAIs measured support 

PFA particles contributing to strength development.

Figure 4.21 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water



5 Fly Ash Comparison

5.1 Preface

In this chapter, the pozzolanic reactivity of PF is compared to FA by measurement of 

compressive strength and SAI. PF and FA mortars with increasing addition levels of 

PF and FA were evaluated using a fixed w/cm ratio, with the flow controlled by the 

addition of a superplasticiser. TGA was carried out as an alternative method to SAI 

for characterising pozzolanicity of PF and FA in mortar with ageing. Blends of PF or 

FA mixed with a property enhancing SCM, such as SF, in mortar were also studied 

for evaluating the pozzolanic performance of PF in comparison to FA. Additionally, 

the effect of particle size on the pozzolanicity of PF and FA was investigated. In 

concrete, the affect of curing environment on pozzolanic activity of PF and FA was 

also examined. Furthermore, the drying shrinkage of the mortars was evaluated.
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5.2 Strength Evaluation

5.2.1 PC Replacement in Mortar by PF3 and FA Using G 51

This investigation was conducted to assess the pozzolanicity of sieved PF3 (passing 

75 pm sieve size) and commercial grade FA using superplasticiser and a fixed w/cm 

ratio. Control, PF3 and FA mortars using 20% and 40% addition levels of PF3 and 

FA, respectively, for partial replacements of PC were mixed and aged in lime- 

saturated water to evaluate compressive strength and SAIs. In order to assess the 

consistencies of the mortars, the flow and wet densities were also evaluated. These 

are listed in Table 5.1.

5.2.1.1 Flow

Table 5.1 Fresh mortar properties of flow, wet density (pwel) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 54 2150 0.028

20PF3SPwcm 53 2140 0.066

20FASPwcm 50 2170 0.009

40PF3SPwcm 50 2130 0.104

40FASPwcm 56 2160 0.009

To obtain the reference flow, increasing addition levels of G 51 were required with 

increasing addition levels of PF3. The surface texture, angular shape and size of the 

PF3 particles have all likely contributed to an increase in water demand, as discussed 

in Section 4.2.2.1. The increased water demand of the PF3 also corresponded to an 

improvement in resistance to bleeding and segregation. Conversely, the FA mixes 

were found to require decreasing G 51 addition levels with increasing addition levels
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of FA for achieving reference flow. As examined during preliminary trials for the 

adjustment of flow, FA mixes lost dimensional stability with increasing G 51 addition 

levels representative of those used in the PF3 mixes. These findings correlate with 

published data on flow (Popovics 1993; Sahmaran et al. 2006; Chindaprasirt et al. 

2008; Naik et al. 2009), where FA, due to its spherical shape, improves flow while the 

angular particles of the PF3 inhibits flow, thus, requiring greater additions of G 51.

FA particles also improve the packing density of cementing particles in the cementing 

structure, with the occurrence of fewer voids (Chindaprasirt et al. 2004). The 

contribution of FA particles to a less retentive watertight structure can also adversely 

affect the resistance to bleeding and segregation. In contrast, PF3 mixes demonstrate 

higher water retention levels with increasing PF3 addition levels. Although it was not 

investigated in this study, the relative water retentions of the PF3 and FA lend these 

additions to function as rheology modifiers if blended appropriately.

5.2.1.2 Wet Density

With increasing addition levels of PF3 and FA, wet densities of mortar were expected 

to decrease, as PF3 and FA have lower specific gravities (approximately 2.3 and 2.1, 

respectively) than PC. The wet densities of PF3 mortars were found to decrease with 

increasing PF3 addition levels (Table 5.1). Furthermore, the presence of larger-sized 

angular PF3 particles (see Table 3.2 and Figure 3.5) may have also contributed to 

increased porosity. Relative to the control mortar (lOOPCSPwc), FA mortars were 

found to have higher wet densities, indicating an improved packing arrangement of 

spherical shaped FA particles (see Figure 3.8) leading to fewer voids in the mortar. 

The less retentive watertight structure of FA mortars will also result in water with the 

lowest specific gravity to rise to the surface (Ravina et al. 1986; Lee et al. 2003).
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5.2.1.3 Compressive Strength

Ageing in lime-saturated water was conducted to assess the pozzolanicity of PF3 and 

FA mortars relative to the strength of the control mortar. The measured compressive 

strength data are listed in Table 5.2 and plotted in Figure 5.1.

Table 5.2 Hardened mortar properties of compressive strength (fcm) for 3, 7, 14, 

28, 56 and 91 days (d = 24 h) water ageing

Mix

Designation
Jew 3d
(MPa)

Jcm7d
(MPa)

fcml4d
(MPa)

fcm28d
(MPa)

Jcm56d
(MPa)

Jcm91d
(MPa)

lOOPCSPwc 19.5 24.9 26.1 33.9 36.0 38.0

20PF3SPwcm 15.6 19.5 22.3 29.6 32.7 36.3

20FASPwcm 14.7 19.3 23.4 30.3 33.6 36.9

40PF3SPwcm 9.4 12.1 14.6 20.4 24.8 27.9

40FASPwcm 10.1 13.5 16.3 22.6 27.7 31.6

Figure 5.1 Compressive strength (/„„) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water
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The strength of the mortars in general was observed to increase with increasing age. 

At 20% PF3 and FA addition levels, a similar trend in the development of strength 

was noted between the PF3 and FA mortars with increasing age, indicating similar 

pozzolanic activity for the PF3 and FA. It is also notable that the strength of these 

mortars approached that of the control mortar with increasing age. The development 

of later-aged strength may be attributed to the pozzolanic reaction between the PF3 

and FA and CH liberated by the hydration of PC to produce strengthening phases of 

C-S-H. With increasing age, the strength of the 40% FA mortar (40FASPwcm) was 

noted to be higher than that of the 40% PF3 mortar (40PF3SPwcm). It is likely that 

this strength difference is due to the relative particle fineness of PF3; PF3 has a 

coarser particle size distribution than that of FA (Table 3.2) and, hence, a reduction in 

reactivity.

For demonstrating the delayed effect of the pozzolanic reaction, the relative increase 

in strength with ageing was determined with values for this analysis shown in Table

5.3 and plotted in Figure 5.2.

Table 5.3 Hardened mortar properties of compressive strength relative to 3 day 

strength {fcJfcm3d) for increasing time intervals (d = 24 h) of water ageing

Mix faJfcmid (%)
Designation 3-7d 3-14d 3-28d 3-56d 3-91 d

lOOPCSPwc 128 134 174 185 195

20PF3SPwcm 125 143 190 210 233

20FASPwcm 131 159 206 229 251

40PF3SPwcm 129 155 217 264 297

40FASPwcm 134 161 224 274 313
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Figure 5.2 Strength relative to 3 day strength (%) versus time intervals (d = 24 h) 

for each mortar type after standard curing regime in water

The relative strength of the control mortar was observed to increase with increasing 

age between 3 to 28 and 3 to 91 days. After the same ageing period, higher relative 

strength increases were noted for the 20% PF3 and FA mortars, with a slight increase 

in favour of the 20% FA mortar (20FASPwcm). At 40% PF3 and FA addition levels, 

much larger increases in relative strength were found with a further increase favouring 

the 40% FA mortar (40FASPwcm). For the control mortar, a relative strength 

increase of 67% was found between 3 to 7 and 3 to 91 days ageing. Higher relative 

strength increases of 108% and 120% were documented for the 20% PF3 and FA 

mortars, respectively, after the same ageing period. With the 40% PF3 and FA 

mortars, much larger increases in relative strength of 168% and 179% were measured, 

respectively. These relative strength increases occurring with increasing PF3 and FA 

addition levels and ageing strongly support pozzolanic activity contributing to delayed 

strength development. A greater pozzolanic activity is observed for the FA mortars; 

however, this may be attributed to the lower particle size distribution of FA.
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5.2.1.4 Strength Activity Index (SAI)

The SAI values of mortars with increasing age are listed in Table 5.4 and plotted in 

Figure 5.3.

Table 5.4 Hardened mortar properties of strength activity index (SAI) for 3, 7, 

14, 28, 56 and 91 days (d = 24 h) water ageing

Mix SAI3d SAF/d SAIi4d SAl28d SAI56d SACid

Designation (%) (%) (%) (%) (%) (%)
lOOPCSPwc 100 100 100 100 100 100

20PF3SPwcm 80 78 85 87 91 96

20FASPwcm 75 77 90 89 93 97

40PF3SPwcm 48 48 56 60 69 73

40FASPwcm 52 54 63 67 77 83

Figure 5.3 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water
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The SAIs measured for the 20% PF3 and FA mortars after all ages were established to 

comply with the pozzolan SAI specification. Additionally, the SAIs noted after 3, 7 

and 14 days ageing indicate adequate early-age strength from PF3 and FA for use in 

concrete at 20% addition levels. The SAI for the 40% FA mortar was noted to 

comply with the target pozzolan SAI limit after 56 and 91 days ageing. After 91 days 

ageing, the 40% PF3 mortar was found to fall marginally short of the set pozzolan 

SAI limit. Beyond 91 days ageing, the continued strength development from 

pozzolanic activity for the 40% PF3 mortar may well lead to compliance of the 

pozzolan SAI limit. After 91 days ageing, the SAIs for the 20% PF3 and FA mortars 

were observed to be almost representative of the SAI limit set for the control mortar. 

The larger increases in strength occurring for increasing PF3 and FA addition levels 

definitely indicates execution of the pozzolanic reaction contributing to strength 

development.

5.2.1.5 Thermal Analysis

The characterisation of cementing phases by thermal analysis in PF3 and FA mortars 

was investigated at 40% PF3 and FA addition levels after 28 and 91 days ageing. 

Sampling was conducted at two different regions in order to establish any variability 

existing with the amount of CH measured in the cementing system. For the first part 

of this investigation, sampling was carried out at the core of mortar cube specimens. 

With the second part of this investigation, sampling was conducted at the surface of 

the aforementioned mortar cube specimens. An influence at the surface of the mortar 

cubes was to be expected from the presence of lime-saturated water during ageing.

Core Sampling

Mass loss data from the dehydroxylation (Ldx) region of TG thermograms shown in 

Appendix Al and calculated data representing measured CH mass, expected CH mass 

and percent mass change between measured and excepted CH masses sampled at the 

core regions of mortar specimens are listed in Table 5.5.
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Table 5.5 TG data of Ldx, measured CH (CHM) mass, expected CH (CHE) mass 

and percent mass change (ACH) of CHM to CHE of mortar sampled at core (c) 

after 28 and 91 days (d = 24 h) water ageing

Mortar
Ldx

(%)

CHm

(mg)

ch£

(mg)

ACH

(%)

100PCSPwe28d-c 1.4860 1.3849 1.3849 0.0

100PCSPwc9,d-c 1.6270 1.4928 1.4928 0.0

40PF3SPwcm28d-c 0.8904 0.8126 0.8309 -2.2

40PF3SPwcm9id-c 0.7116 0.6617 0.8957 -26.1

40FASPwcm28d-c 0.6146 0.5758 0.8309 -30.7

40FASPwcm9id-c 0.6561 0.6163 0.8957 -31.2

For the control mortar (lOOPCSPwc), the dehydroxylation mass indicating the amount 

of CH present was found to increase with increasing age. With increasing age, the 

control mortar showed the highest dehydroxylation mass. These increased liberation 

levels of CH indicate ongoing hydration reactions of C3S and C2S continuing up to 91 

days ageing. For the 40% PF3 mortar (40PF3SPwcm), a negative difference was 

noted in CH mass change after 28 days ageing. In comparison with that of the 40% 

FA mortar (40FASPwcm), a larger negative difference was measured in CH mass 

change. After 91 days ageing, much higher negative differences were found in CH 

mass changes for the 40% PF3 and FA mortars. These increasing differences 

occurring with increasing age strongly support consumption of CH by pozzolanic 

activity. Furthermore, this observation correlates well with reported SAIs for these 

mortars discussed in Section 5.2.4.3, with the largest strength increase accounted for 

after 91 days. With increasing age, the pozzolanic activity occurring between PF3 

and FA is observed to be in favour of FA. This indicates the finer-sized particles of 

FA exhibiting more pozzolanicity compared to the coarser-sized particles of PF3 (see 

Table 3.2). Additionally, PF3 and FA have yielded similar consumption levels of CH 

after 91 days ageing. As FA is an accepted SCM, PF3 having developed similar 

pozzolanic behaviour must also be recognised as a pozzolanic material. Given that 

the pozzolanic reaction has resulted in consumption of CH, TG data demonstrates 

potential for determining the pozzolanicity of SCMs in the development of C-S-H 

strengthening phases.
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Surface Sampling

Mass loss data and calculated mass data sampled at the surface regions of mortars are 

listed in Table 5.6. From TG data listed in Table 5.5 and Table 5.6, it is apparent that 

large differences exist between dehydroxylation masses sampled at the surface and 

core regions of mortar cubes. For the control mortar, the dehydroxylation mass at the 

surface was observed to decrease with ageing. In contrast, the dehydroxylation mass 

sampled at the core for the same mortar was noted to increase with ageing. With the 

exception of the control mortar after 28 days ageing, all mortars show a higher 

dehydroxylation mass occurring at the core compared to those measured at the 

surface.

Table 5.6 TG data of Ldx, measured CH (CHjW) mass, expected CH (CH^) mass 

and percent mass change (ACH) of CH m to CH£ of mortar sampled at surface (s) 

after 28 and 91 days (d = 24 h) water ageing

Mortar
Ldx

(%)

cha/

(mg)

CH £

(mg)

ACH

(%)

100PCSPwc28d-s 1.5520 1.3921 1.3921 0.0

100PCSPwc9,d-s 1.4410 1.3376 1.3376 0.0

40PF3SPwcm28d-s 0.6883 0.6400 0.8353 -23.4

40PF3SPwcm9|d_s 0.5652 0.5307 0.8026 -33.9

40FASPwClT)28d-s 0.5024 0.4490 0.8353 -46.2

40FASPwcm9id.s 0.4293 0.4079 0.8026 -49.2

These mass differences indicate the amount of CH available in the cementing system 

varies according to its sampling location. The dehydroxylation mass sampled at the 

core possibly reflects increasing CH contents solely occurring from hydration of PC. 

In comparison to the core region, the dehydroxylation masses occurring at the surface 

may be showing the influence of a number of external factors, including the ingress of 

limewater into surface regions during the curing process of the mortar cubes. Despite 

these noted sampling differences, the measured CH masses at the surface of the 40% 

PF3 and FA mortars indicate that the FA and PF3 consumed a large amount of CH 

with ageing. A variance in the dehydroxylation masses between the 40% PF3 and FA
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mortars also suggests the PF3 mortars consuming less CH than the FA mortars and 

indicates that the PF3 shows less pozzolanic behaviour relative to that of FA. As 

discussed in Section 5.2.1.3, it is likely that this reduced degree of CH consumption 

(or apparent measurement of lower pozzolanicity) may be attributed to the relative 

particle size of the PF3. Despite the potential for ingress of additional CH from lime- 

saturated water and its affects at the surface, sampling at the surface of the 40% PF3 

and FA mortars reflects the occurrence of pozzolanicity from these amorphous glassy- 

aluminosilicate materials.

5.2.2 PC Replacement in Mortar by PF3-SF and FA-SF Using 
G 51

This study was carried out to assess the pozzolanicity between PF3-SF and FA-SF 

blends using superplasticiser and a fixed w/cm ratio. Control mortar, and PF3-SF and 

FA-SF mortars using 20% portions of 1:1 blends of PF3 and FA with SF were 

prepared and substituted for PC in mortars.

5.2.2.1 Flow

The consistencies of the fresh mortars from the measurement of flow and wet density 

are shown in Table 5.7.

Table 5.7 Fresh mortar properties of flow, wet density (pwet) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 54 2150 0.028

20PF3SFSPwcm 57 2140 0.104

20FASFSPwcm 56 2130 0.066
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For reference flow, increasing G 51 addition levels were required for both the PF3-SF 

and FA-SF blended mixes. In comparison to 20% PF3 and FA mixes discussed in 

Section 5.2.1.1, higher additions of G 51 were required for the 20% PF3-SF and FA- 

SF mixes. The increases in G 51 additions have likely originated from the presence of 

SF agglomerates (shown in Figure 3.10) breaking down to smaller-sized particles 

during the mechanical mixing of mortar (Diamond et a/. 2006; Jo et a!. 2007). The 

larger surface area of the finer-sized (typically 0.1 pm diameter) SF particles is known 

to increase water demand (Sellevold et a/. 1983; Toutanji et al. 1995). Furthermore, 

increasing SF addition levels have been also reported to improve resistance to 

bleeding and segregation (Radocea 1992). This is in accord with the findings 

observed in this study, with SF particles increasing water demand.

5.2.2.2 Wet Density

The wet densities of PF3-SF and FA-SF mortars were predicted to decrease from the 

increased presence of PF3, FA and SF, which have lower specific gravities 

(approximately 2.3, 2.1 and 2.2, respectively). In comparison to control mortar 

(lOOPCSPwc), lower wet densities were noted for the PF3-SF and FA-SF mortars 

(Table 5.7). This finding indicates PF3, FA and SF particles contributing to the 

lightweight properties of fresh mortar.

5.2.2.3 Compressive Strength

Ageing in lime-saturated water was carried out to assess the pozzolanicity of PF3-SF 

and FA-SF blends contributing to strength development in mortar relative to the 

strength of control mortar. The measured strength data are shown in Table 5.8 and 

Figure 5.4.

The strength of the mortars was noted to increase with increasing age. In comparison 

to the control mortar, the strength of the PF3-SF and FA-SF mortars was found to be 

much higher from 7 to 91 days ageing. A large increase in strength noted with short

term ageing between 7 to 28 days ageing indicates SF in mortar contributing
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considerably to strength development. This finding of the SF indicates faster 

pozzolanic activity relative to PF3 and FA reactivity in mortar. In comparison to 

strength data for the 20% PF3 and FA mortars (Section 5.2.1.3), the strength increase 

noted for the PF3-SF and FA-SF mortars with ageing indicates combined pozzolanic 

activity contributing to faster strength development, with the particle size of the SF 

playing an important role.

Table 5.8 Hardened mortar properties of compressive strength (fcm) for 3, 7, 14, 

28, 56 and 91 days (d = 24 h) water ageing

Mix fcmid Jcm7d fcml4d fcm28d fcm56d fcm91d

Designation (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

lOOPCSPwc 20.4 25.8 27.7 32.5 36.0 38.0

20PF3SFSPwcm 20.2 25.7 29.7 39.4 43.7 47.0

20FASFSPwcm 19.0 25.0 29.9 39.9 43.4 46.9

Figure 5.4 Compressive strength (/„„) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

The data listed in Table 5.9 and plotted in Figure 5.5 show the relative strength 

increases for mortars with respect to 3 day strength and further maturity.
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Table 5.9 Hardened mortar properties of compressive strength relative to 3 day 

strength (fcJfcmSd) for increasing time intervals (d = 24 h) of water ageing

Mix fcJfcm3d{%)

Designation 3-7d 3-14d 3-28d 3-56d 3-91 d

lOOPCSPwc 126 136 159 176 186

20PF3SFSPwcm 127 147 195 216 233

20FASFSPwcm 132 157 210 228 247

fcn/fansAVo) ■ lOOPCSPwc

■20PF3SFSPwcm

■ 20FASFSPwcm

3-7 3-14 3-28 3-56 3-91

tub

Figure 5.5 Strength relative to 3 day strength (%) versus time intervals (d = 24 h) 

for each mortar type after standard curing regime in w ater

The relative strength of the control mortar was found to increase from between 3 to 7 

and 3 to 91 days ageing. Higher relative strength increases were rioted for the PF3-SF 

and FA-SF mortars, with a slight increase in favour of the FA-SF mortar after the 

same ageing period. For the control mortar, a relative strength increase of 60% was 

noted. Higher relative strength increases of 106% and 115% were measured for the 

PF3-SF and FA-SF mortars, respectively. The combined presence of PF3 or FA 

blended with SF strongly supports pozzolanic activity contributing to strength 

development at early and late stages of ageing. It is also worth mentioning that the 

finer particle size combination of the FA-SF blend reflects a slight enhancement in 

pozzolanic activity between 3 to 91 days ageing. These delayed strength development
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findings are similar to those reported in Section 5.2.1.3 for 20% addition levels of PF3 

and FA further supporting similar pozzolanic activity between PF3 and FA in 

combination with SF at low substitution levels of PC in mortars.

5.2.2.4 Strength Activity Index (SAP

The SAI values of mortars with increasing age are listed in Table 5.10 and plotted in 

Figure 5.6.

Table 5.10 Hardened mortar properties of strength activity index (SAI) for 3, 7, 

14, 28, 56 and 91 days (d = 24 h) water ageing

Mix SAI3d SAI7d SAI14d SAFsd SAfftd SACid

Designation (%) (%) (%) (%) (%) (%)

lOOPCSPwc 100 100 100 100 100 100

20PF3SFSPwcm 95 97 102 127 123 126

20FASFSPwcm 89 94 102 129 123 126

Figure 5.6 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water
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The SAIs measured for the PF3-SF and FA-SF mortars after all ages were noted to 

comply with the pozzolan SAI specification. From 14 to 91 days ageing, SAIs were 

observed to be greater than the 100% SAI limit set for the control mortar. The SAI 

values after 28 to 91 days ageing were found to comply with the SF SAI specification. 

Additionally, the SAIs noted between PF3-SF and FA-SF mortars can be considered 

similar with increasing age, with delayed strength development attributed to 

pozzolanic activity.

5.2.3 PC Replacement in Mortar by PF4 and FA Using G 51

It was concluded from the comparison of the relative strength of the PF3 and FA 

mortars investigated in Section 5.2.1.3 that the lower strength developed by the PF3 

mortars were primarily due to the higher average particle size, which in turn, reduced 

the pozzolanic activity. In order to confirm this hypothesis, the pozzolanicity for 

similar particle size distributions of PF and FA were assessed. Pulverised PF4 (rod 

milled to a fineness of less than 45 pm) and FA (as supplied) were evaluated using 

superplasticiser to maintain reference How at a fixed w/cin ratio. Control, PF4 and 

FA mortars using 20% and 40% addition levels of PF4 and FA, respectively, were 

mixed and aged in lime-saturated water to evaluate compressive strength and SAIs. 

The flows and wet densities were also evaluated for monitoring consistency of the 

PF4 and FA mortars.

5.2.3.1 Flow

The consistencies of the fresh mortars from the measurement of flow and wet density 

are listed in Table 5.15. To achieve reference flow, an increase in addition levels of G 

51 were required with increasing PF4 substitution levels. As has been discussed 

earlier (Section 5.2.1.1), PF4 has a higher water demand than either the control of the 

FA. As the particle size of the PF4 was further reduced, the water demand was 

expected to increase and, hence, in order to attain reference flow, an increased 

proportion of G 51 was required. The larger affiliated surface area of the finer-sized
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PF4 particles (shown in Figure 3.6) has increased water demand, as disctssed in 

Section 4.2.3.1. Increasing PF4 addition levels also indicate an improvement in the 

resistance to bleeding and segregation for the same reasoning described in Section

5.2.2.1. In contrast, the FA mixes showed the reverse effect with a considerable 

reduction required in order to attain reference flow. As discussed in Section 5.2.1.1, 

the reduced requirement for superplasticiser to attain the reference flow is a result of 

the spherical shape of the FA particles.

Table 5.11 Fresh mortar properties of flow, wet density (pwet) and G 51 volume

over total mass (vAv) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 59 2150 0.033

20PF4SPwcm 52 2140 0.066

20FASPwcm 50 2170 0.009

40PF4SPwcm 61 2110 0.1 18

40FASPwcm 56 2160 0.009

As the PF4 tends to increase water demand and, hence, increase the necessity for the 

addition of superplasticiser in order to achieve reference flow, and FA reduces water 

demand, and, hence, reduces the requirement for superplasticiser addition, PF4 and 

FA may be combined to attain ideal flow, without the necessity of superplasticiser 

additions to attain the desired workability. The combination of PF4 with FA may 

improve workability with a reduction in usage of G 51. This also provides a cost 

effective measure of mixing two materials in improving the flow of mortar.

5.2.3.2 Wet Density

Increasing PF4 addition levels were predicted to decrease the wet densities from the 

increased presence of PF4, which has a lower specific gravity. From Table 5.11, the 

wet densities of PF4 mortars were noted to decrease with increasing PF4 additions. 

Conversely, the FA mortars were found to have much higher wet densities. These
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increases indicate the spherical shape of FA contributing to an improvement in the 

packing arrangement of cementing particles, as discussed in Section 5.2.1.2.

5.2.3.3 Compressive Strength

Ageing in lime-saturated water was carried out to assess the pozzolanicity of PF4 and 

FA contributing to strength development relative to the strength of control mortar. 

The measured strength data are listed in Table 5.16 and plotted in Figure 5.10.

The strength of the mortars was noted to increase with ageing. In comparison to the 

control mortar (lOOPCSPwc), the strength of the 20% FA mortar was found to be 

slightly higher after 91 days ageing. The strength with ageing for the 20% PF4 and 

FA mortars was found to be higher than the 40% PF4 and FA mortars. For these PF4 

and FA mortars, the strength differences between 20% and 40% PF4 and FA addition 

levels gradually reduced with ageing. The data listed in Table 5.17 and plotted in 

Figure 5.11 show the relative strength increase for mortars with respect to 7 day 

strength and increasing age.

Table 5.12 Hardened mortar properties of compressive strength (fcm) for 7, 28, 56

and 91 days (d = 24 h) water ageing

Mix

Designation
Jem 7d

(MPa)
fcm28d

(MPa)
fcm56d

(MPa)
Jcm91d

(MPa)

lOOPCSPwc 26.7 34.5 35.6 36.8

20PF4SPwcm 25.4 31.4 32.9 35.2

20FASPwcm 19.3 30.3 33.6 36.9

40PF4SPwcm 14.9 26.7 26.8 29.5

40FASPwcm 13.5 22.6 27.7 31.6
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■ 20PF4SPwcm
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Figure 5.7 Compressive strength (fcm) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

Table 5.13 Hardened mortar properties of compressive strength relative to 7 day 

strength m-y) for increasing time intervals (d = 24 h) of water ageing

Mix fcnjfcm7d (%)

Designation 7-28d 7-56d 7-9 Id

lOOPCSPwc 129 133 138

20PF4SPwcm 124 130 139

20FASPwcm 157 174 191

40PF4SPwcm 179 180 198

40FASPwcm 167 205 234
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■ lOOPCSPwc

■ 20PF4SPwcin 
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Figure 5.8 Strength relative to 7 day strength (%) versus time intervals (d = 24 h) 

for each mortar type after standard curing regime in water

For the control mortar, the relative strength was observed to increase with increasing 

age between 7 to 28 and 7 to 91 days. A slightly lower relative strength increase was 

noted for the 20% PF4 mortar after the same ageing period. Conversely, a higher 

relative strength increase was found for the 20% FA mortar. At 40% PF4 and FA 

addition levels, a considerable relative strength increase was noted for PF4 and FA 

mortars. For the control mortar, a relative strength increase of 9% was noted. Higher 

increases in relative strength of 15% and 34% were measured for the 20% PF4 and 

FA mortars, respectively. Much larger relative strength increases of 19% and 67% 

were documented with the 40% PF4 and FA mortars, respectively. The observed 

increases for the 40% PF4 and FA mortars indicate higher levels of pozzolanic 

activity from the FA.
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5.2.3.4 Strength Activity Index (SAI)

The measured SAIs of mortars with increasing age are listed in Table 5.18 and plotted 

in Figure 5.12.

Table 5.14 Hardened mortar properties of strength activity index (SAI) for 7, 28, 

56 and 91 days (d = 24 h) water ageing

Mix SAI7d SAl28d SAl56d SADid

Designation (%) (%) (%) (%)
lOOPCSPwc 100 100 100 100

20PF4SPwcm 95 91 92 96

20FASPwcm 72 88 94 100

40PF4SPwcm 56 77 75 80

40FASPwcm 51 66 78 86

Figure 5.9 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water
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The measured SAIs for the 20% PF4 mortars for all ageing times were established to 

comply with the target pozzolan SAI specification. In the case of the 20% FA mortar, 

compliance with the pozzolan SAI specification was achieved after 28 days ageing 

and beyond. Additionally, the SAI of the 20% FA mortar was noted to be greater than 

100% (z. e., the mortar had achieved a strength greater than that of the control). After 

28, 56 and 91 days, the SAIs of the 40% PF4 mortars showed compliance with the 

pozzolan SAI specification. The SAI values of the 40% FA mortar were also noted to 

comply with the pozzolan SAI specification after 56 and 91 days. In comparison to 

the SAIs reported in Section 5.2.1.4, a reduction in particle size of the PF has further 

enhanced strength at earlier stages of ageing.

For a similar particle size distribution, the measured SAIs measured between PF4 and 

FA mortars were found to favour PF4 mortars up to 28 days ageing. An appreciable 

improvement in SAIs for the 20% PF4 mortars between 7 to 28 days ageing indicates 

PF4 contributing to improved early age strength development. Beyond this age, the 

FA mortars indicated superiority with higher SAIs. In this study, it should be noted 

that the PF4 particles had a larger average particle size in comparison to FA particles 

(Table 3.2).

5,2.4 PC Replacement in Mortar by PF5 and HPFA Using G 51

From the comparison of the relative strength of the PF4 and FA mortars investigated 

in Section 5.2.3.3, the lower strength developed by the PF4 mortars were primarily 

due to the lower average particle size, which in turn, reduced the pozzolanic activity. 

Using further reduction in particle size, the pozzolanicity for similar particle size 

distributions of PF and FA were examined. Pulverised PF5 (bead milled to a fineness 

of less than 10 pm) and pulverised HPFA (jet milled to a fineness of less than 10 pm) 

were evaluated using superplasticiser to maintain reference flow at a fixed w/cm ratio. 

Control, PF5 and HPFA mortars using 20% and 40% addition levels of PF5 and 

HPFA, respectively, were mixed and aged in lime-saturated water to evaluate 

compressive strength and SAIs. The flows and wet densities were also evaluated to 

monitor consistency of the mortars.
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5.2.4.1 Flow

The consistencies of the fresh mortars from the measurement of flow and wet density 

are shown in Table 5.15.

Table 5.15 Fresh mortar properties of flow, wet density {pwet) and G 51 volume

over total mass (v/w) of mortar

Mix flow Pwet G 51

Designation (%) (kg/m3) (% v/w)

lOOPCSPwc 63 2150 0.038

20PF5SPwcm 62 2090 0.071

20HPFASPwcm 62 2150 0.005

40PF5SPwcm 69 2080 0.118

40HPFASPwcm 71 2170 0.000

To achieve reference flow, an increase in addition levels of G 5 1 were required with 

increasing PF5 substitution levels. As has been discussed earlier (Section 5.2.1.1), 

PF5 has a higher water demand than either the control of the FA. As the particle size 

of the PF5 was further reduced, the water demand was expected to increase and, 

hence, in order to attain reference flow, an increased proportion of G 51 was required. 

The much larger affiliated surface area of the finer-sized PF5 particles (shown in 

Figure 3.7) has increased water demand, as discussed in Section 4.2.3.1. Increasing 

PF5 addition levels also indicate an improvement in the resistance to bleeding and 

segregation for the same reasoning described in Section 5.2.2.1. In contrast, the 

HPFA mixes showed the reverse effect with a considerable reduction and absence of 

G 51 required in order to obtain reference flow. This was most apparent for the 40% 

HPFA mix, where flow was achieved without G 51 usage. As discussed in Section

5.2.1.1, the reduced requirement for superplasticiser to attain the reference flow is a 

result of the particle size of the HPFA. The spherical shaped HPFA particles aid the 

movement of PC and aggregate particles past each other, thus, increasing the flow, 

reducing the water demand and, hence, reducing levels of G 51 addition.
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As the PF5 tends to increase water demand and, hence, increase the necessity for the 

addition of superplasticiser in order to maintain the reference flow, and HPFA reduces 

water demand, and, hence, reduces the requirement for superplasticiser addition, PF5 

and HPFA could be combined to attain an ideal flow, without the necessity of 

superplasticiser additions to attain the desired workability. The combination of PF5 

with HPFA may improve workability with a reduction in usage of G 51. This also 

provides a cost effective measure of mixing PF and FA in improving the rheological 

properties of mortar.

5.2.4.2 Wet Density

Increasing PF5 addition levels were predicted to decrease the wet densities from the 

increased presence of PF5, which has a lower specific gravity. From Table 5.11, the 

wet densities of PF5 mortars were noted to decrease with increasing PF5 additions. 

Conversely, the HPFA mortars were found to have much higher wet densities. These 

increases indicate the spherical shape of HPFA contributing to an improvement in the 

packing arrangement of cementing particles, with the occurrence of fewer voids, as 

discussed in Section 5.2.1.2.

5.2.4.3 Compressive Strength

Ageing in lime-saturated water was carried out to assess the pozzolanicity of PF5 and 

HPFA contributing to strength development relative to the strength of control mortar. 

The measured strength data are listed in Table 5.16 and plotted in Figure 5.10.

The strength of the mortars was noted to increase with increasing age. In comparison 

to the control mortar (lOOPCSPwc), the strength of the PF5 and HPFA mortars at 

20% and 40% PF5 and HPFA addition levels, respectively, was found to be higher 

after 91 days ageing. Furthermore, the strength noted of the 20% PF5 mortar 

(20PF5SPwcm) after 56 days ageing was also higher than that of the control mortar. 

The strength with increasing age for the 20% PF5 and HPFA mortars was found to be 

higher in comparison to the 40% PF5 and HPFA mortars. For these PF5 and HPFA
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mortars, the strength differences between 20% and 40% PF5 and HPFA addition 

levels reduced appreciably with increasing age.

Table 5.16 Hardened mortar properties of compressive strength (fcm) for 7, 28, 56

and 91 days (d = 24 h) water ageing

Mix

Designation
Jem 7d

(MPa)
fcm2 8d

(MPa)
Jcm56d

(MPa)
fcm91d

(MPa)

lOOPCSPwc 28.5 35.1 35.2 35.5

20PF5SPwcm 23.3 32.8 38.4 39.2

20HPFASPwcm 22.2 30.7 34.0 39.9

40PF5SPwcm 16.0 29.6 32.9 36.5

40HPFASPwcm 15.9 26.1 31.6 36.5

Figure 5.10 Compressive strength (fan) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

The data listed in Table 5.17 and plotted in Figure 5.11 show the relative strength

increase for mortars with respect to 7 day strength and increasing age.
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For the control mortar, the relative strength was observed to increase with increasing 

age between 7 to 28 and 7 to 91 days. Higher relative strength increases were noted 

for the 20% PF5 and HPFA mortars after the same ageing periods. At 40% PF5 and 

HPFA addition levels, a considerable relative strength increase was noted for the PF5 

and HPFA mortars. For the control mortar, a relative strength increase of 2% was 

noted. Higher increases in relative strength of 27% and 42% were measured for the 

20% PF5 and HPFA mortars, respectively. Much larger relative strength increases of 

43% and 66% were documented with the 40% PF5 and HPFA mortars, respectively. 

These increases indicate higher levels of pozzolanic activity. The combined factors of 

particle size reduction and increasing addition levels of PF5 and HPFA, and further 

ageing of mortars containing PF5 and HPFA, have contributed to increased strength 

development.

Table 5.17 Hardened mortar properties of compressive strength relative to 7 day 

strength (fcmlfcm7d) for increasing time intervals (d = 24 h) of water ageing

Mix fcJfcm7d (%)

Designation 7-28d 7-56d 7-9 Id

lOOPCSPwc 123 124 125

20PF5SPwcm 141 165 168

20HPFASPwcm 138 153 180

40PF5SPwcm 185 206 228

40HPFASPwcm 164 199 230
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Figure 5.11 Strength relative to 7 day strength (%) versus time intervals (d = 24 

h) for each mortar type after standard curing regime in water

5.2.4.4 Strength Activity Index (SAI)

The measured SAIs of mortars with increasing age are listed in Table 5.18 and plotted 

in Figure 5.12.

Table 5.18 Hardened mortar properties of strength activity index (SAI) for 7, 28, 

56 and 91 days (d = 24 h) water ageing

Mix SAI7d SAl28d SAl56d SAIyid

Designation (%) (%) (%) (%)
lOOPCSPwc 100 100 100 100

20PF5SPwcm 82 93 109 110

20HPFASPwcm 78 87 97 112

40PF5SPwcm 56 84 93 103

40HPFASPwcm 56 74 90 103

The measured SAIs for the 20% PF5 and HPFA mortars for all ages were established 

to comply with the target pozzolan SAI specification. After 56 days ageing, the SAI
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of the 20% PF5 mortar was noted to be greater than 100% (i. e., the mortar had 

achieved a strength greater than that of the control). Additionally, the high values of 

SAIs yielded by the 20% PF5 and HPFA mortars bring the pozzolanic activities of 

these mortars into the realm of compliance with the requirements for SF classification. 

After 28, 56 and 91 days, the SAIs of the 40% PF5 mortars showed compliance with 

the pozzolan SAI specification. The SAI of the 40% HPFA mortar was also noted to 

comply with the pozzolan SAI specification after 56 and 91 days. Additionally, the 

SAIs after 91 days for both the 40% PF5 and HPFA mortars were noted to be greater 

than 100%. Compared to the SAIs reported in Section 5.2.1.4, a reduction in particle 

size of the PF5 and HPFA has further enhanced strength at earlier stages of ageing.

Figure 5.12 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

mortar type after standard curing regime in water

For a similar particle size distribution, the SAIs values between PF5 and HPFA 

mortars were found to favour PF5 mortars. In this study, it should be noted that the 

PF5 particles had a smaller average particle size than HPFA particles (Table 3.2). At 

20% PF5 and HPFA addition levels, the PF5 mortar showed improved SAIs from 7 to 

56 days ageing. For 40% PF5 and FA addition levels, the PF5 mortar exhibited 

improved SAIs from 28 to 56 days ageing. These findings reflect improved SAIs 

after 28 days age for PF5 at 20% and 40% addition levels in mortar.
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5.2.5 PC Replacement in Concrete by PF3 and FA

In a different cementing system, this study was carried out to assess similarities in 

pozzolanicity between PF3 and FA using a fixed w/cm ratio. In the absence of using 

superplasticiser additions, external vibration was utilised for the consolidation of 

concrete. Control, PF3 and FA concretes using 20% and 40% addition levels of PF3 

and FA, respectively, for partial replacement of PC were mixed and aged in lime- 

saturated water and air to evaluate slump, wet density, compressive strength and SAIs.

5.2.5.1 Slump

The consistencies of the fresh concretes from the measurement of slump and wet 

density are shown in Table 5.19. In comparison to the control mix (lOOPCCwc), the 

slumps of PF3 mixes were noted to decrease appreciably with increasing addition 

levels of PF3. This observed loss in slump, indicating poor workability, strongly 

supports PF3 particles increasing water demand. In contrast, FA mixes were found to 

increase in slump with increasing FA addition levels. This finding supports the 

dispersive action of FA spherical particles improving workability (Demirboga et al. 

2001; Ferraris et al. 2001). Furthermore, the differences in size between FA and PF3 

particles (see Table 3.2) have also improved the rheological properties in FA mixes.

Table 5.19 Fresh concrete properties of slump and wet density (pwet)

Mix

Designation

slump

(mm)
Pwet

(kg/m3)

lOOPCCwc 60 2560

20PF3Cwcm 30 2470

20FACwcm 60 2460

40PF3Cwcm 10 2430

40FACwcm 90 2430
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5.2.5.2 Wet Density

Increasing addition levels of PF3 and FA were expected to decrease the wet densities 

due to the increased presence of PF3 and FA, which have lower specific gravities. In 

the absence of superplasticiser, the wet densities of PF3 and FA concretes were found 

to decrease with increasing addition levels of PF3 and FA (Table 5.19). In Section

5.2.1.2, increasing wet densities were reported with increasing FA addition levels. 

For concrete mixes, the wet densities were found to decrease with increasing addition 

levels of FA. This finding suggests the packing arrangement of FA particles in 

concrete changing compared to that in mortar and is in agreement with similar 

reported investigations (Camilleri et al. 2006; Jones et al. 2006; Khatib 2008).

5.2.5.3 Compressive Strength

Ageing in lime-saturated water was carried out to assess the pozzolanicity of PF3 and 

FA contributing to strength development relative to strength of control concrete. The 

measured strength data are shown in Table 5.20 and Figure 5.13.

Table 5.20 Hardened concrete properties of compressive strength (fcm) for 7, 28, 

56 and 91 days (d = 24 h) water ageing

Mix

Designation
Jem 7d

(MPa)
fcm28d

(MPa)
fcm56d

(MPa)
fcm91d

(MPa)

lOOPCCwc 35.2 48.8 50.9 53.9

20PF3Cwcm 31.6 45.0 46.5 51.1

20FACwcm 31.7 46.1 47.1 53.3

40PF3Cwcm 18.2 28.5 34.4 36.4

40FACwcm 20.8 31.2 34.3 38.3

The strength of the different concretes was found to increase with increasing age. 

Between 56 and 91 days ageing, the 20% PF3 and FA concretes, in particular, 

exhibited a considerable strength increase with the strength after 91 days ageing being 

almost equivalent that of the control concrete. This finding strongly supports
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pozzolanicity of PF3 and FA particles contributing to strength development at later 

stages of ageing. At 20% PF3 and FA addition levels, a similar strength development 

was noted between the PF3 and FA concretes with increasing age. At higher addition 

levels, the 40% PF3 concrete showed a lower strength compared to that of the 40% 

FA concrete. This strength difference may be accounted for by the coarser particle 

size of the PF3 particles influencing pozzolanicity (as discussed in Section 5.2.1.3). 

For the PF4 and FA mortars, PF4 having a particle fineness similar to that of the FA 

produced similar strength to the FA mortars indicating a dependence of pozzolanic 

activity on the particle fineness. It is expected that an equivalent strength would be 

obtained in concretes containing PF4 additions.

Figure 5.13 Compressive strength (fcm) versus ageing time (d = 24 h) for each 

concrete type after standard curing regime in water

For further assessing the pozzolanic behaviour of PF3 and FA in concrete, the data 

listed in Table 5.21 and plotted in Figure 5.14 show the relative strength increases 

with respect to 7 day strength and increasing age.
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Table 5.21 Hardened concrete properties of compressive strength relative to 7 

day strength (fcm/f m7d) for increasing time intervals (d = 24 h) of water ageing

Mix fcnJfcm7d (%)

Designation 7-28d 7-56d 7-9 Id

lOOPCCwc 139 145 153

20PF3Cwcm 142 147 162

20FACwcm 145 149 168

40PF3Cwcm 157 189 200

40FACwcm 150 165 184

Figure 5.14 Strength relative to 7 day strength (%) versus time intervals (d = 24 

h) for each concrete type after standard curing regime in water

The relative strength of control concrete was noted to increase with increasing age 

between 7 to 28 and 7 to 91 days. Higher increases in relative strength were measured 

with the 20% PF3 and FA addition levels in concretes, after the same ageing period, 

with a slight increase in favour of the FA concrete. For the 40% PF3 and FA addition 

levels in concretes, considerable increases in relative strength were observed. For the 

control concrete, an increase in relative strength of 14% was noted. Higher relative 

strength increases of 20% and 23% were observed for the 20% PF3 and FA concretes, 

respectively. For the 40% PF3 and FA concretes, much higher relative strength
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increases of 43% and 34%, respectively, were measured. The later age increases in 

strength is again to have likely resulted from the development of C-S-H strengthening 

phases produced in the pozzolanic reaction between the PF3 and FA and the CH. 

Although the PF3 does produce lower strength than the FA, particularly in the 40% 

PF3 and FA concretes, this difference is attributable to the larger particle size of PF3. 

The rate of strength increase is, however, greatest for the 40% PF3 concrete 

suggesting that the higher particle size results in further delayed pozzolanic activity.

5.2.5.4 Strength Activity Index (SAI)

The SAI values of concretes with increasing age are listed in Table 5.22 and plotted in 

Figure 5.15.

Table 5.22 Hardened concrete properties of strength activity index (SAI) for 7, 

28, 56 and 91 days (d = 24 h) water ageing

Mix SAI7d SAl28d SAl56d SAI91d

Designation (%) (%) (%) (%)

lOOPCCwc 100 100 100 100

20PF3Cwcm 90 92 91 95

20FACwcm 90 94 92 99

40PF3Cwcm 52 58 68 68

40FACwcm 59 64 67 71
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Figure 5.15 Strength activity index (SAI) versus ageing time (d = 24 h) for each 

concrete type after standard curing regime in water

The measured SAIs for the 20% PF3 and FA concretes after all ages were established 

to comply with the pozzolan SAI specification. Additionally, the SAIs obtained after 

7 and 28 days ageing indicate the feasibility of using PF3 as an alternative SCM in 

concrete. The SAI of the 20% FA concrete after 91 days ageing was found to be 

almost equivalent to the 100% SAI limit set for the control concrete. For the 20% 

PF3 concrete, a lower SAI was measured after the same age. These findings further 

reflect the pivotal role of PF particle size and its contribution to pozzolanic activity. 

Regardless of the PF grade assessed in this investigation, the SAIs at 20% PF3 and 

FA additions for the PF3 and FA concretes indicate similar strength development. 

After 91 days ageing, the SAI values for the 40% PF3 and FA concretes were noted to 

fall marginally short of the pozzolan SAI specification. The SAIs measured at 40% 

PF3 and FA additions strongly support pozzolanic activity contributing strength 

development with ageing. This finding implies that further increases in SAI for the 

40% PF3 and FA concretes with further ageing beyond 91 days is likely.
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5.2.5.5 Effect of Curing Environment

The compressive strength and measured SAIs of concretes with increasing age under 

curing conditions of air storage are shown in Table 5.23.

Table 5.23 Hardened concrete properties of compressive strength (f.m) and 

strength activity index (SAI) for 28 and 91 days (d = 24 h) air storage

Mix fcm28d fcm91d SAfsd SACid

Designation (MPa) (MPa) (%) (%)
lOOPCCwc 32.3 31.7 100 100

20PF3Cwcm 32.5 31.8 100 100

20FACwcm 30.9 30.9 96 97

40PF3Cwcm 20.8 20.6 64 65

40FACwcm 22.1 23.2 69 73

In comparison to strength data for concretes cured in lime-saturated water (Section 

5.2.5.3), considerable decreases in strength were observed for equivalent concretes 

cured in air. This feature was most pronounced for all concretes after 91 days ageing 

indicating the importance of moisture for continuing the hydration reaction.

At 20% PF3 and FA addition levels, the effect of air storage on SAIs showed a 

strength improvement in favour of the 20% PF3 concrete. With increasing age, the 

SAIs of the 20% PF3 concrete were found to comply with the 100% SAI limit set for 

the control concrete. For 40% PF3 and FA additions, the reverse was found with 

improved strength favouring the 40% FA concrete. In comparison to equivalent PF3 

and FA concretes aged in lime-saturated water, SAIs measured under air storage 

reveal that improved strength favours the former curing condition. With increasing 

air storage age, small increases in SAIs were observed to result with the PF3 and FA 

concretes. This finding suggests a delay in pozzolanic activity from the absence of 

moisture required for continuing the hydration process of PC.
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5.3 Drying Shrinkage

5.3.1 PC Replacement in Mortar by PF3 and FA Using G 51

Drying shrinkage of PC-based building materials is a widespread problem that can 

lead to catastrophic failure of the bonded component from the initiation of cracking 

and deflection. Physical and chemical aspects involving the arrangement of packing 

and the interaction of PC with its mixing ingredients, namely from the presence of 

acidic and alkali components, respectively, affect shrinkage itself. Drying shrinkage 

results primarily from water loss during the evaporation process of residual water 

from smaller-sized capillary pores. Furthermore, additional water loss from small gel 

pores formed at later stages of ageing also leads to further drying shrinkage.

Measured length change data of mortar shrinkage bars after 7, 14 and 28 days air 

storage, relative to 0 day length and a gauge length of 200 mm are listed in Table 

5.24.

Table 5.24 Hardened mortar properties of length change (AL) after 7, 14 and 28 

days (d = 24 h) air storage relative to 0 day length and a gauge length of 200 mm

Mix A Ljj A Li4d A Li8j
Designation (%) (%) (%)

lOOPCSPwc -0.008 -0.015 -0.027

20PF3SPwcm -0.006 -0.012 -0.026

20FASPwcm -0.009 -0.025 -0.041

40PF3SPwcm -0.010 -0.019 -0.035

40FASPwcm -0.013 -0.022 -0.041

The length of mortar specimens relative to 0 day length was noted to decrease 

appreciably with increasing age. The 20% PF3 and 40% FA mortars exhibited the 

lowest and highest length changes, respectively, with increasing age. With increasing 

PF3 and FA addition levels, the length was found to further decrease with the PF3
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mortars showing lower length change than the FA mortars. The length change for the 

20% PF3 mortar was observed to be less than that of the control mortar.

The presence of coarser-sized PF3 angular particles has likely increased the void 

content and apparent porosity in the cementing matrix. This feature may explain the 

observed smaller decrease in length. Conversely, FA mortars exhibited larger 

decreases in length with increasing FA addition levels and ageing. As the cementing 

microstructure densifies from pozzolanic activity, the size of existing capillary pores 

reduce in size. This will increase smaller-sized voids and produce more length 

change. Prior to the activation of pozzolanic activity, at early stages of ageing the 

immediate role of the FA spherical particles in the cementing mix are as filler 

(Tangpagasit et al. 2005). The packing effect of FA occupying interstices contributes 

to increasing the amount of smaller-sized pores (Chindaprasirt et al. 2007). Water 

migration and a reduction in vapour pressure during drying results in tensile stresses 

developing in the residual water left inside the smaller-sized capillary pores. As the 

residual water undergoes tension, the surrounding matrix compensates by 

counteracting in compression. This principal form of residual water loss results in 

unrestrained drying shrinkage. With pozzolanic activity, the water evaporating from 

newly created micro-sized C-S-H gel pores causes a difference in surface energy in 

the solid phases. This secondary form of water loss contributes further to unrestrained 

drying shrinkage (Mokarem et al. 2005; Ma et al. 2007).

The drying shrinkage increase for PF3 and FA mortars relative to control mortar after 

7, 14 and 28 days air storage are listed in Table 5.25 and plotted in Figure 5.16. In 

comparison to the control mortar, a decrease in drying shrinkage was observed for the 

20% PF3 mortar with increasing age. This decrease indicates a greater resistance to 

volume change during moisture loss compared to that shown by the control mortar. In 

terms of drying shrinkage increase, the 40% PF3 mortar showed the least amount with 

increasing age. From the PF3 and FA mortars assessed, the 40% FA mortar was 

found to have the highest drying shrinkage with increasing age.
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Table 5.25 Drying shrinkage increase (Si) of PF3 and FA mortars relative to 

control mortar after 7, 14 and 28 days (d = 24 h) air storage

Mix S,7d Sil4d Si28d

Designation (%) (%) (%)
1OOPCSPwc 0.000 0.000 0.000

20PF3SPwcm 0.001 0.002 0.001

20FASPwcm -0.002 -0.011 -0.013

40PF3SPwcm -0.002 -0.005 -0.009

40FASPwcm -0.005 -0.008 -0.014

0.004

0.002
0.000

-0.002

-0.004

£,(%) -0.006 
-0.008 

-0.010

-0.012

-0.014

-0.016

—Hr- 1 OOPCSPwc

..♦" 20PF3SPwcm

■ 20FASPwcm

..A1111 40PF3SPwcm

........40FASPwcm

'(d)

Figure 5.16 Drying shrinkage increase (Si) versus air storage age (d = 24 h) for 

length change of PF3 and FA mortars relative to control mortar
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5.3.2 PC Replacement in Mortar by PF3-SF and FA-SF Using
G 51

Measured length change data of mortar shrinkage bars are listed in Table 5.26.

Table 5.26 Hardened mortar properties of length change (AL) after 7, 14 and 28 

days (d = 24 h) air storage relative to 0 day length and a gauge length of 200 mm

Mix A L7(j A Li4j

Designation (%) (%) (%)
1 OOPCSPwc -0.008 -0.015 -0.027

20PF3SFSPwcm -0.009 -0.019 -0.032

20FASFSPwcm -0.013 -0.028 -0.043

The length of mortars was observed to decrease with increasing age with the control 

mortars showing the smallest decreases in length. In comparison to the length change 

data measured for the PF3 and FA mortars in Section 5.3.1, the addition of SF was 

found to have a greater effect with further decreases in length noted. With ageing, the 

PF3-SF mortars exhibited less length decreases than the FA-SF mortars. With the 

PF3-SF mortars, the combined presence of PF3 and SF particles has likely contributed 

to length change. The contribution of PF3 particles suggests more larger-sized pores, 

as discussed in Section 5.3.1. Conversely, the presence of finer-sized SF particles 

(typically 0.1 pm diameter) have likely allowed for a greater portion of smaller-sized 

capillary pores to result. This has probably favoured more finer-sized pores produced 

in preference to coarser-sized pores. In size difference, FA particles are finer, which 

has probably increased the portion of smaller-sized pores in the FA-SF mortars.

The drying shrinkage increase for PF3-SF and FA-SF mortars relative to control 

mortar are listed in Table 5.27 and plotted in Figure 5.17. The amount of drying 

shrinkage measured after 7 days ageing for the PF3-SF mortar was observed to be the 

same as that of the control mortar. With increasing age, PF3-SF mortars showed 

improved resistance to drying shrinkage with the FA-SF mortars found to have the 

highest drying shrinkage increase.
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Table 5.27 Drying shrinkage increase (Si) of PF3-SF and FA-SF mortars relative 

to control mortar after 7, 14 and 28 days (d = 24 h) air storage

Mix S/7d Sil4d Si28d

Designation (%) (%) (%)
1 OOPCSPwc 0.000 0.000 0.000

20PF3SFSPwcm 0.000 -0.002 -0.004

20FASFSPwcm -0.004 -0.011 -0.014

A(%) I OOPCSPwc 

•20PF3SFSPwcm 

"20FASFSPwcm

'(d)

Figure 5.17 Drying shrinkage increase (5,) versus air storage age (d = 24 h) for 

length change of PF3-SF and FA-SF mortars relative to control mortar
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6 Sulphate Exposure

6.1 Preface

This section discusses the chemical durability aspects of pitchstone fines and fly ash 

in mortar on exposure to a sodium sulphate environment. The objective of this study 

was to monitor the pH and mass change with increasing age of mortar incorporating 

pitchstone fines and fly ash in sulphate solution compared to equivalent mortars in 

deionised water. After 182 days ageing, the compressive strength was evaluated for 

comparing strength between pitchstone fines and fly ash. The detritus present in the 

sodium sulphate was additionally analysed by XRD and TG for establishing the 

presence of relevant cementing phases.
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6.2 PC replacement in mortar by PF4, PF5 and FA using 

G 51

6.2.1 pH Measurements

Immersion in Deionised Water (Control H?Q)

The acidity or basicity of deionised water (control H20) containing mortar cube 

specimens from the measurement of pH is shown in Table 6.1 and Figure 6.1.

Table 6.1 pH of deionised water for each mortar type after 0, 1, 28, 56, 84,112,

140 and 182 days (d = 24 h)

Mix

Designation
pHod pH id pH28d pH56d pH84d pHind pH,40d pHi82d

1 OOPCSPwc 7.61 10.68 12.47 12.59 12.70 12.70 12.73 12.84

20PF4SPwcm 7.61 10.95 12.32 12.37 12.47 12.36 12.34 12.32

20PF5SPwcm 7.61 10.71 12.27 12.33 12.33 12.29 12.19 12.19

20FASPwcm 7.61 11.17 12.41 12.49 12.50 12.45 12.42 12.37

40PF4SPwcm 7.61 10.81 12.23 12.31 12.38 12.23 12.27 12.27

40PF5SPwcm 7.61 10.99 12.07 12.07 12.08 11.95 11.92 11.52

40FASPwcm 7.61 1 1.09 12.25 12.33 12.23 12.09 12.01 11.93

Under controlled temperature conditions of 23 ± 2 °C, large increases in pH for the 

mortars were found after 1 day ageing. This increase in pH may be attributed to the 

dissolution of CH produced during the hydration of the PC. Another considerable pH 

increase was also apparent after 28 days indicating further leaching of CH into 

solution. Thereafter, an incremental increase in pH was noted between 28 to 182 days 

ageing indicating a state approaching equilibrium. It is worth mentioning that three 

representative amounts of PC (100%, 80% and 60%) are present in the mortars, which 

is responsible for generating various levels of basicity. From 28 to 182 days ageing,
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the highest pH was noted for the control mortar (1 OOPCSPwc). For the same ageing 

periods, the 40% PF5 mortars (40PF5SPwcm) showed the lowest pH.

pH

13.00

12.00

11.00

—1 OOPCSPwc 

■ 20PF4SPwcm

..*■"" 20PF5SPwcm

l"K"""20FASPwcm

..M..40PF4SPwcm

40PF5SPwcm

~~^~40FASPwcm

/(d)

Figure 6.1 pH of deionised water for each mortar type versus ageing period (d =

24 h)

A relationship between pozzolanic activity and pH is likely; whereby, the pH of the 

20% PF4, PF5 and FA mortars is noted to increase up to 84 days ageing and then 

decrease from 112 to 182 days. This trend is observed for all PF4, PF5 and FA 

mortars. For the 40% PF5 and FA mortars, this transition pH region was noted to 

occur after 84 and 56 days, respectively. A decrease in pH signifies decreasing 

basicity and, thus, a decrease in the concentration of CH. Pozzolanic reactions would 

indicate the most likely source of consumption of CFI with the development of C-S-H 

phases. The pozzolanic reaction is a relatively slow reaction producing long-term 

strength development after 56 and 91 days ageing of PF and FA mortars (Sections 

5.2.1, 5.2.3 and 5.2.4). As the pozzolanic reaction proceeds, however, consumption 

of the CH present occurs reducing the amount available for dissolution into solution 

resulting in a reduction of the pH. The reduction of the pH, therefore, correlates well 

with the measured increases in strength attributed to strengthening phases due to the
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pozzolanic reaction. Regardless of pozzolan addition level, all PF4, PF5 and FA 

mortars show comparable pH at any given age. This observation suggests at 20% and 

40% PF4, PF5 and FA addition levels there is sufficient CH in solution for 

encouraging pozzolanic activity with increasing age.

Immersion in 1 M Sodium Sulphate (1 M Na?SO.f)

The acidity or basicity of 1 M Na2S04 containing mortars is shown in Table 6.2 and 

Figure 6.2.

Table 6.2 pH in 1 M sodium sulphate for each mortar type after 0, 1, 28, 56, 84,

112, 140 and 182 days (d = 24 h)

Mix

Designation
pHod pH,d pH28d pH56d pH84d pH ii 2d pHi4od pH ] 82d

1OOPCSPwc 6.52 1 1.40 11.90 12.02 12.07 12.07 12.14 12.38

20PF4SPwcm 6.52 1 1.40 11.86 11.97 12.05 12.06 12.09 12.23

20PF5SPwcm 6.52 1 1.49 11.87 11.95 12.04 12.01 12.02 12.15

20FASPwcm 6.52 1 1.44 11.90 11.98 12.06 12.07 12.08 12.20

40PF4SPwcm 6.52 1 1.50 11.79 11.90 11.95 11.88 12.03 12.09

40PF5SPwcm 6.52 11.31 11.73 11.83 11.87 11.79 11.89 11.90

40FASPwcm 6.52 1 1.43 11.81 11.93 11.96 11.95 12.00 12.11

Large increases in pH were also noted in 1 M Na2S04 after 1 day ageing, as observed 

in the case of the control solution. This basicity increase has likely occurred from CH 

leaching into solution. An additional increase was also found after 28 days ageing 

with small increases occurring thereafter, indicating a state approaching that of 

equilibrium. The control and 40% PF5 mortars show the highest and lowest pH after 

1 82 days ageing, respectively. For ages between 28 to 182 days, the control and 40% 

PF5 mortars were noted to have the highest and lowest pH, respectively. Larger 

increases in pH were noted in sulphate solution for all mortars after 1 day, as 

compared to those measured in control solution. This observation suggests increased 

leaching of CH in sulphate solution. In further contrast to control solution, all mortars 

showed a lower pH between 28 to 182 days ageing.
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Figure 6.2 pH of 1 M sodium sulphate for each mortar type versus ageing period

(d = 24 h)

Pozzolanic activity would indicate the most probable source of consumption of CH in 

the formation of C-S-H phases, as discussed in the case of the control solution. 

Furthermore, the presence of sulphate ions may also initiate reactivity to form calcium 

sulphate-bearing hydrates along with the formation of C-S-H phases. These two 

forms of reactivity are most apparent for the 40% PF4, PF5 and FA mortars between 

84 to 112 days ageing, where the pH is found to decrease. A possible relationship 

relating CH reactivity with pH is also observed; whereby, the pH of all PF4, PF5 and 

FA mortars are noted to increase until 84 days, decrease after 112 days and then 

increase up to 182 days. This reactivity is not apparent with the control mortar, where 

the pH was found to increase with further ageing. All PF4, PF5 and FA mortars show 

comparable pH at any given age, as in the case of the control solution. This finding 

also indicates sufficient CH in sulphate solution for encouraging pozzolanic activity 

and/or sulphate reactivity with increasing age.
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6.2.2 Mass Change

Immersion in Deionised Water (Control H?0)

The mass change of hardened mortar cube specimens relative to 0 day mass with 

increasing age in control solution is shown in Table 6.1 and Figure 6.3.

Table 6.3 Mass change (Am) of each mortar type relative to 0 day mass after 28, 

56, 84, 112, 140 and 182 days (d = 24 h) in deionised water

Mix A m28d A m56d A m84d A in u 2d A mi40d A mi82d
Designation (%) (%) (%) (%) (%) (%)

1 OOPCSPwc 0.613 0.780 0.898 1.026 0.957 1.019

20PF4SPwcm 0.659 0.847 1.103 1.204 1.235 1.375

20PF5SPwcm 0.710 0.940 1.097 1.207 1.261 1.307

20FASPwcm 0.617 0.863 0.999 1.116 1.221 1.358

40PF4SPwcm 0.737 0.968 1.094 1.131 1.164 1.224

40PF5SPwcm 0.579 0.832 0.880 0.858 0.952 0.951

40FASPwcm 0.660 0.911 1.164 1.150 1.268 1.347

Under controlled temperature conditions of 23 ± 2 °C, mass change in the form of 

mass gain was observed for all mortars with increasing age. From the mortars 

examined, the 20% PF4 mortar showed the highest mass gain after 182 days ageing. 

In contrast to this mortar, the 40% PF5 mortar was noted to have the lowest mass 

gain. For each ageing period between 84 to 182 days, the 40% PF5 mortar was found 

to have the lowest mass gain. These observations likely reflect increasing 

densification levels occurring from the closure of cementing pores. It is worth 

mentioning that the formation of C-S-H phases from pozzolanic activity has been 

reported to increase densification levels in SCM mortars with further ageing (Fraay et 

al. 1989; Aimin et al. 1991; Poon et al. 2003; Shi et al. 2009).
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Figure 6.3 Mass change (Am) relative to 0 day mass versus ageing period (d = 24 

h) of each mortar type in deionised water

In this investigation, the increasing mass gains noted for the 20% PF4, PF5 and FA 

mortars with increasing age suggest pozzolanic activity contributing to increasing 

densification levels. For the 40% PF4, PF5 and FA mortars, mass gains were noted to 

increase and decrease at different stages of ageing further supporting changing 

densification levels from pozzolanic reactivity.
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Immersion in 1 M Sodium Sulphate (1 M Na?SQ4)

The mass change of hardened mortar cube specimens in 1 M Na2S04 is shown in 

Table 6.4 and Figure 6.4.

Table 6.4 Mass change (A/w) of each mortar type relative to 0 day mass after 28, 

56, 84, 112, 140 and 182 days (d = 24 h) in 1 M sodium sulphate

Mix

Designation
A m28d

(%)

A m56d

(%)

A m84d

(%)

Amn 2d

(%)

A mi40d

(%)

A m,82d

(%)

1OOPCSPwc 0.865 1.175 1.513 1.801 1.929 2.307

20PF4SPwcm 0.613 0.653 0.764 0.816 0.815 0.851

20PF5SPwcm 0.492 0.482 0.656 0.594 0.634 0.732

20FASPwcm 0.604 0.893 1.006 1.031 1.050 1.148

40PF4SPwcm 0.390 0.610 0.704 0.542 0.646 0.600

40PF5SPwcm 0.147 0.223 0.300 0.219 0.221 0.271

40FASPwcm 0.985 1.120 1.172 1.038 1.053 1.093

Mass change in the form of mass gain was also observed for all mortars in sulphate 

solution, as discussed in the case of the control solution. From the mortars examined, 

the control mortar exhibited the highest mass gain after 1 82 days. For all ages up to 

1 82 days, the 40% PF5 mortar showed the lowest mass gain. Between 56 to 182 days 

ageing, the control mortar showed a considerable rise in mass gain. Larger mass gain 

differences were found for mortars in sulphate solution compared to equivalent 

mortars in control solution. In particular, larger mass gain decreases were observed 

for the PF4 and PF5 mortars. These observations suggest pozzolanic activity and/or 

sulphate reactivity of PF4, PF5 and FA in the presence of sulphate. Considerable 

mass gain differences were also observed between individual PF4, PF5 and FA 

mortars. Most apparent, was the lower mass gains noted for the PF5 mortars 

compared to that of the of the FA mortars. A difference in chemical composition 

between the PF5 and FA shown in Table 3.1 may have contributed to these findings. 

Furthermore, the small mass gains of the 40% PF5 mortar suggest delayed chemical 

reactivity occurring with increasing age.
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Figure 6.4 Mass change (A/w) versus ageing period (d = 24 h) of each mortar type

in 1 M sodium sulphate

For the control mortar, considerable mass gain increases in were noted with increasing 

age. This finding indicates that sulphate ions are involved in some form of reactivity, 

as reported in similar investigations conducted by Tian and Cohen (2000). Calcium 

sulphate-bearing hydrates occupying cementing pore spaces suggests a strong 

possibility (Chen et al. 2008). In this investigation, a high mass gain was also noted 

for the 40% FA mortar compared to its equivalent in control solution. This 

observation also indicates additional reactivity with sulphate ions. It is possible that 

free aluminate ions present in FA have reacted with sulphate to form ettringite, in 

particular at high FA addition levels. The development of ettringite is known to be 

notorious for causing volumetric expansion in the cementing mix (Ganjian et al. 

2009). Due to the expansiveness of ettringite formation, the development of micro

cracks at the ITZ will develop and lead to failure. Additionally, the 20% and 40% 

PF5 mortars showed the lowest mass gains for each interval assessed after 28 days 

ageing. This observation definitely indicates minimal reactivity. Conversely, the 

highest mass gains for the control mortar show some form of reactivity in the 

presence of sulphate.
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6.2.3 Strength Evaluation

Immersion in Deionised Water (Control H?Q)

6.2.3.1 Compressive Strength

The compressive strength data of mortars after 182 days in control solution is shown 

in Table 6.5.

Table 6.5 Compressive strength (f.m) and strength activity index (SAI) of each 

mortar type after 182 days (d = 24 h) in deionised water

Mix fan182d SAI 182d

Designation (MPa) (%)
1 OOPCSPwc 38.9 100

20PF4SPwcm 41.2 106

20PF5SPwcm 43.8 113

20FASPwcm 40.7 105

40PF4SPwcm 34.7 89

40PF5SPwcm 41.7 107

40FASPwcm 37.2 96

From the different mortars assessed, the strength of the 20% PF5 mortar was found to 

be highest. At 20% PF4, PF5 and FA addition levels, the strength of PF4, PF5 and 

FA mortars was noted to be higher than that of the control mortar. With 40% PF4, 

PF5 and FA addition levels, the 40% PF5 mortar was observed to have a higher 

strength than that of the control mortar. For the 20% PF4, PF5 and FA mortars, the 

PF4, PF5 and FA particles show strength improvements. This observation indicates 

pozzolanic activity contributing to delayed strength development after 182 days 

ageing. Furthermore, the particle size of the PF and FA is noted to have an influence 

the rate of the pozzolanic reaction. This is most apparent with the 20% PF5 mortar, 

with the largest strength increase arising due to finer particle size of PF5. Larger
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strength differences were observed for PF4, PF5 and FA at 40% addition levels, with 

the PF and FA particle size showing a greater influence on the strength. This feature 

is most obvious when comparing the same PF and FA containing different particle 

size distributions, in particular, PF4 and PF5. With a doubling of addition level and a 

reduction in particle size, the strength of the 40% PF5 mortar was found to exceed the 

strength of the 20% PF4 mortar. This strength increase indicates that the pozzolanic 

activity of PF is controlled by particle size, which is in agreement with other findings 

involving natural pozzolans (Massazza 1993; Massazza 2003).

Measurements of pH, discussed in Section 6.2.1, also suggest a relationship existing 

for the 20% PF4, PF5 and FA mortars between increasing strength and decreasing pH. 

This connection is most apparent with the 20% PF5 mortar showing the highest 

strength and lowest solution pH. In contrast to this mortar, the 20% FA mortar was 

noted to have the lowest strength and highest solution pH. This affect is more 

pronounced when using 40% addition levels of PF5, with this mortar showing the 

highest strength and lowest solution pH. Conversely, the 40% PF4 mortar produced 

the lowest strength and highest solution pH. This finding indicates two parallels 

existing with respect to pozzolanic activity of PF4, PF5 and FA mortars. Firstly, 

increasing the PF4, PF5 and FA addition level to 40% indicates there is adequate CH 

for pozzolanic activity to flourish and continue with ageing. Secondly, the rate of the 

pozzolanic reaction advancing with presence of finer-sized PF and increasing PF 

addition levels indicates higher strength. These two features are linked to the highest 

compressive strength occurring for the PF5 mortars at 20% and 40% PF5 addition 

levels. In addition, a decrease in solution pH also strongly suggests an increase in 

pozzolanic activity, as discussed in Section 6.2.1.

Mass change measurements of mass change, discussed in Section 6.2.2, further point 

out a possible relationship existing for the PF5 mortars between increasing strength 

and decreasing mass gain. This relationship is most apparent with the 40% PF5 

mortar showing the highest strength and lowest mass gain.
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6.2.3.2 Strength Activity Index (SAI)

The SAI values of mortars are listed in Table 6.5 and plotted in Figure 6.5.

SAI (%)
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■ 40PF4SPwcm
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Figure 6.5 Strength activity index (SAI) of each mortar type after 182 days (d=

24 h) in deionised water

The SAIs measured for the PF4, PF5 and FA mortars were found to comply with the 

pozzolan SAI specification. For 20% PF4, PF5 and FA addition levels, the SAIs 

obtained were greater than 100%. In addition, the SAIs measured for the 20% PF4, 

PF5 and FA mortars were found to conform to the SF SAI specification. For 40% 

PF4, PF5 and FA addition levels, the SAI of the 40% PF5 mortar was also found to be 

higher than that of control mortar SAI limit. Additionally, this mortar was established 

to comply with the SF SAI specification. These SAIs indicate that decreasing the 

particle size of PF results in considerable strength improvement. With increasing PF 

addition levels, the rate of the pozzolanic reaction is also noted to increase with finer 

sized PF particles, as observed in the case of the PF5 particles.

It is also worth mentioning that SAI dissimilarities between PF containing different 

particle size distributions reflect a change in pozzolanic activity. In particular, the
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development of strength taking place between the 40% PF4 and PF5 mortars is noted 

to be greater than that between the 20% PF4 and PF5 mortars. This advancement of 

pozzolanic activity from PF5 indicates an increased formation of C-S-H strengthening 

phases resulting from a reduction in particle size.

Immersion in 1 M Sodium Sulphate (1 M Na?SOA

6.2.3.3 Compressive Strength

The compressive strength data of mortars after 182 days in 1 M IS^SCC is listed in 

Table 6.6.

Table 6.6 Compressive strength (fcm) and strength activity index (SAI) of each 

mortar type after 182 days (d = 24 h) in 1 M sodium sulphate

Mix fcml82d SAI]82d
Designation (MPa) (%)

1 OOPCSPwc 34.3 100

20PF4SPwcm 44.0 128

20PF5SPwcm 45.4 132

20FASPwcm 42.1 123

40PF4SPwcm 38.4 112

40PF5SPwcm 45.6 133

40FASPwcm 42.7 124

From all mortars evaluated, the 40% PF5 mortar was found to have the highest 

strength. In the presence of sulphate solution, PF4, PF5 and FA mortars were noted to 

achieve a higher strength compared to that of the control mortar. At 40% PF4, PF5 

and FA addition levels, the particle size of the PF was observed to have a considerable 

influence on strength development. This feature is most apparent with the 40% PF5 

mortar, where finer-sized PF5 particles are noted to contribute to increased strength 

development. With increased ageing, the particle size and addition level of the PF are 

observed to influence strength development, as discussed in the case of the control
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solution. The strength attained for the PF4, PF5 and FA mortars in sulphate solution 

was noted to be much higher than that of the same PF4, PF5 and FA mortars in 

control solution. In contrast to control solution, the strength of the control mortar was 

noted to be much lower. The contribution of PF5 and FA particles to improved 

strength development in the presence of sulphate shows a possible increase in the rate 

of the pozzolanic reaction. Notably, the strength development appears to have 

increased considerably with a doubling of addition level of PF and FA. This is most 

apparent with similar strength occurring between mortars at 20% and 40% addition 

levels of PF5 and FA.

For demonstrating the contribution of sulphate solution to the pozzolanic reaction and 

strength development, the relative change in strength between sulphate and control 

solution after 182 days immersion was determined with values for this analysis listed 

in Table 6.7.

Table 6.7 Strength in 1 M sodium sulphate (fcm-ss) relative to strength in 

deionised water (fCm-Dw) of each mortar type after 182 days (d = 24 h) ageing

Mix fan sffcm-D W

Designation (%)
1 OOPCSPwc 88

20PF4SPwcm 107

20PF5SPwcm 104

20FASPwcm 104

40PF4SPwcm 111

40PF5SPwcm 109

40FASPwcm 115

The relative strength in sulphate solution of the control mortar was found to decrease 

in comparison to the same mortar in control solution. In contrast, the relative strength 

was noted to improve appreciably for PF4, PF5 and FA mortars in sulphate solution 

compared to equivalent mortars in control solution. Additionally, the strength 

increase noted in mortars at 40% PF4, PF5 and FA addition levels was noted to be 

higher than at 20% PF4, PF5 and FA addition levels. This strength increase indicates
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the sulphate solution contributing appreciably to strength development with increasing 

PF4, PF5 and FA addition levels.

For the PF5 mortars, a possible relationship exists between increasing strength and 

decreasing pH, discussed in Section 6.2.1. This is most apparent with the 40% PF5 

mortar showing the highest strength and lowest solution pH. In the presence of 

sulphate, this observation indicates some form of chemical reactivity. A decrease in 

solution pH also suggests an increase in the rate of the pozzolanic reaction and/or 

sulphate reactivity with increased formation C-S-H and/or calcium sulphate-bearing 

hydrate strengthening phases, respectively. Increasing strength and decreasing mass 

gain, as discussed in Section 6.2.1, further shows a possible relationship existing for 

the PF5 mortars. At 20% PF5 addition levels, the PF5 mortar was found to have the 

highest strength and lowest mass gain. In contrast to this mortar, the FA mortar was 

observed to have the lowest strength and highest mass gain. At higher PF5 addition 

levels, this relationship is more pronounced with the 40% PF5 mortar showing the 

highest compressive strength and lowest mass gain.

6.2.3.4 Strength Activity Index (SAI)

The SAI values of mortars are listed in Table 6.6 and plotted in Figure 6.6. The SAIs 

measured for the PF4, PF5 and FA mortars were established to comply with the target 

pozzolan SAI specification. In comparison to the control mortar SAI limit, the SAI 

values for the PF4, PF5 and FA mortars were also observed to be higher. The SAIs 

for these mortars were found to confonn to the SF SAI specification. Additionally, 

the 40% PF5 mortar was observed to have the highest SAI with the next highest SAI 

measured for the 20% PF5 mortar. These SAIs indicate that decreasing the particle 

size of PF results in further strength improvement, as discussed in the case of the 

control solution. With increasing PF addition levels, the rate of pozzolanic activity 

and/or sulphate reactivity is noted to increase with finer-sized PF5 particles. The SAI 

dissimilarities between PF containing different particle size distributions also reflects 

a change in pozzolanic activity and/or sulphate reactivity.
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Figure 6.6 Strength activity index (SAI) of each mortar type after 182 days (d=

24 h) in 1 M sodium sulphate

In particular, the strength development between the 40% PF4 and PF5 mortars is 

found to be greater than that occurring between the same mortars in control solution. 

Conversely, the development in strength taking place between the 20% PF4 and PF5 

mortars is observed to be less than that between equivalent mortars in control 

solution. This advancement of developing strength indicates increased formation of 

C-S-H and/or calcium sulphate-bearing hydrate strengthening phases. The SAIs 

measured in mortars when using PF5 in preference to PF4 indicates a reduction in 

particle size for the same PF contributing further to strength improvement in sulphate 

solution.
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6.2.4 X-Ray Diffraction (XRD)

Immersion in 1 M Sodium Sulphate (Na7SQ4)

XRD patterns of the detritus collected from all the different mortars after 182 days in 

sulphate solution are shown in Figures 6.7 to 6.11. The presence of two different 

forms of ettringite with characteristic diffraction peaks appearing at 20 angles of 9.1° 

and 15.9°, and 9.1° and 32.1° were identified. Calcite was also identified with peaks 

at 20 angles of 29.5° and 39.4°. The presence of ettringite and calcite was observed to 

increase and decrease with increasing PF4, PF5 and FA addition levels, respectively 

(Figures 6.7 to 6.9).

The peak intensities representing that of calcite in the 20% PF4, PF5 and FA mortars 

(Figure 6.10) are observed to be analogous with those observed in the control mortar. 

This feature indicates CH reactivity with CO2 in the formation of calcite. A gradual 

increase noted with peak intensities for ettringite in the PF4, PF5 and FA mortars 

reflects that alumina also has an influence on the topochemical mechanism involved 

in the formation of ettringite. At 20% and 40% PF4, PF5 and FA addition levels, the 

FA mortars are noted to contain the most compositional alumina (see Table 3.1). This 

indicates an inclination for the formation of ettringite with increasing addition levels 

of FA. At 40% PF4, PF5 and FA addition levels, the peak intensities of ettringite 

were noted to increase considerably, most so for the FA mortar (Figure 6.11). This 

finding is in agreement with that reported by Talero (Talero 1996), where this author 

attributed an increased presence of ‘reactive’ alumina in the SCM to increased 

formation of calcium trisulphoaluminate hydrates.

In this study, the trend of decreasing calcite and increasing ettringite formations found 

with increasing PF4, PF5 and FA addition levels supports consumption of CH by 

some form of chemical reactivity. This observation suggests pozzolanic activity 

and/or sulphate reactivity of the PF4, PF5 and FA with increasing addition levels. It 

is worth mentioning that the absence of gypsum in this study suggests the level of 

basicity (pH) of the solution was too great for the formation of gypsum, thus, 

affecting the type of sulphate-bearing hydrates formed. This finding is in accord with
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XRD investigations earned out by Myneni et al. (1998). These authors reported on 

the level of basicity influencing the stability of ettringite in the cementing system. No 

gypsum formation was reported to result for pH greater than 10.7 Measurements of 

pH obtained in this study, discussed further in Section 6.2.1, show high basicity levels 

strongly supporting the absence of gypsum from XRD analysis.

T 2000

Degree 2 Theta

1 OOPCSPwc 40PF4SPwcm

Figure 6.7 XRD patterns of control, 20% and 40% PF4 mortars after 182 days 

(d= 24 h) in 1 M Na2S04 (E = ettringite, Cc = calcite)
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Figure 6.8 XRD patterns of control, 20% and 40% PF5 mortars after 182 days 

(d= 24 h) in 1 M Na2SC>4 (E = ettringite, Cc = calcite)
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Figure 6.9 XRD patterns of control, 20% and 40% FA mortars after 182 days 

(d= 24 h) in 1 M Na2SC)4 (E = ettringite, Cc = calcite)
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Figure 6.10 XRD patterns of control and 20% PF4, PF5 and FA mortars after 

182 days (d= 24 h) in 1 M Na2S04 (E = ettringite, Cc = calcite)
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Figure 6.11 XRD patterns of control and 40% PF4, PF5 and FA mortars after 

182 days (d= 24 h) in 1 M Na2S04 (E = ettringite, Cc = calcite)
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6.2.5 Thermal Analysis

Immersion in 1 M Sodium Sulphate (Na^SOA

Measured TG mass data showing SO3 loss and calculated mass data representing the 

thermal decomposition of SC>42‘ for mortars is listed in Table 6.8.

Table 6.8 TG mass loss data representing sulphur trioxide (SO3) and sulphate 

(SO42) in mortar after 182 days (d = 24 h) in 1 M Na2S04

Mortar
S03

(%)

S042'

(%)
lOOPCSPwc 65.72 78.85

20PF4SPwcm 61.75 74.09

20PF5SPwcm 58.22 69.85

20FASPwcm 44.83 53.79

40PF4SPwcm 11.41 13.69

40PF5SPwcm 16.48 19.77

40FASPwcm 11.61 13.93

TG mass data shows the control mortar having the highest sulphate content. This 

finding indicates the highest amount of calcium sulphate-bearing hydrates formed. 

Conversely, the 40% FA mortar was noted to have the lowest amount of calcium 

sulphate-bearing hydrates. At 20% PF4, PF5 and FA addition levels, the PF4 and FA 

mortars were observed to have the highest and lowest amounts of calcium sulphate

bearing hydrates, respectively. For 40% PF4, PF5 and FA addition levels, the highest 

and lowest amounts of calcium sulphate-bearing hydrates were shown for the PF5 and 

PF4 mortars, respectively. In sulphate solution, the most amount of unreacted CH in 

the control mortar would suggest an inclination for gypsum formation. Furthermore, 

the lowest compositional alumina amount (see Table 3.1) would imply less formation 

of calcium trisulphoaluminate and monosulphoaluminate hydrates. This proposed 

mechanism of sulphate reactivity holds some truth with increasing sulphate 

concentrations; however, the pH in the cementing pore solution will ultimately
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determine the formation of gypsum and/or ettringite. The sulphate ion concentration 

required to transform CH to gypsum has been reported to occur below a threshold pH 

of 12.45 (Bellmann et al. 2006). Bellmann and Moser et al. reported above this 

threshold pH (pH from 12.45 to 12.7), higher sulphate concentrations are required to 

combine with leached sodium and potassium ions present in solution to instigate 

gypsum formation. These authors also indicated the formation of syngenite attributed 

to the presence of leached potassium ions contributing further to higher basicity levels 

(pH from 12.4 to 12.8). Furthermore, the influence of leached sodium ions increasing 

basicity levels (pH from 12.45 to 12.9) was also reported to be required for the 

formation of gypsum. Beyond a pH greater than 12.9, these authors indicated gypsum 

formation would be inhibited, regardless of increasing sulphate concentrations.

The preferential formation of calcium trisulphoaluminate and monosulphoaluminate 

hydrates have been reported to occur at pH greater than 10.7 and 11.6, respectively 

(Gabrisova et al. 1991). This indicates that the type of sulphate reaction taking place 

is highly dependent on the pH of the sulphate solution. In addition, the amount of CH 

and alumina available in the cementing system will also have a bearing on the type of 

calcium sulphate-bearing hydrates formed (Min et al. 1994). From this study, the 

formation of calcium sulphate-bearing hydrates occurring at high pH levels (see 

Section 6.2.1) indicates different levels of sulphate reactivity. The presence of the 

highest and lowest amounts of unreacted CH and alumina in the control mortar, 

respectively, showed the highest amount of calcium sulphate-bearing hydrates 

formed. Conversely, the lowest and highest amounts of CH and alumina, 

respectively, in the 40% FA mortar showed the lowest amount of calcium sulphate

bearing hydrates formed. This feature indicates that for a fixed concentration of 

sulphate ions, increasing PF4, PF5 and FA additions in mortar contribute to a 

reduction in sulphate reactivity. The preferential consumption of CH by PF and FA 

from the pozzolanic reaction discussed in Section 5.2.1.5 may explain the reduced 

level of sulphate reactivity. Furthermore, the formation of C-S-H phases arising from 

pozzolanic activity also physically benefits the cementing matrix with increased levels 

of densification and pore closure. This will lead to a reduction in permeability, 

restricting ingress and diffusion of sulphate ions through the cementing structure 

(Shehata et al. 2008). Individual TG data showing the amount of calcium sulphate

bearing hydrates formed do not accurately reflect factors of particle size, shape and/or

181



chemical composition of the PF and FA particles influencing sulphate reactivity. For 

20% PF4, PF5 and FA addition levels, the amount of CH liberated in the cementing 

system was found to favour the formation of calcium sulphate-bearing hydrates. This 

strongly indicates an availability of CH for reactivity with sulphate. A considerable 

reduction in calcium sulphate-bearing hydrates formed at 40% PF4, PF5 and FA 

addition levels implies consumption of CH by pozzolanic activity. It is also possible 

that the pozzolanic activity of PF4, PF5 and FA in the presence of static sulphate 

solution is enhanced at 40% addition levels in mortars.

6.2.6 Strength Comparison

Deionised Water (H?Q) and 1 M Sodium Sulphate (Na7SO.fl

The compressive strength of mortars with increasing addition levels of PF4, PF5 and 

FA after 182 days in control and sulphate solution is plotted in Figure 6.12.

Figure 6.12 Compressive strength for PF4, PF5 and FA additions in mortars 

after 182 days (d= 24 h) in control (DW) and sulphate (SS) solution
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From the plotted strength data, the PF5 mortar shows the highest strength at 20% and 

40% PF4, PF5 and FA addition levels in sulphate solution. Conversely, the FA and 

PF4 mortars were found to have the lowest strength at 20% and 40% PF4, PF5 and 

FA additions, respectively, in control solution. The strength in sulphate solution with 

increasing PF4, PF5 and FA addition levels is observed to be higher than the same 

mortars aged in control solution. In addition, the strength of PF5 and FA mortars is 

found to increase with increasing PF4 and FA addition levels, respectively, in 

sulphate solution. The strength data for the PF5 and FA mortars indicates strength 

improvement in the presence of sulphate. The inclination of less sulphate reactivity 

with increasing PF4, PF5 and FA addition levels, discussed in Section 6.2.5, strongly 

suggests pozzolanic activity improving strength.

It has been reported by Cao et al. (1997) that increasing FA addition levels in mortar 

increased the compressive strength in an alkaline sodium sulphate after 365 days 

ageing. Strength increases for SCM mortars in alkaline sulphate solution have also 

been reported elsewhere (Guerrero et al. 2000; Lorenzo et al. 2002; Al-Dulaijan et al. 

2007). Guerrero et al. (2009), purportedly indicated the precipitation of ettringite 

phases at the ITZ improved strength of C2S-FA blended mortars when compared to 

equivalent mortars stored in demineralised water. This mechanism of sulphate 

reactivity was attributed to the ingress of sodium and sulphate ions into cementing 

pores increasing alkalinity and enhancing the pozzolanic activity of SCMs. These 

authors attributed this increased reactivity to XRD data showing increasing peak 

intensities of C2S hydrates and micrographs indicating pore size refinement in the 

presence of sodium sulphate compared to equivalent mortars aged in water. A 

comprehensive investigation by Shi and Day (2000) showed that the addition of 

sodium sulphate to lime-pozzolan pastes attributed to increased strength. This 

mechanism of pozzolanic activity was attributed to sodium sulphate presence 

accelerating early age consumption of CFI and increasing the rate of the pozzolanic 

reaction in the role of an activator. Further studies by these authors showed that the 

underlying mechanism of pozzolanic activity was attributed to increased alkalinity of 

the sodium sulphate acerbating the dissolution rate of the SCM and increasing the rate 

of the pozzolanic reaction at early ages. In this investigation, the contribution of 

alkaline sodium sulphate acting as a chemical activator for increasing the rate of the 

pozzolanic reaction for PF4, PF5 and FA suggests this to be the case. The strength
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increases noted for the PF5 and FA mortars with increasing PF5 and FA additions, 

respectively, indicate increased reactivity.

It is worth mentioning that the control mortar showed a lower strength in sulphate 

solution compared to that in control solution. This strength loss indicates deleterious 

reactivity in the presence of sulphate. When sodium sulphate is overwhelmed in 

alkalinity with excess CH, the fonnation of gypsum and sodium hydroxide (NaOH) 

occur at the ITZ. The presence of NaOH increases the level of alkalinity in the 

cementing solution compared to that of saturated CH solution. The fonnation of 

NaOH and gypsum decreases the solubility level of CH in solution. These conditions 

of alkalinity are hypothesised to improve the stability of C-S-H phases. Several 

authors have studied the affect of Na2S04, NaOH and alkali solutions on the 

mechanical properties of cementing systems (Odler et al. 1983; Poon et al. 2003). 

Smaoui et al. (2005) reported on the affect of NaOH, as a mix ingredient in concrete, 

reducing strength compared to that of control concrete. Using SEM, these authors 

attributed strength loss to the presence of increased porosity and the formation of a 

reticular microstructure. An investigation carried out by Suzuki et a/. (1986) 

investigating chemical preparation methods of C-S-H in NaOH showed that the 

calcium oxide to silica (Ca/Si) ratio of C-S-H decreased in the presence of NaOH. 

These authors attributed this decrease to the integration of dispersed sodium ions 

amongst C-S-H. In addition, the bridging action of sodium ions between C-S-H was 

also recognised to have an influence on the structural integrity of the bonded matrix. 

This explanation hypothesizes development of sodium silicate hydrates replacing C-S- 

H product. A comprehensive literature overview conducted by Jawed et al. (1978) 

discussed the influence of alkalis on the hydration of calcium silicates. These authors 

reported on summaries of studies carried out by researchers. The presence of NaOH 

in the cementing pore solution was stated to increase hydration rates of C3S and C2S 

and enhance the growth of C-S-H in comparison to water. Furthermore, the surface 

area of C-S-H was reported to decrease in the presence NaOH with increasing 

hydration time. Moreover, the combination of sodium sulphate and high alkalinity in 

the microstructure instigated coarseness with growth of fine, acicular calcium 

sulphate-bearing hydrates on C-S-H. These authors attributed this behaviour to a 

heterogeneous cementing microstructure, arising from the topochemical precipitation 

of calcium sulphate-bearing hydrates densifying over C-S-H. Furthermore, an
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ongoing loss in strength with increased exposure time in sodium sulphate was 

reported. In a separate study, these authors discussed the formation of additional C-S- 

H layers from the presence of alkalis in the cementing pore solution. This mechanism 

was attributed to increased crystallinity stimulated by the presence of alkalis. These 

authors also reported on the decreasing surface area of C-S-H with a reduction in pore 

volume size. In a different study, these authors discussed the introduction of NaOH 

increasing the liberation rate of CH. Importantly, alkaline solutions of sodium were 

found to act as a catalyst for accelerating the formation of C-S-H phases, with the 

appearance of sodium amongst C-S-H. From an additional investigation, these 

authors stated the affect of alkali additions reducing water absorption, with the bulk 

density of C-S-H increasing with a decrease in the Ca-Si ratio. In this investigation, 

the reactivity of CH with sulphate caused a decline in strength for the control mortar. 

From TG earned out in Section 6.2.5, the most calcium sulphate-bearing hydrates 

were quantified for this mortar. In addition, pH discussed in Section 6.2.1 after 1 day 

in sulphate solution showed a steep rise in basicity indicating a rapid change in CH 

concentration. The reasoning given above strongly suggests the presence of sodium 

and alkalinity influencing the strength of control mortar. Notably, the formation of 

calcium sulphate-bearing hydrates in PF4, PF5 and FA mortars does not reflect an 

immediate deleterious effect on strength, as noted in the case of increasing PF5 and 

FA additions. The increased presence of ettringite with increasing PF4, PF5 and FA 

additions and/or the contribution of an alkali activator (sodium sulphate) increasing 

the rate of the pozzolanic reaction have likely increased the strength of the mortars.
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7 Summary and Conclusions

The principal objectives of this research were to investigate the potential of utilising 

PF as a SCM for the partial replacement of PC; determine the pozzolanic activity of 

PF and compare it to the industry accepted SCM of FA; and to assess aspects of the 

chemical durability of PF in comparison to FA. These objectives were met by 

carrying out a carefully designed experimental program supported by a combination 

of analytical testing methods including evaluation of physical and mechanical 

properties, namely consistencies (through flow and wet density measurements), 

compressive strength and SAI measurements; through phase analysis using SEM, 

XRD and TG; and durability assessment involving monitoring pH and mass change. 

The pozzolanic activity of PF with ageing in comparison to FA and its influence on 

exposure to sodium sulphate are summarised below.

Pitchstone Fines Assessment

The flow of PF1 mortars with increasing PF1 addition levels indicated a significant 

reduction in workability. This feature demonstrated that PF1 particles were adsorbing 

water and increasing water demand with increasing PF1 addition levels in mortar. 

The introduction of superplasticiser significantly improved the fresh and hardened 

properties of PF1 mortars. With increasing PF1 addition levels, higher addition levels 

of superplasticiser were required to achieve reference flow. The compressive strength 

of PF1 mortars with increasing age in lime-saturated water demonstrated clearly the 

pozzolanic reactivity of PF1, which contributed to increasing strength. The use of 

PF1 at 10% and 20% addition levels in mortar complied with the ASTM pozzolan 

SAI specification. This SAI requirement signified the potential of using PF1 as a 

SCM. SEM micrographs of PF1 mortars with increasing PF1 addition levels indicate 

increasing densification levels from pozzolanic activity of PF1 after 28 days ageing. 

The morphology of the C-S-H phases produced changed morphology, with increasing 

PF1 addition levels, to a sheet like structure. XRD analysis of PF1 mortars reveals 

that with increasing addition levels of PF1, the characteristic diffraction peaks of 

portlandite decreased in intensity. This decrease in the proportion of portlandite
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observed in the XRD correlated with the consumption of portlandite in the pozzolanic 

reaction of PF1.

The use of PF2 in mortar had a positive effect on the compressive strength. In terms 

of the workability, increasing PF2 addition levels increased water demand with higher 

superplasticiser addition levels being required to attain reference flow. The strength 

improvement observed with increasing addition levels of PF2 in mortar proved the 

pozzolanic reactivity of PF2. With increasing PF2 addition levels, an increase in the 

rate of the pozzolanic reaction occurred with the presence of elevated temperature 

curing. Importantly, the strength observed with increasing addition levels of PF2 

equalled or surpassed the strength of the control mortar. Moreover, the strength 

obtained at 20% PF2 addition levels conformed to the ASTM SF SAI specification.

The partial replacement of fine sand with PFA further proved the pozzolanic activity 

of pitchstone. At 25% addition levels of PFA, the PFA mortar demonstrated a higher 

strength than control mortar after lime-saturated water curing and after accelerated 

ageing. The elevated temperature curing indicated further pozzolanic reactivity with 

increasing addition levels of PFA in mortar. Importantly, the use of PFA at 25% 

addition levels in mortar reflects the possibility of using PFA as an alternative to fine 

aggregate for improving strength.

This assessment of PF highlights its potential use as a SCM in PC-based construction 

products. Depending on particle size, pitchstone demonstrates positive attributes for 

classification as a pozzolan, when used as a partial replacement for PC and fine 

aggregate. This is significant, as this naturally occurring PF by-product material, 

currently destined for stockpiling, may be utilised as a reliable SCM.
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Comparison of Pitchstone Fines with Fly Ash

The use of PF3 and FA in mortar influenced the workability with increasing PF3 and 

FA addition levels. PF3 and FA were observed to decrease and increase workability, 

respectively. This workability feature indicates the possibility of combining PF3 and 

FA for improving flow with a reduction in superplasticiser use. At 20% PF3 and FA 

addition levels, the strength produced between PF3 and FA mortars was almost alike 

with ageing to 91 days. For all ages, PF3 complied with the ASTM SAI pozzolan 

specification. At 40% PF3 and FA addition levels, the particle size of PF3 and FA 

contributed to the pozzolanic reactivity with higher strength for the FA mortars 

attributed to the lower particle size distribution of FA. This observation led to the 

investigation of PF particle fineness by preparing mortars using finer grades of PF4 

and PF5. It is concluded that the pozzolanic activity of PF3 and FA in mortar is 

primarily influenced by the particle size of the PF. Importantly, the incorporation of 

PF3 and FA in mortar at 20% additions by ASTM SAI measurements demonstrate the 

viability of using PF3 as an alternative SCM to FA.

The pozzolanic reaction of PF3 and FA in mortar with increasing age up to 91 days 

was studied using TG analysis. The proportion of CH present at the surface of mortar 

specimens aged in water was influenced by the limewater, in which the mortars cubes 

were immersed. TG analysis at the core region of specimens indicated a reduction in 

the proportion of free lime consistent with the pozzolanic reaction between CH and 

both PF3 and FA. PF3 and FA demonstrated significant degrees of reactivity with 

CH and long-term ageing, which when correlated to the development of compressive 

strength indicates that both PF3 and FA underwent the pozzolanic reaction. Some 

retardation in the reaction rate of the PF3 was noted after 28 days ageing, but this was 

attributed to the coarser particle size of PF3 in comparison to FA. With increasing 

age, PF3 otherwise performs similarly to FA. The proportion of CH measured in PF3 

and FA mortars is much less than the control mortar suggesting that the pozzolanic 

reaction remains measurable by TG analysis.

The introduction of SF blended with PF3 and FA had an effect on the workability and 

compressive strength in mortar. SF particles increased water demand more so than 

PF3 particles. The use of SF in mortar indicated an immediate improvement in short
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term strength up to 28 days. Further significant strength improvement was observed 

up to 91 days. The pozzolanic activity of the SF in combination with the PF3 and FA 

indicates the particle size of these particulates significantly influences the strength 

development. In this particular case, the finer-sized SF particles enhanced pozzolanic 

reactivity, in particular, during the early stages of ageing.

In order to investigate further the effect of particle size on the pozzolanic activity of 

PF, two grades of PF were prepared: PF4 whose particle size distribution mirrored the 

FA; and PF5, an ultrafine grade of PF, which had a similar particle size distribution to 

HPFA, an ultrafine grade FA. Exaggeration of the properties was observed in each 

case as the particle size of the PF and FA was diminished. The water demand of the 

PF grades increased while water demand of the FA grades decreased with decreasing 

particle size of the PF and FA, respectively. The pozzolanic activity, measured as the 

relative strength of the mortars, for both the PF and FA increased with decreasing 

particle size distribution. In fact, the pozzolanic activity increased to such a degree 

for the PF5 and HPFA, that strength in excess of the control mortar was developed. 

With increasing addition levels in mortar, PF and FA grades decreased and increased 

the flow, respectively. This feature also reflects the possibility of combining PF4 with 

FA for improving workability. The presence of PF5 and HPFA particles in mortar 

improved long-term strength up to 91 days age. At 20% PF5 and HPFA addition 

levels, the PF5 and HPFA mortars demonstrated higher strength in comparison to the 

control mortar at later stages of ageing. After 56 days age, the strength obtained for 

the PF5 mortar complied with the ASTM SF SAI specification. At 40% PF5 and 

HPFA addition levels, a similar relationship emerged with the PF5 and HPFA mortars 

exhibiting higher strength than control mortar after 91 days age. These increases in 

strength demonstrate that ageing, particle size and addition level of PF affects its 

pozzolanic reactivity. With decreasing PF5 and HPFA addition levels, pozzolanic 

reactivity occurred at earlier stages of ageing. Conversely, pozzolanic reactivity 

improved significantly at later stages of maturity with increasing PF5 and HPFA 

addition levels. For similar PF and FA particle size distributions, the perfonnance in 

SAI documented with increasing age between PF5 and HPFA mortars indicated PF5 

particles exhibiting improved pozzolanic reactivity. This feature was also apparent 

between PF4 and FA mortars, with pozzolanic activity favouring PF4 particles, hence,
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it is concluded that the particle size of the PF and FA is the most significant factor 

influencing its pozzolanic reactivity in mortar.

In a different PC system, the workability of concrete was affected by increasing 

addition levels of PF3 and FA with the absence of superplasticiser use. Workability 

decreased with increasing addition levels of PF3 while the workability increased with 

increasing addition levels of FA. The significantly reduced workability of the PF3 

mortars confirmed the significant water demand of the PF3 concretes. These 

differences further reflect the possibility of combining or blending both PF3 and FA 

to attain a desired level of workability. With the use of external vibration, the strength 

between PF3 and FA concretes at 20% PF3 and FA addition levels reflects similar 

strength development with ageing up to 91 days. At 40% PF3 and FA addition levels, 

FA concrete demonstrated higher strength. This study in concrete reiterates the affect 

of particle size and addition level of the PF and FA on pozzolanic activity, as reported 

in the case of mortars. The effect of curing environment on pozzolanic reactivity of 

the PF3 and FA is another important factor of consideration during the ageing cycle of 

concretes. In the absence of water, a delay in pozzolanic activity was documented 

under air storage conditions. Importantly, the use of PF3 and FA at 20% addition 

levels in concrete indicate the feasibility of using PF3 as an alternative SCM.

The drying shrinkage perfonnance of PF3 and FA mortars up to 28 days indicated an 

improvement at 20% addition levels of PF3. At 20% and 40% PF3 and FA addition 

levels, PF3 mortars demonstrate a drying shrinkage reduction in comparison to FA 

mortars. Importantly, the PF3 mortar at 20% PF3 addition levels reflects a reduction 

in drying shrinkage in comparison to control mortar. In the presence of SF, blended 

PF3-SF mortars exhibit an increase and decrease in drying shrinkage in comparison to 

control and FA-SF mortars, respectively. In conclusion, PF3 mortar outperforms FA 

mortar with a reduction in drying shrinkage.
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Sulphate Exposure

In deionised water, a decrease in basicity after 84 days with increasing age up to 182 

days for the PF5 mortars signifies pozzolanic reactivity. An increase in basicity with 

ageing for the control mortar demonstrates the availability of CH. In sodium sulphate, 

higher and lower levels of basicity occurred after 1 day and from 28 to 182 days, 

respectively. The decreases in basicity demonstrate reactivity in the presence of 

sulphate. Increasing mass gains noted in deionised water for PF4, PF5 and FA 

mortars suggest pozzolanic activity contributing to densification levels. The large 

mass gain reported for the control mortar in sulphate solution indicates further 

reactivity with sulphate. A similar mass gain occurred with the 40% FA mortar in 

sulphate solution, although to a lesser extent. Importantly, the PF5 mortars, 

containing finer grade PF, demonstrate the lowest mass gains in sodium sulphate, 

indicating the lowest susceptibility to sulphate attack.

After 182 days in deionised water, the strength increases found for PF4, PF5 and FA 

mortars indicate pozzolanic activity contributing significantly to the development of 

strength. In this investigation, PF5 mortars at 20% and 40% PF5 addition levels 

demonstrated the highest strength, more so than the control mortar. From ASTM SAI 

measurements, the PF5 mortars indicate compliance with the SF SAI specification. 

The benefit of using PF is most pronounced for the finer-sized PF5 and with 

increasing PF5 addition levels. In sulphate solution, higher strength for all PF4, PF5 

and FA mortars signifies increasing strength relative to equivalent mortars in 

deionised water. With increasing PF5 and FA addition levels, PF5 and FA mortars 

demonstrate increasing strength. In sulphate solution, a significant strength decrease 

for the control mortar indicates deleterious reactivity. With the PF4, PF5 and FA 

mortars, the reaction with sulphate increases the strength, indicating it is potentially 

beneficial rather than deleterious. Thus, the increase in strength for PF and FA 

mortars helps to mitigate the effect of sulphate attack. The identification of ettringite 

and calcite was confirmed by XRD analysis. Increasing the PF4, PF5 and FA 

addition levels results in an increase in the proportions of ettringite observed while the 

proportion of calcite decreased. The FA mortar with its high alumina content exhibits 

the highest levels of ettringite. From TG analysis, the amount of calcium sulphate

bearing hydrates formed at 20% PF4, PF5 and FA addition levels indicates a
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preference of CH reactivity with sulphate. At 40% PF4, PF5 and FA addition levels, 

much less calcium sulphate-bearing hydrates were found indicating far less reactivity 

with sulphate. Conversely, the control mortar contained the most calcium sulphate

bearing hydrates. The contribution of the sodium sulphate acting as an alkali activator 

strongly supports the theory that the pozzolanic reaction increases with increasing 

PF4, PF5 and FA additions. This is most apparent with the greatest strength recorded 

for the 40% PF5 mortar. PF5 in comparison to FA is exhibiting positive attributes as 

a SCM with increasing additions for enhancing the chemical durability performance 

of PC-based materials for resistance against sulphate attack.

Final Remarks

PF in comparison to FA has demonstrated promising attributes as a SCM that can be 

classified as a pozzolan by SAI measurements for the partial replacement of PC, while 

retaining the obligatory requirements of compressive strength. In comparison to FA, 

PF with increasing age show similar compressive strength and strength development 

behaviour. In particular, long-term strength noted of PF containing mortars signifies 

advantageous benefits of using PF. For similar particle size distributions of PF and 

FA, similar strength is attainable when comparing these two pozzolans. With a 

reduction in particle size, PF provide improvements in short and long-term strength 

development. The pozzolanic activity of PF highlighted by this investigation 

indicates a definite improvement in mechanical and physical properties, with strength 

increase and enhanced resistance to sulphate reactivity.

The use of PF for the partial replacement of PC has the potential to help minimise the 

overall impact of harmful greenhouse gas emissions released during the manufacture 

of PC, by minimising PC consumption. From an engineering perspective, PF could 

also change and revolutionise the way PC is utilised in PC-based construction 

materials, eventuating in the value added benefits of strength improvement and 

increased resistance to chemical attack. Since PF are currently a by-product of 

mining, produced from the quarrying and crushing of pitchstone for lightweight 

expanded perlite production, the use of this naturally occurring pozzolanic material as 

a SCM also helps mitigate the environmental impact at the mine site.
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Based on the results of this thesis, PF has demonstrated significant potential for use as 

an SCM in the manufacture and application of PC-based construction and building 

materials. An improvement in the properties of PC mortars, both in terms of the 

strength and durability have been observed. Additionally, the use of PF reduces the 

environmental impact both at the mine site where PF is currently a by-product 

material and in the reduction of PC consumption resulting in the reduction of 

greenhouse gas emissions.
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Appendix A Experimental Results
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(100PCSPwc28d-s) sampled at surface after 28 days (d = 24 h) water ageing
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(20FASPwcm) after 182 days (d = 24 h) in 1 M Na2SQ4

xvi



0.4 -100 -

.g 0.2 —

1000
Exo Up Temperature (°C)

Figure A1.17 DTA-TG-DTG thermogram curves of 40% PF4 mortar

(40PF4SPwcm) after 182 days (d = 24 h) in 1 M Na2SC>4



---0.1 2

Universa* V4.1D TA InstrumentsExo Up Temperature (°C)

Figure A1.18 DTA-TG-DTG thermogram curves of 40% PF5 inortar 

(40PF5SPwcm) after 182 days (d = 24 h) in 1 M Na2S04

xviii

i/3o)



- -0.2

Exo Up Temperature (°C)

Figure A1.19 DTA-TG-DTG thermogram curves of 40% FA mortar 

(40FASPwcm) after 182 days (d = 24 h) in 1 M Na2S04

xix



Appendix B List of Publications

Author’s publications submitted during the candidature of this thesis:

Vessalas, K., A. S. Ray, P. S. Thomas, R. S. Ravindrarajah, P. Joyce and J. Haggman 

(2009). "Pitchstone Fines - A New Naturally Occurring Pozzolan from North 

Queensland." Concrete Forum, Journal Concrete Institute of Australia 2(1): 

11-15.

Vessalas, K., A. S. Ray, P. S. Thomas, P. Joyce and J. Haggman (2009). "Assessment 

of Chemical Durability of Pitchstone Fines in Portland Cement Blended 

Mortars." Proceedings of the 24th Biennial Conference of the Concrete 

Institute of Australia (Concrete Solutions 09). Sydney, New South Wales, 

Australia. Paper 7c-4: 1-9.

Vessalas, K., P. Thomas, A. Ray, J. Guerbois, P. Joyce and J. Haggman (2009). 

"Pozzolanic reactivity of the supplementary cementitious material pitchstone 

fines by thermogravimetric analysis." Journal of Thermal Analysis and 

Calorimetry 97(1): 71-76.

Vessalas, K., R. S. Ravindrarajah, A. S. Ray, P. S. Thomas, B. Mouawad, D. Kalache, 

P. Joyce and J. Haggman (2008). "Pozzolanic Evaluation of Pitchstone Fines 

in Concrete Trials." Proceedings of Papers of The 3rd ACF International 

Conference (ACF/VCA-2008) on Sustainable Concrete Technology and 

Structures in Local Climate and Environment Conditions. Ho Chi Minh City, 

Vietnam, Construction Publishing House. Paper A.25: 289-295.

Vessalas, K., A. S. Ray, P. S. Thomas, P. Joyce and J. Haggman (2008). 

"Characterisation of Portland Cement Blended with Pitchstone Fines Aiding 

Carbon Dioxide Emission Reduction." International Congress for Applied 

Mineralogy 2008 Conference Proceedings. Brisbane, Queensland, Australia: 

255-258.

xx



Vessalas, K., A. S. Ray, P. S. Thomas, R. S. Ravindrarajah, P. Joyce and J. Haggman 

(2008). "Pitchstone fines pozzolanic activity assessment as partial Portland 

cement (PC) replacements." Journal of the Australian Ceramic Society 44(1): 

7-12.

Vessalas, K., A. S. Ray, P. S. Thomas, R. S. Ravindrarajah, P. Joyce, J. Haggman, P. 

A. Joyce and T. M. K. Vo (2009). "Evaluation of Pitchstone Fines and Fly Ash 

as Partial Portland Cement (PC) Replacements, Part One: Strength Activity 

Index (SAI) High Volume Pozzolanic Assessment." Cement and Concrete 

Research (In preparation for publication).

Vessalas, K., A. S. Ray, P. S. Thomas, R. S. Ravindrarajah, P. Joyce, J. Haggman, T. 

M. K. Vo and P. A. Joyce (2009). "Evaluation of Pitchstone Fines and Fly Ash 

as Partial Portland Cement (PC) Replacements, Part Two: Strength Activity 

Index (SAI) Silica Fume Pozzolanic Blend and Drying Shrinkage 

Assessment." Cement and Concrete Research (In preparation for 

publication).

xxi


	Title Page
	Certificate of Authorship / Originality
	Acknowledgments
	Abstract
	Table of Contents
	List of Abbreviations
	List of Figures
	List of Tables
	1 Introduction
	1.1 Preface
	1.2 Portland Cement (PC)
	1.3 Concrete
	1.4 PC Hydration
	1.5 Hydration Reactions and C-S-H Formation
	1.6 Supplementary Cementitious Materials (SCMs)
	1.7 Natural Pozzolans
	1.8 Fly Ash (FA)
	1.9 Pitchstone
	1.10 Research Objectives
	1.11 Significance
	1.12 Structure of the Thesis

	2 Pozzolanic Activity of Pitchstone and Related SCMs
	2.1 Preface
	2.2 Perlite Aggregate Investigations
	2.2.1 Expanded Perlite Aggregate (EPA)
	2.2.2 Fine Expanded Perlite Aggregate (FEPA)
	2.2.3 Pozzolanic Perlite

	2.3 Pozzolanic Activity
	2.3.1 Pozzolan Classification
	2.3.2 Concrete Use
	2.3.3 Strength Activity Index
	2.3.4 ASTM C 618-08a Specification Compliance

	2.4 Sulphate Attack
	2.4.1 Gypsum Formation
	2.4.2 Sodium Sulphate (Na₂SO₄) Exposure
	2.4.3 Ettringite Formation
	2.4.4 Factors Affecting Rate of Sulphate Attack
	2.4.5 Mechanical Properties
	2.4.6 Resistance


	3 Experimental Procedures
	3.1 Preface
	3.2 Raw Materials
	3.2.1 Shrinkage Limited Portland Cement
	3.2.2 Pitchstone Fines
	3.2.3 Fly Ash
	3.2.4 HI-POZZ™ Fly Ash
	3.2.5 Densified Silica Fume
	3.2.6 Single Washed Sand
	3.2.7 Pitchstone Fine Aggregate
	3.2.8 Nepean River Sand
	3.2.9 Kurnell Sand
	3.2.10 Coarse Aggregate
	3.2.11 Water
	3.2.12 Glenium 51 (G 51) Superplasticiser

	3.3 Sample Preparation Methods
	3.3.1 Mortar Mix Proportions
	3.3.2 Mortar Mixing Procedures
	3.3.3 Mortar 50-mm Cubes and Shrinkage Bars
	3.3.4 Concrete Mix Proportions and Preparation
	3.3.5 Concrete 100-mm Diameter Test Cylinders

	3.4 Methods of Characterisation
	3.4.1 Scanning Electron Microscopy (SEM)
	3.4.2 X-Ray Diffraction (XRD)
	3.4.3 Thermal Analysis
	3.4.4 Flow and Slump
	3.4.5 Wet Density (Mass per Unit Volume)
	3.4.6 Compressive Strength
	3.4.7 Length Change and Drying Shrinkage

	3.5 Evaluation Methods
	3.5.1 Pitchstone Fines Assessment
	3.5.2 Fly Ash Comparison
	3.5.3 Sulphate Exposure


	4 Pitchstone Fines Assessment
	4.1 Preface
	4.2 Strength Evaluation
	4.2.1 PC Replacement in Mortar by PF1
	4.2.2 PC Replacement in Mortar by PF1 Using G 51
	4.2.3 PC Replacement in Mortar by PF2 Using G 51
	4.2.4 Fine Aggregate Replacement in Mortar by PFA Using G 51


	5 Fly Ash Comparison
	5.1 Preface
	5.2 Strength Evaluation
	5.2.1 PC Replacement in Mortar by PF3 and FA Using G 51
	5.2.2 PC Replacement in Mortar by PF3-SF and FA-SF Using G 51
	5.2.3 PC Replacement in Mortar by PF4 and FA Using G 51
	5.2.4 PC Replacement in Mortar by PF5 and HPFA Using G 51
	5.2.5 PC Replacement in Concrete by PF3 and FA

	5.3 Drying Shrinkage
	5.3.1 PC Replacement in Mortar by PF3 and FA Using G 51
	5.3.2 PC Replacement in Mortar by PF3-SF and FA-SF UsingG 51


	6 Sulphate Exposure
	6.1 Preface
	6.2 PC replacement in mortar by PF4, PF5 and FA using G 51
	6.2.1 pH Measurements
	6.2.2 Mass Change
	6.2.3 Strength Evaluation
	6.2.4 X-Ray Diffraction (XRD)
	6.2.5 Thermal Analysis
	6.2.6 Strength Comparison


	7 Summary and Conclusions
	Bibliography
	Appendices
	Appendix A Experimental Results
	A1 DTA-TG-DTG Thermograms

	Appendix B List of Publications


