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ABSTRACT 

It is well understood that partial replacement of portland cement with pozzolans generated 

as industrial by-products, such as fly ash and silica fume, have advantageous implications 

on the long-term performance of concrete. However, the production of the most widely 

available and exploited pozzolan, fly ash, is predicted to substantially decrease in the 

future due to the termination of coal-fired power stations around the globe. Therefore, it 

is crucial to explore pozzolans such as natural pozzolans and ground glasses to meet the 

burgeoning demand for sustainable cementitious materials.  

 

It is of a great significance to precisely assess the reactivity of pozzolans before using in 

major applications in the construction industry. The existing reactivity tests: strength 

activity index (ASTM C311/618) and lime-reactivity (CSA A30004 E1) are unreliable in 

evaluating pozzolans because of either inconsistent or inadequate mixture proportions. 

The Canadian standard test based on lime-reactivity, CSA A30004-E1, was modified by 

investigating four mixture designs comprising of combinations of pozzolan, portlandite 

(hydrated lime), calcite, and either alkaline or sulphate solution. Thermogravimetric 

analysis (TGA) and compressive strength tests were performed to determine the optimum 

portlandite proportion. The mixture design resulting in the highest compressive strength 

in mortars and bound water in pastes was used to establish the highest degree of the 

reactivity of pozzolans. This mixture design was further tested by modifying the curing 

regime: solution, temperature and duration.  
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A broad-range of cementitious materials including industrial by-products, natural 

pozzolans and ground glasses were investigated in concretes for compressive strength, 

chloride permeability and migration coefficient, electrical surface and bulk resistivity, and 

bulk electrical conductivity. Mortar prisms were prepared for periodic monitoring of 

expansion due to alkali-silica reaction and sulphate attack. The results demonstrated that 

a larger number of natural pozzolans and ground glasses tested have considerable potential 

for use in concrete considering their comparable or better performance than industrial by-

products (e.g., fly ash and silica fume). 
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Chapter I                                                                                                                 

Introduction 

1.1 Problem Definition 

The partial replacement of portland cement (PC) in concrete with industrial by-products 

such as fly ash and silica fume has demonstrated beneficial implications on both long-

term mechanical and durability properties and improved sustainability in the construction 

industry. The supply of the most widely available and used pozzolan, fly ash, is predicted 

to decline substantially because of shutdowns of coal-fired power stations in many parts 

of the world. Therefore, this situation necessitates a search for alternative pozzolans which 

can enhance the properties of concrete.  

 

Pozzolans obtained from volcanic deposits, sedimentary rocks and waste glass are 

potential alternatives to meet the ever-growing demand for sustainable concrete binders. 

Nevertheless, it is critical to precisely evaluate the reactivity of natural pozzolans and 

ground glasses before using in large-scale applications in the construction industry. 

Pozzolans in concrete predominantly react with calcium hydroxide produced from the 

hydration of PC resulting in the formation of products possessing cementitious properties. 

Several test methods and specifications exist to evaluate the reactivity of pozzolans in 

terms of calcium hydroxide consumption in pastes or compressive strength in mortars of 

pozzolan-calcium hydroxide or pozzolan-PC systems. Numerous studies have reported 
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that the existing tests demonstrate poor correlations, are irrelevant and unreliable 

(Pourkhorshidi et al., 2010; Snellings and Scrivener, 2016). Thus, it is critical to develop 

a test method that ensures a precise evaluation of the reactivity of pozzolans, is reliable 

and can be performed using conventional and inexpensive equipment without specialized 

training in order to make it a feasible and widely-acceptable test method.  

 

Furthermore, limited studies have been conducted on the long-term durability 

performance of concrete incorporating natural pozzolans and ground glasses. Therefore, 

there is a need to investigate these pozzolans for durability properties to understand their 

potential in impacting the concrete performance in various aggressive exposure 

conditions. 

 

1.2  Research Problems  

In order to check the reliability of existing reactivity tests, develop a modified test and 

investigate various durability properties, this research was divided into the four following 

phases: 

• The first phase was to check the reliability of two existing tests performed in 

mortars: ASTM C311/618 (test method outlined in ASTM C311 and specified in 

ASTM C618) and CSA A3004-E1 using a broad-range of pozzolans and inert 

materials 
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• The second phase included the modification of CSA A3004-E1, lime-reactivity 

test, by optimizing the calcium hydroxide-to-pozzolan (CH/Pozz) ratio, binder 

composition, mixing and curing solutions, and curing regime 

• The third phase was to validate the newly developed test and check its repeatability  

• Finally, the fourth phase involved the investigation of compressive strength and 

various durability properties of industrial by-products, natural pozzolans and 

ground glasses in concrete and mortar 

 

1.3 Research Scope and Limitations  

This research confines itself to two existing test methods: ASTM C311/618 (strength-

activity index (SAI) test) and CSA A3004-E1 (lime-reactivity test) for checking their 

reliability in evaluating the reactivity of pozzolans. Nevertheless, there are a number of 

test methods that exist to evaluate pozzolans. Pozzolans from a limited number of sources 

in North America were used in this study. In order to optimize the CH/Pozz ratio in 

developing a modified test method, five ratios were tested in pastes of a highly-reactive 

pozzolan for CH consumption using thermogravimetric analysis (TGA) and three ratios 

were tested for compressive strength in mortars. The number of pozzolans, including 

medium and highly-reactive materials, was limited to five for the development of the 

modified test method. The curing regime was developed by storing specimens in two 

solutions (distilled water and 0.6 M OH– solution) and at two temperatures (40 and 50 

°C). 
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 Eighteen materials including industrial by-products, natural pozzolans, ground glasses 

and inert materials (limestone and ground quartz) were investigated for compressive 

strength and six durability properties including alkali-silica reaction, external sulfate 

attack, electrical resistivity and conductivity, chloride-ion permeability and chloride 

migration coefficient. A number of durability properties are pertinent to the long-term 

performance of concrete subjected to severe conditions; however, concrete in the field 

predominantly encounter deterioration issues which can be studied through the properties 

mentioned above. 

 

1.4  Objectives 

In this research, the following objectives were proposed in order to develop a reactivity 

test and study durability performance of pozzolans: 

• To check the reliability of two existing test methods: ASTM C311/618 and CSA 

A3004-E1 were used to evaluate the reactivity of pozzolans and inert materials  

• To develop a modified version of the CSA A3004-E1 test to ensure its rapidity and 

reliability in the evaluation of the reactivity of natural pozzolans and ground 

glasses as well as industrial by-products such as fly ash and silica fume 

• To perform a reliability-check on the developed test method in terms of validation 

and repeatability 

• To investigate various durability properties of pozzolans, and draw comparisons 

between their performances in a specific property and their pozzolanic reactivity 
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1.5  Hypothesis 

The reactivity of pozzolans will rapidly and accurately be evaluated in terms of 

compressive strength in mortars using conventional and inexpensive equipment by 

determining optimum mixture proportions, introducing either calcite, sulfate or alkaline 

solution in CH-Pozz systems, and curing at an elevated temperature in order to provide a 

conducive reaction environment facilitating an accelerated reactivity of pozzolans. 

 

1.6 Outline of the Thesis  

This thesis is written in the “traditional” format described by the University of New 

Brunswick School of Graduate Studies. Chapter I presents the problem definition, 

research problems, research scope and limitations, objectives, hypothesis, and 

significance of the study. In Chapter II, a critical review of the relevant literature 

pertaining to a brief description of pozzolans, reactivity tests and their inadequacies, and 

durability benefits of pozzolans is provided. Chapter III describes the materials used and 

test procedures followed for specimen preparation and investigations. In Chapter IV, the 

experimental results obtained during the course of this study are presented and discussed. 

Chapter V provides the conclusions based on the investigations performed and 

recommendations which can be followed to assess the reactivity of pozzolans and to select 

natural pozzolans and ground glasses for use in concrete subjected to specific aggressive 

exposure conditions. 
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1.7  Significance of the Study  

Considering the shortcomings of the existing pozzolanic reactivity test methods, this study 

was emphasized to introduce a rapid and reliable test method which precisely evaluates 

the inherent reactive nature of industrial by-products, natural pozzolans and ground 

glasses in terms of compressive strength with no influence of the physical properties of 

pozzolans such as specific surface area, fineness and specific gravity on the mixture 

proportions. In this test method, the requirement for trials to determine the water-to-binder 

(w/b) ratio was eliminated to improve its efficacy considering time and materials. The test 

method will significantly benefit the pozzolan industry by providing a feasible technique 

to evaluate the reactivity of pozzolans rapidly. 

 

This study notably contributes to the limited understanding of the long-term durability 

performance of pozzolans such as pumice, lassenite and ground glass in several aggressive 

conditions simulated in the laboratory. The comparison between the durability 

performance of industrial by-products and natural pozzolans and ground glasses is 

significant in comprehending the potential of natural pozzolans and ground glasses in the 

construction industry.  
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Chapter II                                                                                                                     

Literature Review 

2.1 Pozzolans  

“Pozzolans are siliceous or siliceous and aluminous materials that in themselves possess 

little or no cementitious value but will, in finely divided form and in the presence of water, 

chemically react with calcium hydroxide at ordinary temperatures to form compounds 

possessing cementitious properties” (ASTM C125-19).  

 

2.1.1 History of Use 

The ancient Greeks and Romans used pozzolans millennia ago to produce binders for 

mortar and concrete. Greek antiquity used the volcanic sand derived from the Isle of 

Santorini in conjunction with lime (calcium oxide, CaO) and water to produce mortars 

(Vitruvius and Morgan, 1960). The Romans incorporated volcanic ash together with lime 

to produce a hydraulic binder for concrete (Plommer, 1973). Extant structures such as the 

Pantheon and the Colosseum in Rome are examples of durable concrete produced using 

pozzolans in ancient civilization. The pozzolans used were natural as they required no 

thermal treatment (i.e., calcination) because of their inherent reactive nature to react with 

lime to produce binders. In the early 19th century, portland cement (PC) was developed as 

a hydraulic binder for concrete and patented by Joseph Aspdin in 1824. However, it later 

became necessary to partially replace PC with other cementitious materials because of 

several durability concerns associated with structures containing PC as the only 
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cementitious material and exposed to aggressive conditions resulting in poor long-term 

performance, sustainability and economic disadvantages. Industrial by-products such as 

silica fume or microsilica from the silicon industry and fly ash from coal-fired thermal 

power generating stations burgeoned as pozzolans in the construction industry for major 

applications in structural concrete in the late 20th century due to their local availability, 

benefits in reducing carbon footprint and landfilling space requirement, and making 

concrete robust and durable (Radjy et al., 1986; ACAA, 2006; Thomas, 2007).  

 

2.1.2 Why Natural Pozzolans and Ground Glasses? 

Numerous studies conducted in the laboratory or the field have found substantially 

improved durability performance of concrete containing either fly ash or silica fume 

(Bijen, 1996; Shehata and Thomas, 2002; Moffatt et al., 2017, Moffatt and Thomas, 

2018). Despite durability benefits, the use of pozzolans, primarily fly ash, in concrete may 

decrease in future due to the termination of coal-fired power generating stations in many 

countries resulting in a scarcity of its local availability. For example, Department for 

Business, Energy and Industrial Strategy, UK, (BEIS, 2018) reported that all coal-fired 

power generating stations in the United Kingdom are set to be closed by 2025 as per new 

environmental regulations. Similar situations in other countries would result in reduced 

local supplies of fly ash; subsequently, the use of fly ash in concrete will significantly 

decline since the longer transport distances will result in an increase in price. Thus, there 
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is a need for natural pozzolans and ground glasses to meet the ever-burgeoning demand 

for sustainable binders for concrete.  

  

Pozzolans including natural materials (e.g., pumice, perlite and volcanic ash), processed 

materials (e.g., calcined clay and shale) and artificial/manufactured materials (e.g., ground 

glass) can be potential alternatives to fly ash and silica fume considering their 

inexpensiveness and availability in many parts of the world. A limited number 

of studies conducted have reported that these pozzolans considerably enhance the 

durability performance of concrete when the portland cement is partially replaced in 

appropriate proportions (Shao et al., 2000; Rodriguez-Camacho and Uribe-Afif, 

2002; Kaid et al., 2009; Omran et al., 2018).  

 

2.1.3 Classification of Pozzolans 

Methods necessary to produce pozzolans are highly dictated by the amorphous contents 

of minerals present in raw materials and/or the industrial processes which generate by-

products possessing pozzolanic reactivity. Based on the method of production, pozzolans 

are divided into the following three categories.   

 

2.1.3.1     Natural Pozzolans 

Pozzolans produced by grinding the raw natural materials to fine particle size with no 

requirement for calcination or heat treatment to modify chemical and/or structural 
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properties in order to increase their pozzolanic reactivity are defined as natural pozzolans 

(Massazza, 1998). This definition distinguishes natural pozzolans such as volcanic ashes, 

tuffs and pumicites from thermally treated pozzolans which are discussed in the 

subsequent section. However, ASTM C125-19 defines natural pozzolans as materials 

which occur naturally and react pozzolanically in their raw or calcined form.   

 

Volcanic ashes possess pozzolanic reactivity due to the presence of amorphous 

aluminosilicate or volcanic glass which form during the rapid cooling of ash produced 

from volcanic eruptions. Santorin earth produced on the Isle of Santorini in Greece from 

a volcanic eruption is one of the well-known examples of such materials (ACI 232-12). 

The pozzolanic reactivity of these materials is enhanced by grinding to fine size in order 

to achieve a high specific surface area of the aluminosilicate glass (Mehta, 1987a; 

Massazza, 1998). Furthermore, the volcanic glass changes its form due to argillation or 

zeolitization caused by the weathering effect with time (Massazza, 1998). The 

transformation of the volcanic glass into clay minerals is referred to argillation which 

adversely affects the pozzolanic reactivity, whereas, zeolitization enhances it (Thomas, 

2013). The alteration of volcanic glass is strongly dependent on either temperature, 

alkalinity (pH) of interstitial water or pressure (Casey and Bunker, 1990; Ogihara, 1996; 

Dé Gennaro et al., 2000).   
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2.1.3.2     Processed Pozzolans 

Materials that contain significant amounts of crystalline silica and alumina in their raw 

form generally require heat-treatment or calcination to react pozzolanically. Pozzolans 

derived from materials such as clays and shales can be designated as processed pozzolans 

since they turn pozzolanic when calcined at high temperatures. Calcination at 

temperatures 700–1100 °C partially or entirely destroys crystalline phases present in such 

materials by transforming them into amorphous or glassy materials (ACI 232-01). 

Calcination facilitates both chemical and structural modifications due to dehydroxylation 

of crystalline phases transforming them into amorphous phases of silica and alumina 

(Thomas, 2013). Additionally, Jasmund and Lagaly (1993) studied the reactions occurring 

during the thermal transformation of clays and found that individual clay minerals modify 

their chemical and structural forms themselves as well as by reacting with other clay 

minerals. Metakaolin is a calcined form of kaolin clay and possesses very high pozzolanic 

reactivity (Zhang and Malhotra, 1995; Singh and Garg, 2006).  

 

Moreover, fly ash and silica fume can also be categorized as processed pozzolans because 

these materials are produced upon the combustion of their raw materials at very high 

temperatures. Fly ash is produced as a by-product during the combustion of coal at approx. 

1500 °C in coal-fired electricity generating stations. Lighter particles of ash produced fly 

away with flue gases and are subsequently collected using mechanical and electrical 

precipitators. Silica fume is a by-product of the silicon industry and is produced in the 
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production of silica metals and ferro silica alloys during combustion of silica at approx. 

1800 °C (Thomas, 2013).  

 

2.1.3.3     Manufactured Pozzolans 

Materials possessing pozzolanic properties after grinding refined substances are 

categorized as manufactured pozzolans. Ground glasses are exemplars of manufactured 

pozzolans produced in the pozzolan industry. Glass is an amorphous material (Omran et 

al., 2018) that is produced by melting silica, calcium carbonates and sodium carbonates at 

higher temperatures (Park et al., 2004). It has a diverse range of applications from the 

manufacture of small containers to large plates and windows. Fibers made with glass are 

used in structural concrete to improve mechanical properties (Kasagani and Rao, 2018). 

The physical and chemical properties of glass do not change significantly after exploiting 

which facilitates its recycling numerous times (Shayan and Xu, 2004). Waste glass from 

multiple sources is generated in significant quantities annually worldwide. According to 

the United States Environmental Protection Agency, 11.5 million tonnes of waste glass 

was generated in 2015; 26.4 and 60.8% of which were recycled and landfilled, 

respectively (USEPA, 2016). Landfilled glass also triggers environmental issues because 

of its non-biodegradability. Waste or used glass is crushed and ground to fine particle sizes 

using milling machines to obtain ground glass, a manufactured material possessing 

pozzolanic properties (Omran et al., 2018). 
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2.1.4 Chemical Composition of Pozzolans 

Elemental and mineral composition of pozzolans depend on the origin of their raw 

materials or refined-materials used in their production. All three types of pozzolans 

contain Si, Al, Fe, Ca, Mg, K and Na (Nanzyo, 1993; Hemmings, 2005; Thomas, 2013). 

The Si and Al contents prevail in all pozzolans except silica fume which predominately 

contains Si (ACI 234-06; Nanzyo et al., 1993). Elemental composition of pozzolans is 

generally presented in the form of oxides. Thereby, Si, Al, Fe, Ca, Mg, K and Na are 

presented as SiO2, Al2O3, Fe2O3, CaO, MgO, K2O and Na2O, respectively. Elemental 

composition of two different pozzolans from each category are presented in Table 2.1. 

 

Table 2. 1: Chemical composition of various pozzolans 

 Natural pozzolans Processed pozzolans 
Manufactured 

pozzolans 

Oxide 
Volcanic 

asha 

Volcanic 

tuffb 
Metakaolinc Diatomitec 

Ground 

glassd 

Ground 

glass 

fibere 

SiO2 41.4 68.9 52.2 81.7 68.7 47.7 

Al2O3 15.4 12.0 44.5 0.6 1.0 10.4 

Fe2O3 12.9 0.3 0.5 0.3 0.9 0.3 

CaO 7.9 3.9 <0.1 7.3 12.0 19.7 

MgO 6.5 1.3 – 0.1 1.8 2.3 

Na2Oe
* 2.8 1.8 – – 14.0 0.7 

aKouamo et al., 2012; bTekin, 2016, cPaiva et al., 2017; dIslam et al., 2017; eRashidian-

Dezfouli et al., 2018; *Na2Oe = Na2O + 0.658 x K2O 
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The chemical composition of pozzolans varies significantly within a class (e.g., natural, 

processed or manufactured pozzolan). In Table 2.1, the first natural pozzolan, volcanic 

ash, was extracted from the Republic of Cameroon and contained 56.8% of SiO2 + Al2O3 

and <10% CaO. On the other hand, the second natural pozzolan, volcanic tuff, which was 

obtained from a volcanic deposit in Turkey and comprised 81.9% of SiO2 + Al2O3 and 

<10% Cao. Therefore, it is evident that SiO2 and Al2O3 contents of natural pozzolans can 

vary widely. However, the CaO content of these materials is low (<10%) and less variable 

with the source. A review conducted by Robayo-Salazar and Gutiérrez (2018) reported 

that natural pozzolans predominantly incorporate feldspar minerals including albite, 

sanidine, anorthite, microcline and orthoclase. The mineral composition of natural 

pozzolans is influenced by their chemical composition and the pressure, temperature and 

duration of the weathering process. The typical mineralogy of natural pozzolans is 

presented in Table 2.2 (Robayo-Salazar and Gutiérrez, 2018). In addition, a ternary 

diagram for chemical composition is presented in Fig. 2.1 (Aïtcin, 2016).  

 

Furthermore, processed pozzolans contain comparatively higher contents of SiO2 and 

Al2O3 than natural pozzolans; however, variability within the class is considerable (see 

Table 2.1). Metakaolin, calcined kaolinite-rich clay, typically contains SiO2 + Al2O3 as 

approx. 97% with <0.1% CaO. Whereas, diatomite, the calcined fine-grained sedimentary 

rock formed from consolidated diatomaceous earth shown in Table 2.1, had 82.3% SiO2 

+ Al2O3, and a notably lower Al2O3 content of 0.6% as compared to 44.5% of metakaolin.  
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A study conducted by Tironi et al. (2013) using several calcined clays also bolstered this 

idea by showing that the SiO2 + Al2O3 contents of the clays varied over a diverse range 

from 70.6 to 89.6%. The variation in the chemical composition of processed pozzolans 

can be attributed to their source because the necessity of calcination is the only 

distinguishing factor. According to Jasmund and Lagaly (1993), for materials obtained 

from volcanic deposits calcination mainly modifies their mineralogy. It should be noted 

that dehydroxylation occurs during calcination but should negligibly influence the relative 

contents of SiO2 and Al2O3. Calcined clays contain several types of mineral phases such 

as kaolinite, illite, albite, anorthite, orthoclase, anatase, montmorillonite, cristobalite, 

diopside, wollastonite and quartz (Fernandez et al., 2011; Tironi et al., 2013; Danner et 

al., 2018). 

 

   (Aïtcin, 2016) 

 

Figure 2. 1: Ternary diagram for chemical composition of cementing materials 
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Ground glass pozzolans also contain higher proportions of SiO2 and Al2O3 which vary 

with the source (of waste or used glass) similar to the other two pozzolan classes. Ground 

glass and ground glass fiber presented in Table 2.1 were obtained by milling waste soda-

lime (bottle/plate glass) and fiber glass, respectively. The elemental composition of 

ground glass showed a significantly higher SiO2 than fiber glass which had a higher 

content of CaO than Al2O3. The ground glass obtained from waste fibers had a lower 

Na2Oe (alkali equivalent, Na2O + 0.65 x K2O) of 0.7%; whereas the ground glass produced 

from waste bottles/plate contained a substantially higher Na2Oe of 14.0%.  

 

2.1.5 Reactivity of Pozzolans 

During the hydration of PC, calcium silicate compounds (C2S and C3S) react with water 

(H) to form calcium silicate hydrates along with calcium hydroxide (CH) in abundance. 

These reactions can be represented by Eq 2.1 and Eq 2.2 (Thomas, 2013).  

 

2C2S  +  9H  →  C3S2H8  +  CH  (2.1) 

2C3S  +  11H  →  C3S2H8  +  3CH  (2.2) 

 

The term C–S–H is often used instead of C3S2H8 as, in practice, the composition of the 

material (both Ca-Si ratio and content of bound water) can vary significantly. C–S–H 

represents a calcium-silicate hydrate with no fixed stoichiometric composition.  
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Pozzolans react with CH produced from the hydration of PC in the presence of water to 

produce cementitious products such as calcium silicate and calcium alumino-silicate 

hydrates (Lea, 1971; Mehta, 1987b). The reactive silica (S) of pozzolans react with CH 

and water to form calcium silicate hydrates, C–S–H. Additionally, the compounds of 

reactive alumino-silicate (AS2) also combine CH to form calcium aluminum-silicate 

hydrates, C–A–S–H (He et al., 1995).  The reaction of pozzolan with CH is known as the 

“pozzolanic reaction” and can be represented by Eq 2.3 and Eq 2.4 (Helmuth, 1987).  

 

yS  +  xCH  +  zH  →  CxSyHz    (2.3) 

AS2  +  3CH  +  zH  →  CSHz-5     +  C2ASH8           (2.4) 

 

In PC-pozzolan blended systems, pozzolans also react with compounds other than CH 

during PC hydration to form products in addition to C–S–H and C–A–S–H. Silva and 

Glasser (1990) reported that constituents of metakaolin react with CH and sulphate in the 

presence of water to form AFt–ettringite and AFm–monosulfoaluminate. Moreover, 

supplementary aluminates present in pozzolans can further react with CH and calcium 

carbonate (CaCO3) to produce AFm–carboaluminates (Antoni et al., 2012).  

 

The amount of CH consumed in the pozzolanic reaction depends on the reactive mineral 

content and the specific surface area of pozzolans, CH/Pozz (CH-to-pozzolan) ratio and 

curing conditions (Silva et al., 1992, He et al., 1995, Shvarzman et al., 2002). The rate of 
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the pozzolanic reaction is influenced by the w/b ratio of the mixture, temperature at which 

the reaction takes place and specific surface area of pozzolans (Massazza, 1998). The 

short-term reactivity is considerably influenced by the specific surface of pozzolans; 

however, the chemical and mineralogical composition of amorphous phases influence the 

long-term reactivity (Tironi et al., 2013). The pozzolanic reaction is slower in normal 

curing conditions and may necessitate several years before completion due to a decrease 

in the mobility of chemical species participating in the reaction at later ages (Massazza, 

2003). 

 

The reactivity of pozzolans can be evaluated by measuring either CH consumption in 

pastes or compressive strength in mortars. Ferreiroa et al. (2019) studied calcined raw 

clays which were ground to different fineness before calcination. They reported that the 

reactivity of calcined clays improved due to a higher degree of dehydroxylation when the 

raw clays were ground to finer particle sizes. Relatedly, the finer particle size also results 

in higher reactivity of natural (non-calcined) pozzolans (Cobîrzan et al., 2014) as well as 

ground glasses (Shao et al., 2000; Shi et al., 2005). Furthermore, the mineralogy of 

calcined clays significantly influences the reactivity of clays when combined with CH or 

PC. A study conducted by Schulze and Rickert (2019) investigated calcined clays 

containing different proportions of mineral phases such as kaolinite, montmorillonite and 

illite/muscovite for reactivity in pozzolan-PC systems. These clays demonstrated a 

decreasing order of reactivity based on their contribution to compressive strength. Studies 
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by Fernandez et al. (2011) and Hollanders et al. (2016) also corroborated the above order 

of the reactivity of these clays. Moreover, the CaO content of pozzolans dictates their 

nature varying from pozzolanic to pozzolanic-hydraulic. For example, fly ashes 

containing low CaO (e.g., <10% CaO) demonstrate pozzolanic nature, but high-CaO fly 

ashes react both pozzolanically and hydraulically (Thomas, 2013).  

 

2.1.6 Reactivity Evaluation Tests and Their Shortcomings 

Various reactivity tests and specifications exist to assess the reactivity of pozzolans in 

terms of CH consumption, heat release, bound water or compressive strength. These tests 

describe specific mixture designs, curing temperatures, durations and ways to measure the 

level of reactivity. Existing specifications specify different threshold limits to designate a 

pozzolan as reactive or non-reactive based on the contribution of that pozzolan to CH 

consumption, heat release, bound water or compressive strength. A number of existing 

reactivity tests and specifications and their inadequacies are discussed in the subsequent 

sections.  

 

2.1.6.1      Frattini Test (BS EN 196–5) 

The Frattini test is performed in a PC–pozzolan system in pastes produced by mixing a 

blend of 70 wt% PC and 30 wt% pozzolan with distilled water at a water/solid ratio of 5. 

The suspension is stored in an airtight container at 40 °C for 8 days, and then filtered. The 

filtrate is analyzed for calcium (Ca2+) and hydroxyl (OH–) ion concentration present at the 
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end of the test by titrating against EDTA-murexide and HCl-phenolphthalein. The 

concentration of Ca2+ is plotted against that of OH– on the standard solubility curve as 

presented in Fig. 2.2. A pozzolan is considered reactive if the point corresponding to the 

concentrations of Ca2+ and OH– lies under the curve. CH which is comprised with Ca2+ 

and OH– is consumed in the pozzolanic reaction resulting in a decrease in Ca2+ and OH– 

concentrations at the end of the test (Tironi et al., 2013; Snellings and Scrivener, 2016).  

 

The test meets with several practical challenges considering the necessity for a highly 

skillful procedure after the suspension is taken out from the 40 °C storage environment. 

The filtrate is susceptible to carbonation if the filtration process takes more than 30 

seconds. Carbonation is a chemical reaction in which CH reacts with the atmospheric CO2 

to form calcium carbonate (CaCO3). Therefore, the concentrations of Ca2+ and OH– 

Poorly- or non-reactive 

Reactive 

 (Tironi et al., 2013) 

 

Figure 2. 2: Standard solubility curve 
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decline if carbonation occurs during the filtration process resulting in misinterpretation. 

As a result, pozzolans which consume less CH in the pozzolanic reaction (i.e., less 

reactive) and fall over the solubility curve may lie under the solubility curve if the filtrate 

is carbonated. The sample used for the determination of Ca2+ concentration should have a 

pH in a very tight range of 12.5 ± 0.2, if not, sodium hydroxide solution is added before 

titration (Bahurudeen et al., 2016).  

 

The test is performed at 40 °C which is close to real conditions, however, it is questionable 

the results can be quantitatively converted into compressive strength or performance in 

concrete. Snellings and Scrivener (2016) reported that the Frattini test results are 

influenced by the type of PC used and especially by alkali (Na2O and K2O) contents of 

PC. Moreover, the test showed relatively poor interlaboratory reproducibility, and the 

results have a poor correlation with compressive strength.  

 

2.1.6.2     Lime Saturation Test  

This test is a modified version of the Frattini test. Pozzolans are directly mixed with a 

saturated CH solution unlike the Frattini test in which pozzolans are first combined with 

PC and later they have exposure to CH as the hydration of PC proceeds. The CH 

consumption is determined in CH-Pozz systems in pastes at a CH/Pozz ratio of 2. 

Specimens are stored at 40 °C, filtered at the end of the test and titrated against HCl to 

determine the Ca2+ concentration which is translated into the CH content. The amount of 
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CH combined by a pozzolan during the test is compared with the initial concentration of 

CH in the suspension (Tironi et al., 2013). Similar to the Frattini test, it is also vague how 

the CH consumption results can be translated into contribution to compressive strength or 

performance in concrete. Results may be influenced by carbonation, if it occurs during 

filtration. 

 

2.1.6.3      Chapelle and Modified Chapelle Tests 

The Chapelle test is used to determine the consumption of CH by a pozzolan in elevated 

temperature storage conditions for a short period of time, less than a day. A test pozzolan 

is mixed with CH and distilled water at CH/Pozz and water/solid ratios of 1 and 200, 

respectively, to produce a suspension which is heated to a temperature of 90 °C for 16 h 

while maintaining continuous stirring. Subsequently, the suspension is filtered, and the 

filtrate is titrated with HCl-phenolphthalein or HCl-methylorange to determine the 

concentration of CH at the end of the test. Chapelle activity is represented as the difference 

between the initial and the final CH concentrations of the filtrate (Chapelle, 1958). The 

CH proportion is doubled (2 CH/Pozz ratio) in the modified Chapelle test while the test 

procedure is the same. The Chapelle test has issues associated with carbonation during 

filtering, and results are significantly affected by experimental scattering (Raverdy et al., 

1980). Modified Chapelle test results have good correlation with compressive strength 

and heat released results despite the 90°C heating temperature that is far from real 
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conditions (Avet et al., 2016). The Chapelle test and its modified version demonstrate a 

significantly poor performance in terms of reproducibility (Li et al., 2018).  

 

2.1.6.4      Heat Release Test 

The reactivity of cementitious materials can be investigated by measuring the heat release 

using a calorimeter during the exothermic reactions (Langan et al., 2002; Kocaba et al., 

2012). A conventional technique to determine the heat release of a pozzolan is by 

deducting the heat release of a binary blend of PC and inert material from that of a binary 

blend of PC and pozzolan used at the same replacement level (Kocaba et al., 2012). 

However, Silva and Glasser (1990) and Mostafa et al. (2001) reported that the heat release 

of PC in both types of blends with the equal proportion of PC differs because of different 

reaction environments in both systems and the presence of interfering reactions of the 

pozzolan in the PC-Pozz blend. Therefore, the true contribution of pozzolan to the heat 

release is obscured when the pozzolan is combined with PC. However, it is possible to 

measure the true contribution of a pozzolan to the heat release when it is combined in a 

binary mix with CH; where the pozzolan is the only cementing material.  

 

Snellings and Scrivener (2016) and Avet et al. (2016) developed two methods to measure 

the heat release of CH-Pozz mixes by running isothermal calorimetry at an elevated 

temperature of 40 °C until the age of 7 days. In both methods, pozzolans are mixed in 

systems containing a significantly higher CH content (CH/Pozz ratio of 3) together with 
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potassium hydroxide (KOH). Additionally, the former describes the supplementation of 

gypsum, and the latter describes the addition of potassium sulphate (K2SO4) and calcium 

carbonate (CaCO3). Heat release results in both tests demonstrate good correlation with 

compressive strength. The test requires an isothermal calorimeter which is costly, and 

most laboratories involved in routine concrete material research would not have access to 

such equipment; this may be a barrier to its wide adoption.   

 

2.1.6.5     Thermogravimetry Test 

In this test, CH consumption or remnant in CH-Pozz pastes is quantified by heating a very 

small sample, generally less than 100 mg, in a nitrogen environment from normal 

temperatures to 950 °C at a constant heating rate. Different types of compounds present 

in the sample decompose in specific temperature ranges. CH dehydrates into calcium 

oxide (CaO) and water (H2O) normally in a temperature range of 400 to 600 °C 

(Shvarzman et al., 2003). Thereby, the sample shows a mass loss (mg) and a rate of mass 

loss (%/°C) due to the loss of water in the above temperature range. The amount of CH 

combined by pozzolans increase with their reactivity, and the results of this test establish 

a good relationship with compressive strength (Avet et al., 2016; Li et al., 2018). 

Nevertheless, results tend to have an influence of carbonation because samples obtained 

after fragmenting are susceptible to carbonation until they are placed in a 

thermogravimetric analyzer. TGA equipment is expensive and generally not available in 
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commercial testing laboratories that perform routine compliance testing on cement and 

concrete materials.  

 

2.1.6.6     Bound Water Test 

Avet et al. (2016) developed a test to determine the bound water of CH-Pozz systems at 7 

days after curing at 40 °C. Paste specimens are first dried at 110 °C in an oven until the 

mass loss in one day is less than 0.5% and are subsequently dried at 400 °C in a furnace 

for two hours. The mass loss between these two temperatures is associated with the loss 

of the chemically bound water of reaction products (e.g., hydrates). A higher mass loss in 

this test indicates a higher reactivity of pozzolan. However, Li et al. (2018) reported that 

the 7 days bound water results establish poor correlation with long-term (90 days) 

compressive strength.  

 

2.1.6.7     Lime-Reactivity Test (CSA A3004-E1) 

Pozzolans are combined with CH in mortars in CSA A3004-E1, a lime-reactivity test, to 

prepare 50-mm cubes for compressive strength. Specimens are prepared with CH : Pozz : 

Sand ratios of 1:2M:9 by mass (where M is the ratio of the specific gravity of the pozzolan 

to that of CH). The water-to-binder (w/b) ratio is variable and determined for each 

pozzolan to produce a mortar mixture developing a flow of 110±5% on the flow table in 

accordance with ASTM C109. The mortar mixture is then used to prepare cubes which 

are stored at 23±2 °C for one day and 55±2 °C for six days. Specimens are prone to 
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moisture loss during the test because there is no provision describing how a high level 

(>90%) of relative humidity (RH) should be maintained around the moulds at 55±2 °C. 

Laboratory productivity is adversely influenced since moulds are used for a long duration 

of 7 days.  

 

According to CSA A3004-E1, pozzolans should develop a minimum mortar compressive 

strength of 5.5 MPa at 7 days to be classified as pozzolanically reactive with CH. It is well 

established that the w/b ratio is a dominant factor in influencing compressive strength 

which decreases with an increase in the w/b ratio (Costigan and Pavia, 2014). The water 

demand or w/b ratio of a CH-Pozz system is significantly governed by the specific surface 

area, a physical property, of the pozzolan. Pozzolans possessing high specific surface 

areas in their finely ground forms demand higher water contents to achieve certain flow 

and consequently develop low strength regardless of their amorphous phase contents 

(Walker and Pavia, 2011). Therefore, a reactive pozzolan with a higher water demand 

could be designated as non-pozzolanically reactive with CH in this test if the compressive 

strength of the mortar containing that pozzolan is less than 5.5 MPa.  

 

Moreover, the 1/2 CH/Pozz ratio by volume is equal to a CH/Pozz of 1/2 by mass for a 

pozzolan having a specific gravity equivalent to that of CH (~2.2). The ratio decreases for 

pozzolans which have specific gravity values over 2.2, and most pozzolans with rare 

exceptions have specific gravity values greater than 2.2. Li et al. (2018) tested a number 
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of materials for CH consumption and reported that all materials except for ground quartz 

require CH/Pozz ratios over 1/2. Therefore, the 1/2 CH/Pozz ratio in the lime-reactivity 

test results in mixtures with insufficient CH for complete reaction of pozzolans.  

 

2.1.6.8      Strength Activity Index Test (ASTM C311/618) 

Pozzolans are blended with a PC at a 20% replacement level by mass in the strength 

activity index (SAI) test to determine the contribution of pozzolans to mortar compressive 

strength. The test method is described in ASTM C311, and the specification for pozzolans 

is provided in ASTM C618. SAI is determined at the ages of 7 and 28 days as the 

percentage ratio of the compressive strength of a PC-Pozz blended mixture to that of the 

control mixture, 100% PC. Pozzolans should attain an SAI of over 75% at either age to be 

classified as reactive and also contain an SiO2 + Al2O3 + Fe2O3 content greater than 70% 

(for Class N and Class F), and have water demands less than 115% for Class N (natural 

pozzolans) and 105% for Class F (fly ashes) as compared to the control mixture. The 

control mixture is produced at a 0.485 w/b ratio, and blended mixtures are prepared at w/b 

ratios developing ±5% flow of the control mixture.  

 

Each pozzolan demands a specific water content (or w/b ratio) to meet the required flow 

range. The w/b ratio demonstrates a broad linear correlation with the specific surface area 

of pozzolans (He et al., 1995). Pourkhorshidi et al. (2010) and Bentz et al. (2012) have 

raised concerns about the determination of the w/b ratio and concluded that the variation 



 

 29 

in the w/b ratio leads to an inaccurate assessment of the reactivity of pozzolans. Moreover, 

Sutter et al. (2013) have reported that a finely-ground inert filler, quartz, meets the 

minimum SAI requirement as per the ASTM C618 specification; therefore, such inert 

materials could be defined as pozzolanic despite their innate non-pozzolanic nature.  

 

2.1.6.9      Summary of Pozzolanic Reactivity Tests 

Considering existing tests, numerous studies have either confirmed inconsistencies (e.g., 

poor correlation of CH consumption with compressive strength) between tests or 

questioned the reliability and validity of the existing specifications (Sybertz, 1989; 

Malhotra, 1996; Gava and Prudencio, 2007a; Gava and Prudencio, 2007b; Donatello et 

al., 2010; Pourkhorshidi et al., 2010; Snellings and Scrivener, 2016; Kalina et al., 2019). 

In the current study, a test providing an accurate and reliable reactivity assessment was 

developed by modifying the existing lime-reactivity test (CSA A3004-E1) by determining 

optimum and consistent mixture proportions such as w/b and CH/Pozz ratios irrespective 

of the pozzolan being tested. A conducive curing regime was also developed for a rapid 

evaluation of the reactivity of pozzolans in terms of compressive strength in mortar using 

conventional and inexpensive laboratory equipment. 
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2.2 Durability Performance of Pozzolans  

The use of pozzolans in structural concrete goes back millennia to ancient Greece and 

Rome civilizations. Materials derived from volcanic deposits (i.e., natural pozzolans) were 

used in conjunction with lime (CaO) to build structures which are still standing in good 

condition being epitomes of exceptional durability performance offered by pozzolans 

(Vitruvius and Morgan, 1960; Plommer, 1973). Industrial by-products such fly ash and 

silica fume have only been used since the 20th century but in that period have shown 

significant improvement in various durability properties of concrete subject to severe 

conditions (Thomas, 2013). Although there are only a limited number of studies on the 

impact of ground glasses or natural pozzolans on concrete durability these studies 

generally report positive influences on durability performance (Rodriguez-Camacho and 

Uribe-Afif, 2002; Kaid et al., 2009; Zidol et al., 2017). Durability properties which were 

investigated in this research are reviewed in the following sections.  

 

2.2.1 Chloride Ingress  

Attack by chloride (Cl) ions in terms of corrosion of the reinforcing steel is the most 

prevalent cause of deterioration in reinforced concrete exposed to seawater and/or deicing 

salts. Chloride sources in concrete could be either the materials used for the production of 

concrete or external sources such as marine water and de-icing chemicals (Montemor et 

al., 2003). Chlorides attack the passive layer of the steel bar and initiate corrosion. 

Chlorides in the presence of moisture (H2O) and oxygen (O2) chemically react with iron 
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(Fe) present in the reinforcing steel to form corrosion products occupying substantially 

greater volume (up to six times) than the original metallic ion. This situation results in a 

loss of the structural integrity of the structure in forms of concrete cracking, spalling, 

interfacial bond loss between surrounding concrete and encapsulated reinforcing steel, 

reduced reinforcing steel cross-section, etc. (Stanish, 1997). Corrosion of steel in concrete 

can be represented by the following chemical reactions (Eq 2.5 through Eq 2.7) (Thomas, 

2013). 

 

             𝐴𝑛𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛                         𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                                (2.5) 

            𝐶𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛             1 2⁄ 𝑂2 + 𝐻2𝑂 + 2𝑒− → 2𝑂𝐻−                   (2.6) 

            𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛            1 2⁄ 𝑂2 + 𝐻2𝑂 + 𝐹𝑒 → 𝐹𝑒2+ + 2𝑂𝐻−           (2.7) 

 

At the anode located on the reinforcing steel, Fe from the reinforcing steel oxidizes to 

ferrous ions (Fe2+) by generating electrons (e–). These e– reduce H2O and O2 at the cathode 

to produce hydroxide ions (OH–) which subsequently combine with Fe2+ to form ferrous 

hydroxide (Fe(OH)2) as the first corrosion product. Fe(OH)2 oxidizes and hydrates further 

to produce various Fe oxides  which occupy much greater volume than the originally metal 

and cause cracking and spalling of the overlying concrete (Thomas, 2013).  
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2.2.1.1         Measurement Techniques 

Concrete can be tested for electrical properties such as resistivity, conductivity, charge 

passed or RCP value (ASTM C1202) or Cl diffusion/migration coefficient to determine 

its resistance against Cl ingress. Electrical resistivity (Ω–m) and conductivity (S/m) can 

be promptly measured by applying an electrical potential difference. Whereas, charge 

passed (Coulombs) is measured by applying a 60 V of DC potential difference for 6 h 

across 100-mm diameter by 50-mm thickness concrete discs pre-saturated with distilled 

water exposed to a 3% sodium chloride solution (NaCl) on one side and 0.3 M sodium 

hydroxide (NaOH) solution on the other. This technique is known as Rapid Chloride 

Permeability (RCP) Test and is conducted in accordance with ASTM C1202. The higher 

the charge passed during this test, the higher the Cl permeability or lower the resistance 

to Cl penetration of concrete.    

 

Electrical resistivity of concrete is a measure of its resistance against the transfer of ions 

upon subjecting an electric field or potential difference. The aforementioned electrical 

properties can be correlated with each other (Jain and Neithalath, 2010).  They are 

dependent on the microstructural properties of concrete such as pore size, connectivity 

and shape of the connections between them, tortuosity (Layssi et al., 2015) and the pore 

solution chemistry (Jain and Neithalath, 2010). The temperature and degree of saturation 

of concrete during measurements have impacts on electrical resistivity and conductivity 

values (Azarsa and Gupta, 2017). Andrade (1993) found that Cl ions and the components 
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of the pore solution such as K+, Na+, Ca2+, OH– and SO4
2– contribute in transmitting the 

current in the RCP test. Therefore, the charge passed in the RCP test is not an entirely 

precise measurement to determine the Cl permeability of concrete. Moreover, Cl diffusion 

coefficient (m2/s) of concrete can be determined by exposing specimens to a NaCl rich 

solution for a short duration of four days or less while maintaining a DC potential 

difference (NT Build 492) or for several weeks without applying an electrical field 

(ASTM C1556).  It is predominantly influenced by the microstructural properties and the 

Cl binding capacity of the hydrates (Moffatt et al., 2017).  

 

2.2.1.2     Benefits of Pozzolans 

The improvement in the chloride resistance of concrete containing pozzolans can be 

attributed to two phenomena: (1) Increased impermeability: pozzolans react with CH, a 

PC hydration product, to form additional C–S–H and other products possessing lower 

permeability and develop a refined and discontinuous pore structure (Marsh et al., 1985; 

Mehta, 1987b; Dhir et al., 1997; Mehta and Monteria, 2006), (2) Increased Cl binding 

capacity: pozzolans also form aluminate hydrates, C–A–S–H, that have increased capacity 

to bind Cl (Neville, 1995; Dhir et al., 1997). Cl binding capacity improves mainly due to 

the formation of Friedel’s salt (3CaO·Al2O3·CaCl2·10H2O) (Tang and Nilsson, 1993; Shi 

et al., 2012).  
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Numerous studies conducted in the laboratory or the field found that the resistance of 

concrete against Cl ingress was substantially enhanced when PC was partially replaced 

with pozzolans such as fly ash and silica fume at appropriate replacement levels. A field 

study was conducted by Moffatt and Thomas (2018) by investigating concrete samples 

containing pozzolans, either fly ash or silica fume, and exposed to a harsh marine 

environment for 25 years. They found that the use of pozzolans is an effective way to 

improve the resistance of concrete to Cl ingress. Ozyildirim and Halstead (1988), Dhir et 

al. (1997), Tadayon et al. (2016) also reported higher Cl ingress resistance in terms of 

either charge passed, electrical resistivity or Cl penetration depth of concrete containing 

industrial by-products. Hijazin et al. (2012) tested a pumicite–volcanic glass, a natural 

pozzolans, at various incorporation levels up to 39% and reported that Cl ingress 

decreased with an increase in natural pozzolan content. Hooton et al. (1997) found that 

the chloride penetration resistance of concrete substantially increased when 12% highly-

reactive metakaolin was used in the concrete. They found that the use of 12% metakaolin 

was more efficient than reducing the w/cm ratio from 0.40 to 0.30 in terms of improving 

the chloride penetration resistance. On the other hand, a limited number of data exist to 

understand the performance of ground glasses. Concrete containing ground glass also 

showed reduced Cl ingress as compared to concretes containing 100% PC or PC with fly 

ash at similar replacement levels (Jain and Neithalath, 2010).  
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2.2.2 Alkali-Silica Reaction (ASR) 

The chemical reaction between reactive silica minerals present in aggregates and alkalis 

(Na+ and K+) in the pore solution causing detrimental expansion and cracking of concrete 

is defined as the alkali-silica reaction (ASR). PC is the main source of alkalis in concrete; 

however, other concrete components such as pozzolans, aggregates and chemical 

admixtures, and external sources including de-icing chemicals and sea water can also 

supply alkalis for ASR (Thomas, 2013). Alkalis react with reactive or amorphous silica to 

form a hygroscopic alkali-silica gel in concrete. This gel absorbs moisture from the 

vicinity, mainly from the pore solution, and expands many folds exerting pressure on the 

surrounding cementitious matrix. Deleterious ASR is evident as popouts from the surface 

of concrete near to reactive aggregate particles, extruded gel and/or map cracking on the 

concrete surface. Schematics demonstrating the mechanism of ASR causing expansion in 

concrete are shown in Fig. 2.3. 

 

2.2.2.1      Evaluation Test Methods 

There are a few test methods available to determine the efficacy of pozzolans in mitigating 

ASR or susceptibility of aggregates or a combination of both. In ASTM C441, pozzolans 

are tested in binary blends with PC in mortar prisms to evaluate their potential in 

alleviating the expansion due to ASR. Prisms with dimensions of 25.4 mm x 25.4 mm x 

254.0 mm are prepared with mortar containing a highly-reactive fine aggregate, 

borosilicate glass. Subsequently, the prisms are vertically stored over water in sealed 
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containers at 38 °C, and their length change is monitored periodically using a length 

comparator. In the accelerated mortar bar test or AMBT (ASTM C1567), prisms with the 

same dimensions containing PC and pozzolan with a fine or crushed coarse aggregate are 

stored in a 1M NaOH solution at a very high temperature of 80 °C. This test allows the 

detection of the potential harmful ASR of the combination of blended binder and 

aggregate within 16 days due to a very aggressive exposure condition facilitating a 

conducive environment for ASR to occur rapidly. Alternatively, concrete specimens 

maybe prepared with PC plus pozzolan and aggregate or a combination of aggregates and 

tested in the concrete prism test (CPT), ASTM C1293. Specimens are stored over water 

in sealed containers at 38 °C for a prolonged duration of 2 years while measuring length 

regularly. This test can be used to determine the potential reactivity of an aggregate (1-

year test) and the effectiveness of a pozzolan for controlling deleterious reactions with 

that aggregate (2-year test). 

 

2.2.2.2      Benefits of Pozzolans 

Binder materials such as PC and pozzolans contain low contents of alkali oxides (Na2O 

and K2O) but these are the main source of alkalis in concrete for ASR. The soluble alkali 

oxides of the binders dissolve and a portion remains in the form of Na+ and K+ 

accompanied by OH– (and other ions) in the pore solution of the hydrating cementitious 

matrix. It is well understood that the partial replacement of PC with either fly ash or silica 

fume in adequate proportions notably helps in suppressing ASR due to the binding of 
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alkali, which reduces the availability of alkalis to the pore solution and, hence, reduces 

ASR.  

  

 

The use of pozzolans contributes to decreasing the total alkali equivalent (Na2Oe = Na2O 

+ 0.658 x K2O) of binders including PC and pozzolans by diluting the system and 

(Thomas, 2013) 

 

Figure 2. 3: Schematics of mechanism of alkali-silica reaction 
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consuming alkalis in the pozzolanic reaction. The C–S–H gel produced by the pozzolanic 

reaction has a lower Ca/Si ratio than C–S–H in PC and this increases the alkali-binding 

capacity of the C–S–H gel. Furthermore, the inclusion of alumina in the C–S–H gel leads 

to the formation of C–A–S–H gel, which has a reduced Ca/Si ratio and shows improved 

alkalis binding capacity than the C–S–H gel (Chappex and Scrivener, 2012). The binding 

of alkalis by the hydrates is substantially influenced by the type and composition of the 

pozzolan. Pozzolans possessing high reactivity such as silica fume substantially reduce 

the Ca/Si ratio of C–S–H and increase the uptake of alkalis as compared to medium 

reactive pozzolans such as fly ash (Stade, 1989; Hong and Glasser, 1999). Consequently, 

the concentration of alkalis available in the pore solution to participate in ASR decline.  

 

Several studies reported that the use of fly ash or silica fume in binary or ternary mixtures 

is an effective way to mitigating ASR (Thomas, 1996; Thomas and Bleszynski, 2001; 

Shehata and Thomas, 2002). Stanton (1950) showed that the use of natural pozzolans is 

effective in controlling ASR, but that the level of pozzolan required to prevent deleterious 

ASR expansion is highly dependent on the reactivity of the pozzolan. Ramasamy et al. 

(2014) measured expansions of specimens containing a binary blend of PC and ultrafine 

pumice after storing in a 1M NaOH solution at 80 °C. They found that specimens with 

ultrafine pumice expanded significantly less than that containing 100% PC. A study 

conducted by Seraj et al., (2014) by investigating a wide range of natural pozzolans such 

as pumice, perlite, calcined clay and zeolite for the mitigation of ASR. The results 
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demonstrate that these pozzolans have the potential to inhibit ASR when they are used in 

adequate dosages.  

 

Furthermore, there are limited results exist to understand the performance of ground glass 

pozzolans to reduce expansion due to ASR. These materials also help in mitigating 

deteriorating ASR; however, the extent which the reaction is suppressed to is highly 

dependent on the alkali content of ground glass. Schwarz et al. (2008) compared 

expansions of mortars containing either fly ash (0.96% Na2Oe) or high-alkali ground glass 

(13.7% Na2Oe) in AMBT. The results indicated that ground glass reduced expansion at 

higher replacement levels but was less effective compared to fly ash used at the same 

replacement levels. 20% ground glass reduced expansion as compared to the control mix, 

however, the mortar containing the glass had a potentially deleterious expansion of 

~0.15% at 14 days. Ternary blends with ground glass and fly ash at various replacement 

levels of each while maintaining a PC replacement level of 20% were very effective in 

ameliorating the ASR mitigation since the specimens attained innocuous expansions of 

<0.10% at 14 days. The reduction in expansion could be attributed to alkalis binding in 

the C–S–H gel with a lower Ca/Si ratio. Rashidian-Dezfouli and Rangaraju (2018) bolster 

this argument for ground glasses as they found a reduced 1.76 Ca/Si ratio in specimens 

with ground glass at a 30% incorporation level as compared to 2.56 for the control mixture, 

100% PC. 
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2.2.2.3      Effect of CaO Content of Pozzolans 

The chemical and mineral compositions of pozzolans play an essential role in inhibiting 

ASR. Pozzolans rich in calcium (CaO) tend to become less efficacious in mitigating ASR. 

High-calcium pozzolans (e.g., calcareous or Class C fly ashes) may not prevent 

deleterious expansion at the same replacement levels that low-calcium pozzolans (e.g., 

siliceous or Class F fly ashes) do. High-calcium fly ashes form C–S–H with higher Ca/Si 

ratios than low-calcium fly ashes because of their high Ca content; consequently, the 

alkali-encapsulating ability of C–S–H is substantially limited or suppressed (US DOT, 

2008).  

 

2.2.2.4      Effect of Al2O3 Content of Pozzolans 

The alumina (Al2O3) content of pozzolans also has an influence on the alkali-binding 

capacity of the hydrates produced by pozzolans. Hong and Glasser (2002) reported that 

alumina present in pozzolans is encapsulated in C–S–H to form C–A–S–H resulting in 

increased alkali-binding capacity. The C–A–S–H gel has a lower Ca/Si ratio as compared 

to the C–S–H gel. The lower the Ca/Si ratio of hydrates, the higher the alkalis binding 

capacity and the lower risk of expansion due to ASR. Chappex and Scrivener (2012) 

argued that ASR in high-alumina systems is mitigated due to the retardation of the reactive 

silica dissolution in the aggregate rather than the alkali binding capacity of C–S–H. 
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2.2.3 Sulphate Attack  

Concrete is prone to sulphate attack when either external sources such as soil and 

groundwater or internal sources such as PC, pozzolan and aggregate supply sulphate ions 

for detrimental reactions (Brown, 2018). Sulphate attack on concrete has demonstrated 

harmful durability implications. Sulphate-attacked concrete manifests either cracking, 

expansion, mass loss, reduction in strength, surface scaling, disintegration of C–S–H, etc. 

(Thomas and Skany, 2006). External sulphate attack is emphasized in this section; 

nevertheless, it should be noted that there are various forms of sulphate attack on concrete.   

 

2.2.3.1      Reaction Mechanism 

During PC hydration in concrete, the tricalcium aluminate component of PC (3CaO.Al2O3 

or C3A) reacts with gypsum (CaSO4.2H2O) and water (H2O) to form calcium 

sulfoaluminate or ettringite (3CaO.Al2O3.3CaSO4.32H2O). Once gypsum is depleted, 

unreacted C3A reacts with ettringite in the presence of water to form calcium 

monosulfoaluminate (3CaO.Al2O3.CaSO4.12H2O). All these reactions typically occur 

within the first 24 h of PC hydration. When concrete is exposed to an external sulphate 

source during its service life, sulphate penetrates the concrete due to the presence of an 

interconnected pore structure. The mechanism of sulphate attack by sodium sulphate 

(Na2SO4) are presented in Eq 2.8 through Eq 2.10. Penetrated sodium sulphate first reacts 

with calcium hydroxide (Ca(OH)2) to form gypsum and sodium hydroxide (NaOH) (see 

Eq 2.8); the gypsum subsequently reacts with calcium monosulfoalumiate in the presence 
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of water to produce ettringite (as shown in Eq 2.9). Furthermore, tri-calcium aluminate 

hydrate (3CaO.Al2O3.6H2O) is directly attacked by sodium sulphate to form ettringite and 

other products (Eq 2.10) (Thomas and Skany, 2006). The alteration of calcium 

monosulfoaluminate to ettringite due to sulphate attack results in a 130% solid volume 

increase (Lea, 1998). It is impossible to accommodate such additional volume in hardened 

concrete, which eventually undergoes severe expansions leading to structural integrity and 

durability concerns.  

 

Ca(OH)2 + Na2SO4.10H2O → CaSO4.2H2O + 2NaOH + 8H2O   (2.8) 

 

3CaO.Al2O3.CaSO4.12H2O + 2(CaSO4.2H2O) + 16H2O →               (2.9) 

3CaO.Al2O3.3CaSO4.32H2O 

 

2(3CaO.Al2O3.6H2O) + 3(Na2SO4.10H2O) →      (2.10) 

3CaO.Al2O3.3CaSO4.32H2O + 2(Al2O3.3H2O) + 6NaOH + 5H2O 

 

 

2.2.3.2       Investigation Methods 

Sulphate resistance of PC is determined by introducing additional gypsum such that the 

mixture has a sulfur trioxide (SO3) content of 7.0 wt% as per ASTM C452-15: Standard 

Test Method for Potential Expansion of Portland-Cement Mortars Exposed to Sulfate. 

This test method is not applicable for blended cements or combinations of PC and SCM. 
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In this test, 25.4 mm x 25.4 mm x 254.0 mm mortar bars are prepared and stored in water 

at 23 °C, and length change is measured. Blended PCs are tested as per ASTM C1012: 

Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a 

Sulfate Solution. PC and blends of PC with pozzolans are mixed in mortars to prepare 

prisms together with a number of 50.8-mm (2-in.) cubes. The prisms are submerged in a 

50 g/L sodium sulphate solution at 23±2 °C after the cubes attain a compressive strength 

of at least 20±1 MPa, and the strain development is measured periodically using a length 

comparator. ACI 318-08 specifies the expansion limit as 0.10% at the ages of 6, 12 and 

18 months for exposure classes S1: Moderate, S2: Severe and S3: Very severe, 

respectively. Prisms should also not expand more than 0.05% at 6 months in severe 

exposure class S2. 

 

2.2.3.3        Advantages of Pozzolans 

Industrial by-products (fly ash and silica fume) have often been used in conjunction with 

PC to improve the resistance of either concrete or mortar against sulphate attack (Torii 

and Kawamura, 1994; Lee et al., 2005). The improvement in the performance of pozzolans 

and PC blends can be understood in four ways: (a) Clinker dilution: the incorporation of 

pozzolans decreases the amount of species vulnerable to sulphate attack, tricalcium 

aluminate (C3A), resulting in fewer aluminate hydrates (Bye, 2011), (b) CH consumption: 

pozzolans consume CH in the pozzolanic reaction; consequently, less CH is available to 

react with sulphate (Al-Amoudi, 2002), (c) Alteration of aluminate hydrates: the reactive 
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silica present in pozzolans may react with aluminate hydrates produced by PC to form C–

A–S–H, which possesses improved resistance to sulphate attack (Thomas, 2013), (d) 

Improved impermeability: pozzolans form supplementary hydrates developing a refined 

and more discontinuous pore structure, thus reducing penetration of foreign elements 

(Bijen, 1996; Thomas, 2013). 

 

The sulphate resistance of cementitious materials considerably depends on the type of 

cation (e.g., Na+ and Mg2+) accompanying the sulphate. Lee et al. (2005) investigated the 

sulphate attack in terms of mass loss upon the exposure of specimens to sulphate solutions. 

They found that the replacement of PC with silica fume up to 15% significantly enhanced 

the resistance when the specimens are exposed to a sodium sulphate (Na2SO4) solution, 

but not a magnesium sulphate (MgSO4) solution. Authors Torii and Kawamura (1994) 

supported this argument based on the expansion of mortars prisms stored in the two types 

of sulphate solutions. Moreover, a limited number of experimental studies have shown 

that ground glass pozzolans also demonstrate a positive influence on the sulphate 

resistance of blended systems. Rashidian-Dezfouli and Rangaraju (2018) found that 

mortar bars containing ground glass up to 30% and exposed to a sodium sulphate solution 

expanded ≤0.05% until 2 years. They also found that ground glass is more efficient in 

limiting expansion than fly ash.  
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A high-sulfate resistant concrete can be produced by replacing 15% high-C3A PC with 

high-reactivity metakaolin. A similar sulfate resistance may be achieved at a reduced 

metakaolin incorporation level if the C3A content of PC is lower (Ramlochan and Thomas, 

2000). Rodriguez-Camacho and Uribe-Afif (2002) showed that the blends of PC Type I 

and natural pozzolan in ASTM C1012 performed comparable or better than the sulphate 

resistance PCs (Type II and Type V). Additionally, natural pozzolans such as pumice, 

perlite and zeolite at a 15% PC replacement level substantially minimized expansion by 

expanding <0.1% at ~18 months of exposure to a sodium sulphate solution in ASTM 

C1012 (Seraj et al., 2014). Kaid et al. (2009) on the other found that the replacement of 

PC with natural pozzolan does not have favourable implications on long-term expansion 

when specimens are subjected to a relatively aggressive exposure of magnesium sulphate.  

 

2.2.3.4         Effect of Al2O3 Content of Pozzolans  

Higher Al2O3 content of PC and pozzolan facilitate increased expansion due to sulphate 

attack. Rodriguez-Camacho and Uribe-Afif (2002) tested PC Type I, Type II and Type V 

containing 10.1, 7.8 and 4.9% C3A, respectively, in a sodium sulphate solution. The results 

indicated a significant decrease in long-term expansion with a decrease in C3A content. 

Specimens of Type I PC broke after 15 weeks, whereas Type II and V expanded <0.4 and 

<0.1% after 52 weeks. Analogously, natural pozzolans containing lower Al2O3 

proportions (11.6–14.7%) also showed better performance in reducing expansion than 

those containing higher (>16%). Researchers Ramlochan and Tomas (2000) and Seraj et 
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al. (2014) supported this argument by reporting inadequacies of metakaolin, an Al2O3 rich 

processed pozzolan, in suppressing detrimental expansion due to sulphate attack despite 

its highly pozzolanic nature. The replacement of PC with Al2O3 rich pozzolans 

exacerbates the sulphate resistance predominantly due to the formation of 

monosulfoaluminate instead of ettringite during the early age PC hydration (Tishmack et 

al., 1999).  

 

2.2.3.5         Impact of CaO Content of Pozzolans  

Fly ashes containing higher CaO contents adversely influence the resistance of blended 

systems against sulphate attack. Fly ashes have been studied extensively to understand 

their behaviour in minimizing sulphate attack with varying CaO content. High-calcium 

fly ashes undergo both pozzolanic and hydraulic reactions when blended with PC. 

Therefore, the CH produced from the PC hydration is depleted to a lesser extent as 

compared to low-calcium fly ashes. Eventually, the amount of CH, which plays a 

substantial role in sulphate attack, increases in high-calcium fly ash-PC blends compared 

with low-calcium fly ash-PC blends (Thomas, 2013). Specimens containing binary blends 

of PC Type I and fly ashes containing different CaO contents demonstrated very different 

expansions. Fly ashes with 2.4 and 18.2% CaO developed expansions of ~0.05 and 0.20% 

at 2 years, whereas a third fly ash with 26.1% CaO performed very poorly and broke into 

pieces after 6 months of exposure under a sodium sulphate (Thomas, 2013). Moreover, 

Tishmack et al. (1999) investigated pastes containing 75% PC and 25% high-calcium fly 
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ash using differential thermal calorimetry and X-ray diffraction analytical techniques and 

found that the inclusion of high-calcium fly ash resulted in a decreased amount of 

ettringite and an increased amount of mono-sulphate as hydration products compared to 

the 100% PC mixture. Researchers showed that the water permeability of concretes 

containing high volumes (50 and 70%) of high-calcium fly ash worsened as compared to 

that of the control concrete (Tarun et al., 1994).  Consequently, the increased permeability 

and amounts of CH and mono-sulphate make concrete and mortar produced with high-

calcium fly ash highly vulnerable to deleterious sulphate attack. It has also been proposed 

that the calcium-aluminate glass that is available in Class C (high-CaO) fly ash may be 

vulnerable to sulfate attack and increase the potential for ettringite formation (Thomas, 

2013).  
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Chapter III                                                                                           

Materials and Experimental Investigations                                                                                                          

 

This chapter provides information on the materials used and experimental protocols 

followed to conduct this research. It is segmented into four sections where the first section 

presents the materials used in this study. The two subsequent sections describe the two 

existing and the newly developed modified reactivity tests. The performance tests focused 

on durability property investigations are presented in the final section.   

 

3.1      Materials  

The chemical and physical properties of materials used including cementing materials, 

chemical compounds and aggregates are found in the following sub-sections.  

 

3.1.1     Cementing Materials  

In total, thirty-eight cementing materials including three portland cements (PC-A through 

PC-C), eight ground glasses (G-A through G-H), four fly ashes (FA-A through FA-D), 

and one blend of 60% fly ash with 20% lassenite and 20% limestone (FAB), one bottom 

ash (BA), one processed (finely-ground) bottom ash (PBA), two slags (SG-A and SG-B), 

eight pumices (PM-A through PM-H), one perlite (PR), one volcanic ash (VA), two silica 

fumes (SF-A and SF-B), five metakaolins (MK-A through MK-E) and one lassenite (LSN) 

were used in this study. In addition, three finely ground “inert” materials were tested 
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including two sources of limestone (LMS-A and LMS-B) and a single source of ground 

quartz (GQ). The chemical and physical properties of all materials are presented in Table 

3.1. The clinker composition of portland cements calculated using the Bogue calculation 

are given in Table 3.2. The particle size distribution of BA is shown in Fig. 3.1. The X-

ray diffraction (XRD) patterns and scanning electron micrographs of powder materials are 

shown in Appendix A. Powder materials were spread on a double-sided tape and carbon 

coated to generate micrographs using a scanning electron microscope (SEM) operating 

in secondary electron mode. A Bruker D8 Advance spectrometer with a 2.2 kW Cu X-ray 

source was used to generate X-ray diffractograms. Powder samples were scanned at an 

angular rate of 0.02°/s in the range of 5–80°. 

 

Table 3. 1: Chemical composition (wt%) and physical properties of materials 

  SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 Na2Oe LOIa SGb 

Portland Cements 

PC-A 20.1 5.3 2.3 63.6 2.8 2.9 - 0.60 1.8 3.15 

PC-B 18.7 5.8 2.7 61.3 2.7 4.0 - 0.92 2.3 3.15 

PC-C 19.7 5.5 2.2 63.6 1.4 3.8 - 0.97 2.3 3.13 

Ground Glasses 

G-A 50–80 1–10 <0.1 5–15 <1.5 - <0.1 1–15 <1 2.5 

G-B >99.7 - - - - - - <0.1 <0.8 2.2 

G-C 72.7 1.6 0.4 11.1 1.2 0.1 0.1 13.2 - 2.5 

G-D 71.4 1.6 0.3 10.3 1.4 0.1 <0.1 13.2 0.2 2.5 

G-E 53.6 13.7 0.4 21.9 1.1 - 0.1 0.9 0.6 2.6 

G-F 71.5 1.3 <0.1 10.1 1.4 0.2 <0.1 13.1 0.2 2.5 

G-G 71.0 0.8 0.3 9.4 3.1 0.1 <0.1 13.3 1.1 2.5 

G-H 71.4 1.6 0.3 10.3 1.4 0.1 <0.1 13.2 0.2 2.5 

Coal Ashes 
FA-A 58.7 25.7 3.7 9.0 1.1 0.1 - 2.2 0.7 2.1 

FA-B 58.3 24.9 3.7 10 1.1 0.2 - 2.0 0.6 2.0 
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 SiO2 Al2O3 Fe2O3 CaO MgO SO3 TiO2 Na2Oe LOIa SGb 

FA-C 35.6 17.9 5.8 27.4 6.8 1.6 1.4 1.6 0 2.6 

FA-D 55.6 20.1 5.7 4.4 - 1.7 - 1.6 - 2.5 

FAB 66.4 14.3 5.4 1.7 0.8 1.0 0.6 2.8 5.7 2.4 

BA 54.4 20.9 6.8 11.1 1.6 0.5 1.3 0.9 1.5    1.8 

PBA 52.0 19.4 9.1 8.8 1.5 0.4 1.1 0.9 5.9     2.8 

Slag 
SG-A* 25-40 5-15 0.3-2.0 35-50 5-10 0.0 <1 <1 <1 2.9 

SG-B 33.7 13.2 1.3 42.5 4.9 4.1 0.5 0.2 0.7 2.9 

Pumice 

PM-A 75.2 11.4 1.4 0.5 - - - 1.3 3.4 2.3 

PM-B 75.2 11.4 1.4 0.5 - - - 1.3 3.4 2.4 

PM-C 73.0 12.2 1.1 1.0 0.2 <0.1 0.1 5.6 4.8 2.4 

PM-D 72.5 13.2 0.9 1.3 - 0.1 - 1.5 4.1 2.4 

PM-E 71.4 11.2 1.3 1.5 0.6 0.1 - 5.7 5.3 2.4 

PM-F 76.3 12.1 1.7 0.4 - 0 - 1.0 - 2.4 

PM-G 70.6 11.7      1.2 1.7 0.5 <0.1 - 6.0 - 2.4 

PM-H 70.6 11.7 1.2 1.7 0.5 <0.1 - 6.0 - 2.4 

Perlite PR 73.9 12.7 1.1 0.8 0.1 <0.1 <0.1 6.0 3.6 2.4 

Volcanic  

Ash VA 72.3 11.6 1.5 1.8 0.6 <0.1 0.1 6.0 4.7 2.7 

Silica Fumes 
SF-A 94.4 0.2 0.1 0.6 0.3 0.3 - 0.6 2.8 2.2 

SF-B 94.4 0.2 0.1 0.6 0.1 - - 0.4 4.0 2.2 

Metakaolins 

MK-A 52.8 43.7 1.2 0.2 <0.1 - 1.2 0.2 - 2.6 

MK-B 51.7 43.2 0.4 - - - 2.0 - - 2.2 

MK-C 61.8 31.8 1.1 0.4 0.3 <0.1 0.6 1.4 1.1 2.6 

MK-D 56.3 36.5 2.2 0.2 0.6 - 0.3 2.2 - 2.4 

MK-E 51.5 44.1 1.4 0.1 0.2 - 1.9 0.2 0.4 2.6 

Lassenite LSN 64.2 13.7 5.7 1.6 0.8 1.0 0.5 2.7 8.8 2.5 

Limestones 
LMS-A* <4.0 <0.1 <0.1 50-55 <0.1 <0.1 <0.1 <0.1 40-45 2.3 

LMS-B 3.1 0.1 0.1 52.8 1.3 <0.1 <0.1 0.2 42.1     2.3 

Ground Quartz GQ 98.5 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 0.5 2.7 

aloss on ignition, bspecific gravity, *material presented with typical chemical composition (not determined 

using XRF) 
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Table 3. 2: Clinker composition of portland cements 

 Mineral (wt%) 

 C3Sa C2Sb C3Ac C4AFd 

PC-A 68.6 7.9 9.7 6.5 

PC-B 64.6 4.9 10.8 8.2 

PC-C 67.2 6.9 10.1 7.1 

aTricalcium silicate or alite: 3CaO.SiO2; 
bBicalcium silicate or belite: 2CaO.SiO2 

cTricalcium aluminate: 3CaO.Al2O3; 
dTetracalcium alumino-ferrate: 4CaO.Al2O3.Fe2O3 
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Figure 3. 1: Particle size distribution of bottom ash (BA) 
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3.1.2      Chemical Compounds   

Reagent grade sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium chloride 

(NaCl), sodium sulphate (Na2SO4), potassium sulphate (K2SO4), calcium hydroxide or 

portlandite (Ca(OH)2) and calcium carbonate predominantly containing calcite (CaCO3) 

were used. In addition, a high-range water-reducing (HRWR) and a water-reducing 

admixture were used to improve workability of paste, mortar and concrete mixtures 

containing certain finer pozzolans. The purity of portlandite was determined using 

thermogravimetric analysis (TGA) and quantified as 91.8% using the tangential method 

(see Fig. 3.2). 
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Figure 3. 2: Thermogravimetric analysis (TGA) and differential 

thermogravimetry (DTG) results of portlandite 
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3.1.3 Aggregates  

Graded standard sands conforming with ASTM C778: Standard Specification for 

Standard Sand or EN 196-1: Methods of testing cement - Part 1: Determination of strength 

were used to prepare specimens for the pozzolanic reactivity tests. A highly-reactive 

borosilicate glass (Pyrex) aggregate was used to prepare prisms for determining the 

efficacy of pozzolans in mitigating alkali-silica reaction (ASR). Its chemical 

composition and physical properties are found in Table 3.3. The particle size distributions 

of the coarse and fine aggregates used to prepare concrete specimens are shown in Fig. 

3.3 and Fig. 3.4, respectively. Physical properties are also presented in in Table 3.4.  

 

Table 3. 3: Typical chemical and physical properties of Pyrex 

SiO2 80.6% LOIa <0.5% 

B2O3 13.0% MCb <0.5% 

Na2O 4.0% Passing 44 µm 0% 

Al2O3 2.3% SGc 2.23 

aloss on ignition; bmoisture content; cspecific gravity 

Table 3. 4: Physical properties of aggregates 

 Coarse aggregate Fine aggregate 

Specific gravity 2.70 2.63 

Moisture content, % 0.6% 1.9% 

Absorption, % 1.0% 1.1% 

Fineness – 2.5 
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Figure 3. 3: Particle size distribution of fine aggregate 

Figure 3. 4: Particle size distribution of coarse aggregate 
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3.2 Existing Reactivity Tests 

This section describes two existing reactivity test methods: strength activity index test 

(ASTM C311/618) and lime reactivity test (CSA A3004-E1), which were used for the 

evaluation of the reactivity of a broad-range of materials.  

 

3.2.1 Strength Activity Index Test (ASTM C311/618) 

The strength activity index (SAI) test is followed to determine the reactivity of natural 

pozzolans and fly ashes in terms of the relative strength of mortar containing such a 

material with PC to that of mortar with only PC as the binder. The test in accordance with 

ASTM C311: Standard Test Methods for Sampling and Testing Fly Ash or Natural 

Pozzolans for Use in Portland-Cement Concrete uses 100% PC and PC-Pozz blended 

mixtures at a 20% replacement level.  For the control mixture (100% PC), the mortar 

mixture was prepared using one-part PC-A with an equivalent alkali content (Na2Oe) of 

0.60% and 2.75 parts graded standard sand conforming with ASTM C778. The 

performance of test materials was investigated by replacing 20% of the mass of PC-A with 

an equivalent mass of the test material. Before starting mixing, PC-A and the test material 

were shaken for two minutes in a closed container for homogenization. Mortars were 

mixed as per ASTM C305: Standard Practice for Mechanical Mixing of Hydraulic 

Cement Pastes and Mortars of Plastic Consistency guidelines using a planetary mixer. 

The amount of mixing water or w/b ratio in blended systems were determined using the 

flow test to ensure ± 5% flow of the control mixture which was developed with a 0.485 
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w/b ratio. The flow test was performed in accordance with ASTM C1437: Standard Test 

Method for Flow of Hydraulic Cement Mortar. 

 

Six 50-mm mortar cube specimens were prepared for each material in accordance with 

ASTM C109: Standard Test Method for Compressive Strength of Hydraulic Cement 

Mortars. Immediately after casting, specimens were covered and stored over water in a 

closed container at room temperature (23 ± 2 °C) for 22 ± 2 h. Specimens were then 

demoulded and stored in a 0.2% saturated lime (CaO) solution at room temperature until 

ages of 7 and 28 days when three specimens were tested at each age. The compressive 

strength test was conducted in accordance with ASTM C109 at a loading rate of 1 KN/s. 

The SAI was calculated as the ratio of the compressive strength of the mixture containing 

20% test material to that of the control mixture multiplied by 100. The binary mixtures 

should attain a minimum of 75% SAI at either age in order for the test material to meet 

the requirements of a pozzolan in accordance with ASTM C618: Standard Specification 

for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete. 

 

3.2.2 Lime-Reactivity Test (CSA A3004-E1)  

The test described in CSA A3004-E1: Standard practice for the evaluation of alternative 

supplementary cementing materials (ASCMs) for use in concrete is based on the reactivity 

of a material with hydrated lime (portlandite, Ca(OH)2). Hereinafter, Ca(OH)2 is 

designated as CH. It was performed for compressive strength in mortar produced by 
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combining test materials (e.g., pozzolans) with CH. Mortar mixtures were prepared using 

one-part CH and nine parts graded standard sand (conforming with EN 196-1) by mass, 

in addition to an amount of oven-dry test material equal to twice the mass of CH multiplied 

by a factor obtained by dividing the specific gravity of the testing material by that of CH. 

Before adding water, a homogeneous dry mixture of the test material and CH were 

produced by blending vigorously for two minutes in a closed container. The amount of 

mixing water was adjusted for the mortar mixture of each test material such as to produce 

110±5% flow in accordance with ASTM C1437.  

 

Mortars were mixed as per ASTM C305, and three 50-mm cube specimens were prepared 

for each mixture in accordance with ASTM C109. Immediately after casting, specimens 

were covered with non-reactive (steel) plates and stored over water in closed containers 

at room temperature (23 ± 2 °C) for 22 ± 2 h. The containers were then placed in an oven 

at 55.0 ± 0.5 °C for six days after which they were removed from the oven and allowed to 

cool at room temperature for 4 ± 0.25 h. Specimens were subsequently demoulded and 

tested for compressive strength at 7 days in accordance with ASTM C109 at a loading rate 

of 150 N/sec. Specimens of a test material should attain a minimum compressive strength 

of 5.5 MPa for that test material to be designated “pozzolanically reactive with CH.”  
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3.3 Development of the Modified Reactivity Test  

The modified reactivity test method was developed by conducting the compressive 

strength test on mortar cubes, and the bound water test and TGA on paste specimens of 

various mixture combinations consisting of different mixing solutions, proportions of 

pozzolan, CH and calcite (CC), and cured in different curing solutions at different 

temperatures.  

 

3.3.1 Thermogravimetric Analysis (TGA)  

TGA was performed for the determination of optimum calcium hydroxide-to-pozzolan 

(CH/Pozz) ratio by testing various CH/Pozz ratios in Pozz-CH systems containing 

metakaolin (MK-E), a highly reactive pozzolan. The mixture designs are presented in 

Table 3.5. At a later stage during the course of this research, paste specimens containing 

metakaolin (MK-E), ground glass (G-E) and fly ash (FA-A) were also investigated using 

TGA to ensure that the selected CH/Pozz ratio was suitable for a range of pozzolans. 

 

Pozzolan and CH were premixed together for two minutes to achieve a homogeneous dry 

mixture. A sample was prepared at a 1.40 w/b ratio [binder, b = Pozz + CH (+ CC, if 

used)] and others at a 0.65 w/b ratio with additions of an HRWR in dosages developing 

workable paste mixtures that can be produced homogenously. The dosages of HRWR are 

presented as ml per 100g of binder (ml/100g b). Pastes were mixed using a high-shear 

kitchen blender for four minutes. Cylindrical specimens were cast in sealed plastic 
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containers (25.4-mm by 50.8-mm) and placed at room temperature (23 ± 2 °C) for 22 ± 2 

h; during this period, they were rotated end-over-end at 2 rpm to avoid segregation. They 

were then stored in an oven at 50.0 ± 0.5 °C for 6 days. Following 7 days, specimens were 

crushed into small fragments of approximately 10 mg in mass and subsequently heated 

from room temperature to 950 °C at a ramping rate of 10 °C/min in a nitrogen environment 

using a TGA Q50 V20.13 Build 39 instrument. 

 

Table 3. 5: Mixture designs for optimum CH/Pozz ratio using TGA 

Pastes 

CH/Pozz ratio 1/2 1/2 1/1.5 1/1 1.5/1 

HRWR (ml) - 2.3 2.1 1.8 1.6 

w/b ratio 1.40 0.65 0.65 0.65 0.65 

 

3.3.2 Compressive Strength   

Pozzolan and CH (and CC, if used) were first homogenized in a closed vessel for two 

minutes before adding the mixing solution and then mixed in accordance with ASTM 

C305. MK-E, which is a very fine pozzolan, did not render mortar mixtures possessing 

adequate consistency at a w/b ratio of 0.65 w/b; therefore, a HRWR was used. Mortar 

cubes (50 x 50 x 50 mm) were cast in accordance with ASTM C109 after which they were 

covered with non-reactive (steel) plates and stored over water in closed containers at room 

temperature (23 ± 2 °C) for 24 ± 2 h. The containers were then placed in an oven at 40.0 

± 0.5 or 50.0 ± 0.5 °C for 48 ± 2 h after which they were demoulded at the age of 3 days 

and placed in distilled water or 0.6 M OH– solution at 40.0 ± 0.5 or 50.0 ± 0.5 °C until 7 
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and 14 days. Containers were then removed from the oven and allowed to cool at room 

temperature for 2 ± 0.25 h. Specimens were tested for compressive strength in accordance 

with ASTM C109 at a loading rate of 150 N/s.  

 

Pozz-CH blends at a constant 0.65 w/b ratio were tested for compressive strength at 7 days 

for the determination of the optimum CH/Pozz ratio using G-G, FA-A and MK-E. Graded 

standard sand complying with EN 196-1 was used to prepare mortar cubes. The mixture 

designs are presented in Table 3.6. Mortar cubes were cured at 50 °C. Furthermore, four 

mix designs were screened either by replacing a small portion of binder with CC or 

introducing either alkaline or sulphate solution. These mortar mixture designs are 

presented in Table 3.7. The influences of changes in the binder and mixing solution 

composition were investigated by testing the control mixture (CTRL) with pozzolan, CH 

and distilled water, AlkS mixture containing a 0.6 M OH– with a KOH/NaOH ratio of 3 

in place of distilled water,  AlkS-Cal mixture with CC at a calcite-to-binder (CC/b) mass 

ratio of 1/15 and the 0.6 M OH– solution, and finally Alk-SulS-Cal comprising with a 0.3 

M K+ solution at a K2SO4/KOH of 5 developed by Avet et al., (2016) and calcite at the 

1/15 CC/b ratio. Specimens of MK-E, G-E, G-G, FA-A, PM-F and VA were tested for 7- 

and 14-day compressive strengths after curing under distilled water at 50 °C. The HRWR 

at a dose of 1.7 ml/100g b was mixed with MK-E mortars.  
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Table 3. 6: Mixture designs for optimum CH/Pozz ratio for compressive strength 

Mortars 

CH/Pozz 1/2 1/1.5 1/1 1.5/1 2/1 

w/b 0.65 0.65 0.65 0.65 0.65 

sand/binder 2.5 2.5 2.5 2.5 2.5 

HRWR (ml) 1.8 1.7 1.5 1.4 1.3 

(Note: HRWR with only metakaolin mortars) 

 

Table 3. 7: Mixture designs for optimization of binder and mixing solution composition 

Mix ID 

Binder  Mixing solution  Sand  

CH/Pozz CC/b 
 

w/b Solution 
 

sand/binder 

CTRL 1/1.5 –  0.65 Distilled water  2.5 

AlkS 1/1.5 – 
 

0.65 
0.6 M OH– 

(KOH/NaOH = 3) 

 
2.5 

AlkS-Cal 1/1.5 1/15 
 

0.65 
0.6 M OH– 

(KOH/NaOH = 3) 

 
2.5 

Alk-SulS-

Cal 
1/1.5 1/15 

 
0.65 

0.3 M K+ 

(K2SO4/KOH = 5) 

 
2.5 

 

Furthermore, selected mixture designs were tested by replicating the typical pore solution 

of hydrating PC-Pozz blends as the host solution or curing solution for the exposure period 

to prevent leaching, if any, of prevalent ions (Na+, K+ and OH–) from the mortar specimens 

during the test. The concentration of the curing solution was selected as 0.6 M OH– 

(KOH/NaOH = 3 by mass) based on the average concentration of the pore solution of 
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hydrating blended PC reported by Canham et al., (1987). Finally, the curing temperature 

was optimized by curing specimens at a lower temperature of 40 °C in addition to 50 °C.  

 

3.3.3 Bound Water 

Pozzolan, CH, CC and mixing solution were first separately stored at 40.0 ± 0.5 or 50.0 ± 

0.5 °C for 23 ±1 h prior to mixing. The four mixture designs studied are presented in Table 

3.7. Specimens were prepared with a w/b ratio of 1.2 instead of 0.65. This test was 

conducted in accordance with the protocol developed by Avet et al., (2016). Pastes were 

mixed in a 100 ml cylinder using a small mechanical mixer. Two specimens of 

approximately 15 g in mass for each pozzolan were prepared in airtight containers and 

placed at in an oven at 40.0 ± 0.5 or 50.0 ± 0.5 °C. At the age of 7 days, the specimens 

were removed from the containers and placed in crucibles in the oven at 40.0 ± 1.0 or 

105.0 ± 2.0 °C. Specimens were dried in the oven until the mass change in one day was 

less than 0.5% as per ASTM C642: Standard Test Method for Density, Absorption, and 

Voids in Hardened Concrete. After drying, the specimens were heated to 350.0 ± 3.0 °C 

for 2 hours in a furnace. The ignition temperature of 400 °C as suggested by the previous 

study (Avet et al., 2016) was not preferred because the differential thermogravimetric 

(DTG) results of paste specimens (see Fig. 4.3 presented in next chapter) demonstrated a 

commencement of mass loss around this temperature due to the decomposition of CH. 

Specimens were cooled in a desiccator before taking mass measurements during the 

drying process and after heating to 350°C. Bound water was calculated using Eq 3.1.  
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                    𝐵𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟 (%) =
𝑊40/105°𝐶−𝑊350°𝐶

𝑊40/105°𝐶−𝑊𝐶
 𝑋 100                       (3.1)       

 

Where, Wc is the mass of the crucible, W40/105 °C, is the mass of the specimen and crucible 

after drying at 40 or 105°C, and W350 °C is the mass of the specimen and crucible after 

heating to 350°C. 

 

3.4 Performance Tests 

The second part of this research was to investigate various mechanical and durability 

properties considering compressive strength, electrical properties and chloride 

permeability and chloride migration coefficient in concrete and expansions due to sulphate 

attack and alkali-silica reaction (ASR) in mortar containing binary and/or ternary blends 

of PC and various pozzolans. Materials, mixture designs and test procedures are described 

in the following sections. 

 

3.4.1 Materials  

A wide-range of 16 pozzolans representing industrial by-products, natural pozzolans and 

ground glasses were selected for investigations. Five pumices (PM-A through PM-E), one 

perlite (PR), one lassenite (LSN), one bottom ash (BA), one processed bottom ash (PBA), 

one metakaolin (MK-E), two ground glasses (G-E and G-G), two fly ashes (FA-C and FA-

D), one silica fume (SF-B) and a blend of fly ash, limestone and lassenite (60/20/20) 
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(FAB) were used. G-E is a low-alkali ground glass, whereas G-G is a high-alkali glass. 

FA-D is a siliceous low calcium (Class F) fly ash, and FA-C is a calcareous high calcium 

(Class C) fly ash. Additionally, limestone (LMS-B) and ground quartz (GQ) were tested 

as inert materials. Two types of PC (PC-B and PC-C) were used. In total, eighteen 

materials were used for the partial replacement of PC. The chemical compositions and 

physical properties of the materials used can be found in Section 3.1. These materials were 

also tested using the newly developed reactivity test method for compressive strength in 

mortars. 

 

3.4.2 Concrete Mixtures  

Twenty concrete mixture designs were developed by considering a control mixture with 

100% PC-C and 19 binary blended mixtures at 8, 15, 20 or 25 wt% PC replacement level 

depending on the type of pozzolan/inert material. All mixture designs are presented in 

Table 3.8. A total cementitious materials (PC-C+ replacing material (pozzolan/inert 

material)) content of 400 kg/m3 and a 0.45 water-to-cementing materials (w/cm) ratio 

were selected for all concrete mixtures. PC-C was replaced with SF-B, MK-E and LSN at 

8, 15 and 20 wt% replacement levels, respectively; other pozzolans, inert materials and 

MK-E were incorporated at a 25 wt% replacement level. The proportions of water-reducer 

and HRWR for each concrete mixture were corresponding to a concrete slump of 125±25 

mm. Note that all mixtures were designed for an air content of 2% by volume.  
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Table 3. 8: Concrete mixture design (kg/m3) 

S. No. 
Replacing 

material 
RLa PC-C 

Replacing 

material 
Water 

Coarse 

aggregate 
Fine 

aggregate 
WRb 

(ml/kg) 
HRWRc 

(ml/kg) 

1 CTRL 0% 400 0 177.7 996 799.9 3.0 3.5 

2 G-E 

25% 

300 100 177.8 996 782.7 3.0 4.1 

3 G-G 300 100 177.9 996 776.9 3.0 1.1 

4 FA-C 300 100 177.8 996 784.2 0.0 0.0 

5 FA-D 300 100 177.9 996 777.3 0.0 0.0 

6 BA 300 100 178.1 996 740.6 3.0 3.8 

7 PBA 300 100 177.8 996 788.6 3.0 6.3 

8 FAB 300 100 177.9 996 772.3 0.0 0.0 

9 PM-A 300 100 177.9 996 769.4 3.0 2.5 

10 PM-B 300 100 177.9 996 774.6 3.0 1.5 

11 PM-C 300 100 177.9 996 772.3 3.0 1.5 

12 PM-D 300 100 177.9 996 774.2 3.0 6.3 

13 PM-E 300 100 177.9 996 772.8 3.0 3.8 

14 PR 300 100 177.9 996 771.8 3.0 1.4 

15 MK-E 300 100 177.8 996 782.7 3.0 16.7 

16 LMS-B 300 100 177.9 996 770.4 3.0 1.5 

17 GQ 300 100 177.8 996 786.5 3.0 4.1 

18 LSN 20% 320 80 177.8 996 783.2 3.0 12.5 

19 MK-E 15% 340 60 177.8 996 789.6 3.0 8.8 

20 SF-B 8% 368 32 177.8 996 788.6 3.0 6.2 

aReplacement level, bwater-reducer, chigh-range water-reducer 

Note: WR and HRWR are given for 1 kg of PC-C + replacing material 
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3.4.2.1       Concrete Specimen Preparation 

Concrete mixtures were produced using a 30L capacity horizontal mechanical pan mixer. 

Dry materials (aggregates and cementitious materials) were loaded in the mixer and then 

mixed for three minutes after which approx. 90% of water was added gradually over 30 

seconds while the mixer was running. At 4.5 minutes, the remaining water was added, and 

the materials were then continuously mixed for an additional 60 seconds. Subsequently, a 

slump test was performed on the freshly mixed concrete in accordance with ASTM C143: 

Standard Test Method for Slump of Hydraulic-Cement Concrete. If the slump was not in 

the range of 125 ± 25-mm, then the concrete mixture was further mixed for one minute 

with the addition of a water-reducer (and HRWR, depending on the requirement) to attain 

the target slump.  

 

Nine cylinders (100-mm diameter and 200-mm length) were cast as per ASTM C192: 

Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory in 

two layers with each layer rodded 25 times with a 10-mm diameter steel rod. Cylinders 

were capped after casting and stored under wet burlap and a plastic sheet to prevent 

moisture loss. Cylinders were demoulded following 24 hours of curing and subsequently 

cured in a moist room (100% RH) at 21 ± 1 °C until the date of testing.   
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3.4.3 Electrical Resistivity 

Concrete specimens at ages of 7, 28 and 91 days were tested for bulk and surface electrical 

resistivity using non-destructive techniques. Two 100-mm by 200-mm cylinders from 

each mixture at each age were first end-ground using a mechanical grinder to obtain 

parallel surfaces on both ends. A bulk electrical resistivity meter was used to measure bulk 

electrical resistivity as illustrated in Fig. 3.5. The device was set at 1 kHz frequency and 

measured the impedance (Ω) of specimens in saturated surface dry (SSD) condition. The 

impedance values were multiplied by the ratio of the cross-section area to the length of 

the specimens to determine the bulk electrical resistivity values (kΩ.cm). Afterwards, the 

same cylinders in SSD condition were used to measure surface electrical resistivity using 

a Wenner-type, 4-point probe. The cylinders were placed on an electrically non-

conductive specimen holder to avoid possibilities of current passing through the surface 

underneath the specimens during the test as shown in Fig. 3.6. Each cylinder was 

measured at positions 90° apart on the peripheral surface, and the arithmetic average of 

four observations was calculated. The values obtained from the Wenner probe were 

multiplies by a conversion factor (k = 1/1.95) obtained using Eq 3.2 and Eq 3.3 to get the 

surface electrical resistivity values (kΩ.cm) for 100-mm by 200-mm cylinders (Morris et 

al., 1996). Both bulk and surface electrical resistivity tests were conducted at room 

temperature (23 ± 2 °C). 

 

                        k =  
𝛾

𝛾𝑎
                                    (3.2) 
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       𝛾 =  
2𝜋

(1.10 – 
0.73

(𝑑 𝑎⁄ )
 + 

7.82

(𝑑 𝑎)⁄ 2)
                     (3.3) 

Where   k = correction factor 

𝛾 = geometry factor for the apparatus and the cylinder 

𝛾a = built-in geometry factor for the device (= 2π) 

a = electrode spacing (=38-mm) 

d = diameter of the cylinder (= 100-mm) 
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Figure 3. 5: Bulk electrical resistivity meter 

Figure 3. 6: Surface electrical resistivity meter 
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3.4.4 Bulk Electrical Conductivity (ASTM C1760) 

Subsequently, the same cylinders were tested for bulk electrical conductivity in 

accordance with ASTM C1760: Standard Test Method for Bulk Electrical Conductivity of 

Hardened Concrete. Special care was taken to keep the ends and circumferential surface 

of the specimens saturated as three tests were conducted consecutively. The cylinders 

were longitudinally installed between two cells (see in Fig. 3.7). Both anode (+) and 

cathode (–) cells were filled with a 3 wt% NaCl solution; each cell contains a stainless-

steel electrode. A potential difference of 60 V DC was applied between the electrode of 

the cells, and the current transmitted through the specimen at 1 min was recorded. The 

NaCl solution was stored at room temperature (23 ± 2 °C), and the experiment was 

performed at the same temperature. The bulk electrical conductivity values (mS/m) were 

determined using Eq 3.4. 

 

 

                                            σ =
𝐼1

𝑉

4𝐿

𝜋𝐷2                                    (3.4)             

    

where, σ stands for bulk electrical conductivity (mS/m), I1 for current at 1 min (mA), V 

for applied DC voltage (V), L for average length of specimen (m), and D for average 

diameter of specimen (m). 
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3.4.5 Compressive Strength  

The cylinders previously used for electrical property measurements were then used to 

determine compressive strength in accordance with ASTM C39: Standard Test Method 

for Compressive Strength of Cylindrical Concrete Specimens on two cylinders of each 

mixture at each age – 7, 28 and 91 days. The specimens were loaded at a stress rate of 

0.25 MPa/s axially using an automatic compression strength machine, and the maximum 

compressive stresses withstood prior to failure were recorded as the compressive strength 

(MPa).   

 

3.4.6 RCP Test (ASTM C1202) 

This test was performed to determine the electrical conductance of concrete in terms of 

charge passed as a measure of the chloride permeability of concrete at 28, 56 and 91 days 

(+) 60 V 

3% 

NaCl 
3% 

NaCl 

(-) 

Figure 3. 7:  

 

Figure 3. 7: Bulk electrical conductivity test 
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in accordance with ASTM C1202: Standard Test Method for Electrical Indication of 

Concrete’s Ability to Resist Chloride Ion Penetration. Two moist-cured 100-mm by 200-

mm cylinders were sliced into six 50.0 ± 2.0-mm thick disks using a wet diamond saw. 

Two disks in SSD condition at each age were first put in a vacuum desiccator while 

keeping the vacuum pump running for three hours before filling the desiccator with 

distilled water. It was ensured that both end faces of disks were exposed to moisture.  The 

disks were soaked in distilled water in the desiccator for 18 ± 2 h.  

 

 

Specimens were then taken out of the desiccator and surface dried by removing excess 

water with paper towels. They were then sandwiched between two cells using clamping 

bolts; each cell contains a stainless-steel electrode. One cell was filled with a 3 wt% NaCl 

solution and connected to the cathode of the DC power supply source, whereas the other 

60 V 

(-) (+) 

3% 

NaCl 
0.3 N 

NaOH 

Figure 3. 8: RCP test (ASTM C1202) 
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was filled with a 0.3 N NaOH solution and connected to the anode. Fig. 3.8 illustrates a 

schematic and the experimental setup of the test. Subsequently, a potential difference of 

60 V DC was applied between the electrodes and maintained for 6 h between both ends 

of the specimens. The test was run in the laboratory environment at 23 ± 2 °C temperature. 

The charge passed in 6 hours was recorded in Coulombs.  

 

3.4.7 Chloride Migration Coefficient (NT Build 492) 

The non-steady state chloride migration coefficient (Dnssm) of concrete at 91 days was 

determined by testing specimens in accordance with NT Build 492 (nordtest method). The 

specimen preparation, preconditioning and the laboratory conditions were the same as 

described in the RCP test except that the solution used for saturation in the desiccator was 

a 0.2% Ca(OH)2 solution instead of distilled water. Three 50.0 ± 2.0-mm thick disks were 

placed in the RCP cells as shown in Fig. 3.8, the only difference being that the catholyte 

was a 10 wt% NaCl solution. The temperature (T) of the anode solution was measured 

using a thermometer. Initially, a potential difference of 30 V DC was applied, and the 

initial current (I30V) passed through all three specimens was recorded. Based on the I30V 

value, a final potential difference and test duration was selected using Table 3.9 (given in 

NT Build 492). The final potential differences, which was applied, varied in the range of 

10–35 V, whereas, the test durations were the same (24 h) for all concrete mixtures. 
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At the end of the test, disks were taken out from the cells and broken into two sections 

along the diameter using a concrete splitter. The freshly fractured surfaces were sprayed 

with a 0.1M silver nitrate (AgNO3) solution on the split surface. When the white 

precipitation of silver chloride (AgCl) was visible after 15 minutes, the depth of chloride 

AgCl precipitation  

Table 3. 9: Test voltage and duration (NT Build 492) 

Figure 3. 9: Schematic of measurement locations (NT Build 492), left, 

fractured face after spraying 0.1 M AgNO3, right 
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(3.5) 

penetration (xd) was measured using a caliper at seven locations (see Fig. 3.9). The 

chloride migration coefficient Dnssm (m2/s) was determined using Eq 3.5 (NT Build 492). 

 

 

 

3.4.8 Sulphate Resistance (ASTM C1012) 

Mortar mixtures for measuring the sulphate resistance of pozzolans were prepared with 

the same PC-C replacement levels, that were used for concrete mixtures except that MK-

E was only tested at 15% replacement. The mixture designs are found in Table 3.10. The 

control mixture (CTRL) prepared at a 0.485 w/b ratio and one part of PC-C to 2.75 parts 

of graded standard sand confirming ASTM C778, by mass. The w/b ratios of binary blend 

mixtures were corresponding to ±5% flow of the control mixture. For the three pozzolans 

that increased water demand significantly, SF-B, MK-E and LSN, mortars were also 

produced at the same water-to-binder ratio (w/b = 0.485) as the control mortar; a high-

range water reducer was added to these mixtures to make them workable.  
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Mortar mixtures were first produced by mixing ingredients using a planetary mixer in 

accordance with ASTM C305. A portion of the freshly mixed mortar was then placed in 

a truncated cone to determine flow as per ASTM C1437. The water content or w/b ratios 

of binary blends were adjusted to produce mortars having flow of ±5% of the control 

mixture. Three 25-mm square cross-section by 250-mm gauge length prisms fitted with 

gauge studs were cast in two layers with each layer rodded 25 times in accordance with 

ASTM C157: Standard Test Method for Length Change of Hardened Hydraulic-Cement 

Mortar and Concrete (see Fig. 3.10). In addition, six 50-mm cubes were also prepared in 

accordance with ASTM C109. Immediately after casting, they were covered with non-

reactive plates and stored over water on risers in closed containers at 35.0 ± 0.5 °C for 

23.5 ± 0.5 h. Specimens were then demoulded and stored in a 0.2% Ca(OH)2 solution at 

23.0 ± 2.0 °C. Two cubes were tested at 1 day for compressive strength as per ASTM 

C109. If the average compressive strength value was more than 20 MPa, then the initial 

lengths of the prisms were measured using a length comparator. If the strength was <20 

MPa, then the prisms and remaining cubes were further stored in the Ca(OH)2 solution 

until the cubes attained compressive strength in excess of 20 MPa based on daily 

measurements. After the strength was attained, the prisms were placed on risers and 

immersed in a 50 g/L sodium sulphate (Na2SO4) solution in closed containers stored at 23.0 

± 2.0 °C.  
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Table 3. 10: Mixture designs for ASTM C441 and ASTM C1012 

  ASTM C441 ASTM C1012 

S. No. 
Replacing 

material 
RLa (vol%) w/cm RLa  (wt%) w/cm 

1 CTRL – 0.52 – 0.485 

2 G-E 

25% 

0.53 

25% 

0.48 

3 G-G 0.54 0.50 

4 FA-C 0.52 0.48 

5 FA-D 0.50 0.46 

6 BA 0.50 0.46 

7 PBA 0.52 0.47 

8 FAB 0.51 0.46 

9 PM-A 0.57 0.48 

10 PM-B 0.58 0.50 

11 PM-C 0.54 0.48 

12 PM-D 0.55 0.50 

13 PM-E 0.51 0.47 

14 PR 0.56 0.48 

16 LMS-B 0.52 0.49 

17 GQ 0.50 0.48 

19 SF-B 0.69 8% 0.51 

15 MK-E 0.73 15% 0.52 

18 LSN 0.55 20% 0.54 

19 LSN 5% 0.55 NAb 

20 LSN, G-G 5%, 25% 0.55 NAb 

21 LSN, PR 5%, 25% 0.57 NAb 
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22 LSN, PM-C 5%, 25% 0.56 NAb 

23 SF-B NAb 8% 0.485 

24 MK-E NAb 15% 0.485 

25 LSN NAb 20% 0.485 

aReplacement level, bNot applicable 

 (Note: Mixture No. 23, 24 and 25 had 0.5, 0.5 and 0.7 mL/100g binder of HRWR, 

respectively)  

 

 

The length change of prisms was monitored periodically at ages of 1, 2, 3, 4, 8, 13, 15, 18, 

20, 24, 26, and 30 weeks from the date at which they were submerged in the sodium 

sulphate solution. The prisms were measured using the length comparator. The sodium 

sulphate solution was first replaced at 4 weeks and subsequently whenever the prisms 

were measured. A schematic and a photograph of the test are presented in Fig. 3.11. Strain 

or expansion (%) developed in the prisms at each age was determined with respect to their 

length recorded before exposing to the sodium sulphate solution. The prisms will continue 

to be measured with future measurements being scheduled at 9, 12, 15, and 18 months. 

 

250-mm gauge length 

Stud 25-mm  

cross-section 

Figure 3. 10: Schematic of a mortar prism 
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3.4.9 Alkali-Silica Reaction (ASTM C441) 

The control mixture (CTRL) for alkali-silica reaction (ASR) test was produced with 400 

g of PC-B (0.92% Na2Oe) and 900 g of graded Pyrex aggregate at a w/b ratio developing 

110–115 % mortar flow. Pozzolans and inert materials were used at a 25 vol% replacement 

level, and the w/b ratios of the blended mixtures were adjusted to conform with the above 

flow. The mixture designs are presented in Table 3.10. In addition, a binary blend with 5 

a 

50 g/L Na2SO4 

23°C 

b 

Mortar prism 

Water 

38°C 

c d 

Figure 3. 11: (a) Sulphate attack test, (b) Alkali-silica reaction test, (c) Length 

comparator with the reference bar, (d) length comparator with a mortar prism 
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vol% LSN and three ternary blends with 5 vol% LSN and 25 vol% G-G, PM-C or PR 

were also included in the experimental program.  

 

Mortar prisms were prepared for the measurement of the expansion due to ASR. This test 

was conducted as per the procedure described in ASTM C441: Standard Test Method for 

Effectiveness of Pozzolans or Ground Blast-Furnace Slag in Preventing Excessive 

Expansion of Concrete Due to the Alkali-Silica Reaction. The mortar mixing and 

specimen preparation protocols were the same as for the sulphate attack test summarized 

in the previous section. After casting three 25-mm square cross-section by 250-mm gauge 

length prisms for each mixture, the moulds were covered with non-reactive plates and 

stored over water on risers in closed containers at room temperature (23.0 ± 2.0 °C) for 

24.0 ± 2.0 h. Specimens were then stripped, labelled and measured for their initial length 

using the length comparator. The specimens were then suspended over water using 

specimen holders in closed vessels, which were thereafter stored at 38.0 ± 2.0 °C (see Fig. 

3.11 b). The internal peripheral surface and lid of the vessels were covered with a synthetic 

absorbent material to absorb and retain water to ensure sufficient humidity around the 

specimens. For subsequent measurements, the vessels were transferred to room temperate 

(23 ± 2 °C) 20 ± 3 h before the specimens reached ages of 2, 4, 8, 12, and 16 weeks. It 

was made sure that arrows marked on the prisms were directed upwards. The specimen 

positions in the specimen holders were switched end-over-end after each measurement.  
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Chapter IV                                                                                   

Experimental Results and Discussion                                                                                                             

This chapter presents and discusses the results collected during this experimental 

laboratory research. It is divided into four sections where the first three describe existing 

and newly developed pozzolanic reactivity tests, and the fourth is dedicated to 

performance tests concerning strength and durability properties.  

 

4.1 Existing Reactivity tests  

The results of the reactivity assessments of pozzolans in terms of compressive strength in 

mortars using two existing test methods, ASTM C311/618 and CSA A3004-E1, are 

presented and discussed in the following subsections.  

 

4.1.1 Strength Activity Index Test (ASTM C311/618) 

The w/b ratio results of the binary systems at a 20 wt% replacement level in mortars are 

shown in Table 4.1. The ratios were established to produce mortar mixtures of the binary 

systems developing ±5% flow of the control mixture (CTRL), which is 100% (PC) at a 

0.485 w/b ratio. This resulted in the w/b ratio varying over a wide range from 0.45 to 0.66 

with an average of 0.50.  The varying water demand (or w/b ratio) to produce mixtures 

with a specified flow can be mainly attributed to differences in the specific surface area 

(m2/s) and fineness of pozzolans (Walker and Pavia, 2011); particle shape may play a 

secondary role. The higher the specific surface area and fineness of a pozzolan, the higher 
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the w/b ratio required for mixtures containing that pozzolan to achieve a given workability 

level. Pumice natural pozzolans (materials with a prefix PM) demonstrated slightly higher 

water demand than fly ashes (materials with a prefix FA) and considerably lower water 

demand than metakaolins (materials with a prefix MK) or LSN (lassenite natural 

pozzolan); metakaolin, lassenite and finely ground glass (G-B) had the highest water 

demands. Therefore, the type of natural pozzolan plays an impactful role in influencing 

water demand or w/b ratio. 

 

The strength activity index (SAI) results of the materials at the determined w/b ratios are 

presented in Fig. 4.1. SAI is defined as the percentage ratio of the compressive strength 

of a blended system to that of CTRL at a certain age. According to ASTM C618, test 

materials should reach the 75% SAI threshold level at either 7 or 28 days to be designated 

as reactive. G-B, a very-fine ground glass, reportedly has spherical particles sized between 

60 to 300 nm (reported by the supplier) and required the highest w/b ratio of 0.66 amongst 

tested materials to achieve the given level of workability. It attained 75% SAI at 7 days 

which is at the verge of the specified limit, however, it performed better at 28 days by 

achieving 98% SAI. The reduction in early age and improvement in later age SAI could 

be attributable to the high w/b ratio and the contribution of its inherent reactive nature, 

respectively. In addition, an ultrafine pumice, PM-B, failed to pass the limit at 7 days 

(55% SAI) but performed better than CTRL by attaining 103% SAI at 28 days. Other 

materials from different classes such as G-A, FA-B, FA-C and PM-F also showed ≤75% 
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SAI at 7 days, but ≥75% at 28 days. Generally, the pozzolanic reaction is considered to 

be slower than the early hydration of PC and pozzolans typically contribute more to later-

age strength than they do to early-age strength (Thomas, 2013). 

 

Table 4. 1: w/b ratio in strength activity index test (ASTM C311/618) 

Material w/b ratio  Material w/b ratio  

CTRL 0.48 SG-A 0.46 

G-A 0.46 SG-B 0.46 

G-B 0.66 MK-A 0.52 

G-C 0.48 MK-B 0.58 

G-D 0.46 MK-C 0.52 

G-E 0.48 MK-D 0.54 

G-F 0.45 MK-E 0.54 

G-G 0.48 SF-A 0.58 

G-H 0.46 SF-B 0.60 

FA 0.48 LSN 0.53 

FAB 0.46 PM-A 0.48 

FA-A 0.46 PM-B 0.50 

FA-B 0.48 PM-C 0.48 

FA-C 0.48 PM-D 0.48 

VA 0.48 PM-E 0.50 

LMS-A 0.50 PM-F 0.48 

LMS-B 0.48 PM-G 0.49 

GQ 0.48 PM-H 0.49 

PR 0.48 Average 0.50 
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As per ASTM C618, pozzolans should comply with specific chemical and physical 

requirements for their categorization as Class N or Class F. Metakaolin, MK-B, met both 

oxide composition (SiO2 + Al2O3 + Fe2O3 = 95.3 ≥ 70%) and SAI  (105 and 119 ≥ 75%) 

limits, however, it failed to meet the maximum water demand of 115%. Therefore, this 

material failed to meet the requirements of a Class N pozzolan. Despite the very high-

water demand of metakaolin and, consequently, the much higher w/b ratio of its mortar 

mixture (0.58 w/b ratio) compared to CTRL (0.485 w/b) it still achieved a higher strength 

than CTRL.  

 

Note that SF-A failed to meet the 75% requirement at both 7 and 28 days but SF-B met 

both requirements comfortably. The two different silica fumes were tested at similar w/b 

so the different behavior cannot be ascribed to differences in water demand. The results 

for SF-B are more typical of the behavior of silica fume which is generally considered to 

be a highly-reactive pozzolan. It is possible that SF-A was not properly dispersed in the 

mixer of that the product has become agglomerated during storage.  

 

Limestone (LMS-B) achieved SAI over the minimum limit at both ages and is, thus, 

designated reactive regardless of its inert nature. This questions the validity of this test 

method. The other limestone (LMS-A) and ground quartz (GQ) both failed to pass the 

threshold at both ages. As such, ASTM C311/618 has shortcomings in distinguishing inert 
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and reactive materials. Additionally, the classes defined in ASTM C618 are for natural 

and processed pozzolans, but not for manufactured pozzolans (i.e., ground glasses).  

 

4.1.2 Lime-Reactivity Test (CSA A3004-E1)  

The w/b ratio and compressive strength results of CH-Pozz systems at a 1/2 CH/Pozz vol. 

ratio in mortars are presented in Table 4.2. The results revealed a substantial variability in 

the w/b ratio over a broad range between 0.52 and 1.96 with a high coefficient of variance 

of 40.8%. The increased inconsistency in the w/b ratio was essentially due to the presence 

of a pozzolan as 100% cementing material in this test as compared to 20% in ASTM 

C311/618. The variability of the specific surface area and fineness between pozzolans 

results in a wide range in the w/b ratio. In addition, the morphology of pozzolan can also 

be a considerable factor influencing the water demand. Particles with rough and porous 

surfaces absorb water and eventually result in a higher w/b ratio to reach a given 

workability (Pourkhorshidi et al., 2010).  Pozzolans that necessitated higher water demand 

in ASTM C311/618 also did in this test to produce mortars developing 105–115% flow. 

For example, SF-A, G-B and all metakaolins (prefix MK) had higher w/b ratios as 

compared to other pozzolans in both tests; fly ashes on the other hand, required relatively 

low w/b ratios. According to CSA A3004-E1, mortar containing a pozzolan should 

develop a minimum compressive strength of 5.5 MPa when evaluated using this test. In 

Table 4.2, the materials shown in green passed this specification, whereas those in red 

failed.  
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Table 4. 2: w/b ratio and compressive strength in lime reactivity test (CSA A3004-E1) 

Material w/b ratio Strength (MPa) Material w/b ratio Strength (MPa) 

G-A 0.70 3.8 SG-B 0.64 5.7 

G-B 1.96 2.7 MK-A 1.04 14.4 

G-C 0.66 3.0 MK-B 1.52 9.9 

G-E 0.66 5.5 MK-C 0.82 11.1 

G-G 0.70 3.5 MK-D 1.34 6.4 

FAB 0.68 6.9 SF-A 1.02 1.3 

FA-A 0.62 6.5 PM-A 0.74 5.5 

FA-B 0.70 5.5 PM-B 0.82 7.5 

FA-C 0.68 2.4 PM-C 0.68 4.6 

FA-D 0.52 7.5 PM-F 0.72 4.9 

VA 0.70 4.5 PR 0.68 4.2 

SG-A 0.60 7.4 LMS-A 0.72 0.0 

GQ 0.66 0.0 LMS-B 0.68 0.0 

 

The results indicated that 10 (43%) of the 23 materials considered to be reactive attained 

strengths of less than 5.5 MPa. These materials are mainly natural pozzolans (VA, PM-C, 

PM-F and PR) and ground glasses (G-A, G-B, G-C, and G-G). Calcareous fly ash (FA-C) 

was not classified as pozzolanic as per the CSA A3004-E1 specification. It is also well 

understood that calcareous or high-calcium fly ashes react both pozzolanically and 

hydraulically. The reduced strength could be due to the presence of less SiO2 and Al2O3 

minerals in the CH-Pozz system as this material has a relatively high CaO content of 

27.5%. However, slags SG-A and SG-B (latent hydraulic materials) developed strengths 
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over the minimum despite CaO contents over 35%. All metakaolin and fly ashes except 

FA-C passed the test, but not silica fume (SF-A) which underperformed by developing the 

lowest strength in this test and SAI in ASTM C311/618; although this material is well-

known as highly-reactive pozzolan, more than metakaolin. Its w/b ratios in both tests were 

higher, but comparable to that of metakaolin. It is possible that this particular silica fume 

did not disperse properly during mixing or that the particles agglomerated during storage. 

  

4.1.3 Reliability Check  

The w/b ratios and compressive strength and SAI results were further analyzed to 

determine correlation coefficients between ASTM C311/618 and CSA 3004-E1 to 

comprehend whether these existing tests and specifications are consistent in rendering 

evaluations of the reactivity of a pozzolan (see Fig. 4.2). According to Fig 4.2a, it is 

evident that if a pozzolan required a high w/b ratio in one test, it did so in the other. 

Consequently, the w/b ratios in these two tests demonstrated a strong correlation 

coefficient of 0.88. Nevertheless, the strength results established a weak correlation 

coefficient of 0.58 (see Fig. 4.2b). The results indicate that more materials were 

inadequate in developing the required strength in CSA A3004-E1 than SAI (ASTM 

C311/618). Out of 26 materials investigated in both tests, 6 materials failed to comply 

with the ASTM C618 specification; whereas 13 materials failed the CSA A3004-E1 limit. 

Limestone, which is an inert material met the ASTM C618 specification by attaining 89% 

SAI at 28 days. Limestone did not develop any strength when tested in the lime-activity 
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test. Seven materials which were predominantly natural pozzolans and ground glasses 

were designated reactive in one specification and non-reactive in the other. Therefore, 

these existing tests and specifications are unreliable and imprecise in assessing the 

reactivity of such pozzolans. It has long been known (Abrams, 1918) that all other things 

being equal, for example the ratio of binder to aggregate (sand in this case of mortar), the 

single most influential factor on the compressive strength of concrete (or mortar) is the 

w/b ratio. Consequently, tests aimed for establishing the contribution of a material to the 

compressive strength of mortar or concrete should, ideally, be conducted at a fixed w/b 

ratio. 
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4.2 Development of the Modified Reactivity Test  

Considering the shortcomings and challenges associated with the existing tests, the CSA 

A3004-E1 test based on lime-reactivity was modified by developing a consistent and 

suitable mixture design (including constant w/b ratio) and conducive curing regime for 

the evaluation of the reactivity of both industrial by-products (i.e., fly ash and silica fume) 

and natural pozzolans and ground glasses. The determination of the optimum mixture 

proportions, binder and mixing solution composition and curing temperature, solution and 

duration are presented in the subsequent sections.  

 

4.2.1 CH/Pozz Ratio  

Fig. 4.3 illustrates the thermogravimetric analysis (TGA) and differential 

thermogravimetry (DTG) results of various CH/Pozz ratios investigated using metakaolin 

MK-E (a highly-reactive pozzolan) since it consumes substantial CH in the pozzolanic 

reaction. The specimens (see mixture designs in Table 3.5) were cured at 50 °C and tested 

at 7 days. A mass loss generally in the 400–500 °C range is associated with the moisture 

loss from CH (Ca(OH)2) present in the sample. The results showed that the 1/2 CH/Pozz 

ratio at a 1.40 w/b ratio and a 0.65 w/b ratio with an addition of high-range water-reducer 

(HRWR) left no unreacted CH in the CH-Pozz system. It is deduced that the pozzolan 

consumed all CH. Thus, the system was deficient in CH content. The selected 0.65 w/b 

ratio as compared to 1.40 (which was required in unmodified test) is somewhat close to 

the w/b ratios practiced in real situations and produced mortar mixtures with adequate 
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consistencies for most pozzolans (discussed later in this section). Additionally, the use of 

HRWR with the 1/2 CH/Pozz ratio had no adverse influence (i.e., no CH residue) on the 

reactivity of pozzolan when the specimens were cured at an elevated temperature of 50 

°C. With an increase in CH dose, a presence of untreated CH was clearly manifested at 

the 1/1.5 CH/Pozz ratio by the depressions in the TGA and DTG curves. The amount of 

untreated CH quantified using the tangential method was 3.7% by mass. With further 

increments in the CH dose or reduction in the pozzolan proportion in the system, 

specimens with 1/1 and 1.5/1 CH/Pozz ratios resulted in considerably more unreacted CH 

in the CH-Pozz system. The results showed greater depressions in the cures of 1/1 and 

1.5/1 CH/Pozz ratios due to the presence of 8.0 and 19.7% unreacted CH, respectively. 

Therefore, the 1/1.5 CH/Pozz ratio was considered to be the optimum based on the 

TGA/DTG results because of the lowest unreacted CH content at the end of the test.  

 

Furthermore, the influence of a varying CH/Pozz ratio was determined by testing mortar 

mixtures (see mixture designs in Table 3.6) for workability and compressive strength at 7 

days after curing at 50 °C for 6 days. Fly ash (FA-A), ground glass (G-E) and metakaolin 

(MK-E) representing different classes were used for this investigation. Fig. 4.4 depicts the 

flow results for FA-A and G-E mortars and the required dosages of HRWR for MK-E 

mortars at the 0.65 w/b ratio to render the mixture workable. HRWR was used because 

MK-E mortar mixtures at the 0.65 w/b were not workable irrespective of the CH/Pozz 

ratio.  
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Figure 4. 3: 7-day TGA (mg) and DTG (%/°C) results of MK-E pastes with various 

CH/Pozz ratios and cured at 50 °C 

 

Figure 4. 4: (a) Flow of FA-A and G-E mortar, (b) HRWR dose for MK-E mortar 
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It can be clearly seen that an increase in the CH/Pozz ratio significantly reduced the 

workability of mixtures containing FA-A or G-E. At the 1/2 CH/Pozz ratio, the mixtures 

attained high workability (>120% flow) but were very fluid and susceptible to bleeding 

and segregation. An increase in the CH content to 1/1.5 CH/Pozz ratio developed mixtures 

with adequate workability and consistency showing no signs of either bleeding or 

segregation. The mixtures retained adequate workability (≥90% flow) at the 1/1 CH/Pozz 

ratio, however, these mortars were not as easy to consolidate as others. Further increments 

in the CH/Pozz ratio rendered FA-A and G-E mixtures with significantly reduced flow. It 

was not possible to properly consolidated the mixtures in the molds due to high stickiness. 

MK-E mortars on the other hand, demonstrated an inverse influence by demanding a 

reducing HRWR dose with the increasing CH/Pozz ratio. Thus, the mixtures showed 

improved workability with increasing CH/Pozz ratio. This is mainly due to a decrease in 

MK-E content in the mixtures because metakaolins invariably require high dosages of 

HRWR.  

 

The 7-day compressive strength results of mortar specimens prepared using the three 

pozzolans and cured at 50 °C are given in Fig. 4.5a. The results showed that the influence 

of the varying CH/Pozz ratio was insignificant for G-E, moderate for FA-A and substantial 

for MK-E. G-E at the 2/1 CH/Pozz ratio developed the lowest strength which was 9.6% 

less than that at the 1/2 ratio. The 1/1.5, 1/1 and 1.5/1 CH/Pozz ratios led to slight strength 

reductions of ≤6%. FA-A showed more reductions in strength with increasing CH/Pozz 
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ratio. Specimens with the 1/1.5, 1/1, 1.5/1 and 2/1 CH/Pozz ratios attained 10.6, 20.9, 48.6 

and 62.5% lower strengths than that with the 1/2 ratio. The highest adverse impact of the 

increasing CH/Pozz ratio was evident on MK-E. The 1/1.5 CH/Pozz ratio resulted in a 

16.1% lower strength as compared to the 1/2 ratio. A further increase in the CH/Pozz ratio 

from 1/1.5 to 1/1 indicated the highest decrease of 41.0% in strength. This was mainly due 

to the presence of excessive CH, which was not consumed by MK-E, a highly reactive 

pozzolan, at the end of the test. The TGA results of MK-E pastes at the 1/1 CH/Pozz ratio 

validated this deduction by showing a significant CH residue. MK-E at the 1.5/1 and 2/1 

CH/Pozz ratios performed worse by developing strengths less than that of G-E. Therefore, 

the 1/1.5 CH/Pozz ratio was found to be adequate for CH-Pozz systems to react to a high 

degree of the reactivity of pozzolans based on the compressive strength and TGA results. 
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As previously mentioned, the use of HRWR was essential to produce workable mortar 

mixtures containing very fine pozzolans at the 0.65 w/b ratio. MK-E at the 0.65 w/b and 

optimized 1/1.5 CH/Pozz ratios was further tested for compressive strength to investigate 

whether higher dosages of HRWR lead to a reduced degree of reactivity in the 7-day test 

duration due to the retardation of the pozzolanic reaction. Fig. 4.5b shows the 7-day 

compressive strength results of MK-E specimens incorporating consistent mixture 

proportions except for the HRWR dose which was used in various doses in the range from 

0 to 2 ml/100 g b (ml per 100g of binder). Additionally, a mixture was also developed by 

increasing the w/b ratio to 1.10 in order to reach a reasonable level of workability without 

using HRWR. The results demonstrated a positive influence of the increasing HRWR dose 

on compressive strength. 

 

At the 0.65 w/b ratio, specimens with no HRWR achieved 22.9% lower strength than those 

with 1.7 ml/100g b HRWR which was earlier used to determine the optimum CH/Pozz 

ratio in the compressive strength test. The fresh mortar mixture with no HRWR and 0.65 

w/b ratio was not adequately workable and compactable in the molds due to very high 

stickiness. Specimens with a high w/b ratio of 1.1 attained significantly reduced strength 

than those with HRWR irrespective of the dose. The 2.0 ml/100g b dose resulted in the 

highest strength, but the fresh mortar mixture was highly flowable and appeared 

vulnerable to bleeding/segregation. It can be implied that HRWR favored the dispersion 
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of binder (CH and pozzolan) particles resulting in more particles participating in the 

reactions.  

 

4.2.2 Binder and Mixing Solution  

A set of six pozzolans was selected to represent the range of reactivity expected among 

all of the pozzolans collected for this study to determine the optimum mixing solution and 

binder constituents to promote rapid reaction of the pozzolans. The six pozzolans selected 

were ground glass (G-E and G-G), pumice (PM-F), fly ash (FA-A), metakaolin (MK-E) 

and volcanic ash (VA).  

 

4.2.2.1       Flow 

Fig. 4.6 presents the flow test results of mortars containing the six pozzolans in the four 

mixture designs at the 0.65 w/b and 1/1.5 CH/Pozz ratios. The results showed flow values 

over 90% in all mixture designs for all pozzolans except for MK-E, which was mixed with 

HRWR. Despite low flow values, MK-E mortars having ~50% flow after adding HRWR 

were workable. FA-A attained the highest flow in each mixture design. Fresh mortars of 

the CTRL (control) and Alk-SulS-Cal (0.3 M K+ solution along with calcite) mixtures 

achieved higher flow values than that of AlkS (0.6 M OH- solution) and AlkS-Cal (0.6 M 

OH- solution with calcite). The decrease in the flow of the AlkS and AlkS-Cal mixtures 

regardless of the type of pozzolan can be attributed to an increased concentration of the 

mixing solution, 0.6 M OH– solution.  
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4.2.2.2       Compressive Strength 

Fig. 4.7 illustrates the compressive strength results at 7 and 14 days. The modifications in 

the composition of binder and mixing solution resulted in moderate changes in the 

compressive strength for particular pozzolans. The replacement of distilled water with 0.6 

M OH– solution in the AlkS mixture reduced compressive strengths of specimens of all 

pozzolans except for G-G and MK-E. G-E, PM-F, FA-A and VA attained 19, 23, 17 and 

27%, respectively, lower strengths at 7 days in the AlkS mixture than CTRL. Similarly, a 

study by Paya et al. (2000) also found that the strength of mortars containing rice hush ash 

declined after one day when an alkaline solution of NaOH was used. It is surprising to see 

but the OH– solution impeded the dissolution of aluminosilicates leading to a reduction in 
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the reactivity of most pozzolans. In the AlkS-Cal mixture, the introduction of calcite at a 

1/15 calcite/binder ratio besides the 0.6 M OH– solution indicated a positive impact on 

strength as compared to the use of only 0.6 M OH– solution in the AlkS mixture. The 

improvement in the reactivity of pozzolans can be attributed to the formation of 

carboaluminates as supplementary products due to the participation of more species in the 

reactions (Antoni et al., 2012). It should be noted that the G-E, PM-F and VA developed 

substantially lower strengths and FA-A attained comparable strengths in AlkS-Cal than 

CTRL at both 7 and 14 days.  

 

 

Furthermore, the 7-day strength results manifested that the Alk-SulS-Cal mixture 

facilitated a slightly higher degree of the reactivity of more pozzolans than AlkS-Cal. The 

Alk-SulS-Cal mixture was comprised of calcite at the same proportion and a 0.3 M K+ 

0

6

12

18

24

G-E G-G PM-F FA-A MK-E VA

C
o
m

p
re

ss
iv

e 
st

re
n
g
th

 (
M

P
a)

Control

AlkS

AlkS-Cal

Alk-SulS-Cal

0

6

12

18

24

G-E G-G PM-F FA-A MK-E VA

Control

AlkS

AlkS-Cal

Alk-SulS-Cal

(a) (b) 

Figure 4. 7: Compressive strength of specimens at 0.65 w/b and 1/1.5 CH/Pozz ratios 

and cured in distilled water at 50 °C for (a) 7 days, (b) 14 days 
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solution of K2SO4 and KOH in place of the 0.6 M OH– solution. Specimens of all 

pozzolans except for G-E achieved equivalent or better strengths at 7 days in this mixture 

than CTRL. Others have found that pozzolans can react with sulphate to produce ettringite 

(Silva and Glasser, 1990; Antoni et al., 2012). Apart from the advantageous implications 

of the inclusion of calcite, the relatively improved performance of the Alk-SulS-Cal 

mixture can be ascribed to the formation of ettringite due to the reaction between the 

alumina of pozzolans and sulphate present in the mixing solution.  

 

 

4.2.2.3      Bound Water  

The determination of bound water is a widely-used technique to assess the degree of the 

reactivity of cementing materials. The 7-day bound water results of pastes of the four 

mixture designs cured at 50 °C are presented in Fig. 4.8a. Bound water was measured in 

a temperature range of 105–350 °C. Note that VA was no longer available in the 

laboratory; therefore, only five pozzolans (G-E, G-G, PM-F, FA-A and MK-E) were used 

for the subsequent investigations. Similar to the 7-day compressive strength results, G-E, 

PM-F and FA-A specimens showed higher, and G-G and MK-E showed lower bound 

water in CTRL than AlkS. The use of calcite in the AlkS-Cal mixture also increased the 

degree of the reactivity of pozzolans by developing pastes with higher amounts of 

chemically bound water. Finally, the Alk-SulS-Cal mixture containing sulphate performed 

comparable or better than CTRL for all pozzolans except G-E. Moreover, the compressive 

strength and bound water results demonstrated a correlation coefficient of 0.85 (see Fig. 
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4.8b). Mixture designs which favored higher degrees of the reactivity of pozzolans in 

mortars considering compressive strength also developed higher bound water contents in 

pastes.   

 

4.2.3 Curing Regime  

A curing regime was developed to provide a conducive storage environment to specimens 

to attain a greater extent of the reactivity of pozzolans during the newly developed 

reactivity test. The performance of mortar specimens in terms of compressive strength 

was first tested by curing in a different solution; subsequently, adjustments pertaining to 

curing temperature and duration were investigated.  
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Figure 4. 8: (a) 7 days bound water between 105–350 °C, (b) Correlation between 

compressive strength and bound water at 7 days 
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4.2.3.1      Curing Solution 

The pore solution of a hydrating blended PC environment predominantly consists of a 

hydroxyl ion (OH–) solution of Na+ and K+ with an average concentration of 0.6 M 

(Canham et al., 1987). The leaching of the pore solution during the reaction of pozzolans 

with other constituents might influence their reactivity. Therefore, mortar specimens were 

further tested after storing in a 0.6 M OH– solution with a 3 KOH/NaOH ratio which by 

and large replicates the pore solution in the exposure or host solution. Two mixture 

designs, CTRL and Alk-SulS-Cal, which produced the best results (greater strengths and 

bound water contents) for most pozzolans were selected to investigate the influence of the 

exposure solution.  

 

The variations in the compressive strength of specimens stored in the 0.6 M OH– solution 

as compared to that of those stored in distilled water are presented in Fig. 4.9. At 7 days, 

G-E and FA-A specimens in CTRL had strength improvements of >5% when cured in the 

OH– solution; whereas, G-G and PM-F specimens attained lower strengths. The Alk-SulS-

Cal mixture also demonstrated similar performance. Significance influences of -23.5% 

and +22% were demonstrated by PM-F and MK-E specimens, respectively, at 14 days. 

Since the compressive strength results under different curing solutions did not exclusively 

distinguish which curing solution was advantageous, distilled water was selected to the 

avert safety concerns associated with the use of an OH– solution. As previously 

mentioned, more pozzolans, four out of six, developed equivalent or higher compressive 
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strength at 7 days in distilled water in the Alk-SulS-Cal mixture than CTRL (see Fig. 4.7). 

Therefore, it was postulated that the Alk-SulS-Cal mixture under the distilled water curing 

solution was the best combination of the mixture design and curing solution for the 

evaluation of the reactivity of pozzolans. 

 

 

4.2.3.2       Curing Temperature  

High-temperature curing conditions accelerate the reaction of pozzolans. However, a 

prolonged duration may have deleterious effects on either the mobility of species 

participating in the reactions or the stability of the reaction products. For the investigation, 
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the Alk-SulS-Cal mixture was further tested for bound water and compressive strength by 

decreasing the curing temperature from 50 °C to 40 °C. Fig. 4.10a and Fig. 4.10b show 

the variations in compressive strength and bound water, respectively, due to a decrease in 

the curing temperature. According to the strength results, the decrease in temperature 

induced a decrease of 13% in the strength of PM-F specimens. G-E and MK-E, on the 

other hand, preformed significantly better by attaining 16 and 25%, respectively, higher 

strengths. Variations of ≤5% in the strengths of G-G and FA-A specimens were found. 

Thus, the degrees of the reactivity of all pozzolans except for PM-F were comparable or 

better at 40 than 50 °C considering the compressive strength development.   

 

Moreover, the decreased temperature led to a positive impact on the bound water of pastes. 

G-E and MK-E specimens showed the highest increase of 1.8%, and PM-F had an increase 

of 0.7% in bound water. It can be seen that the results of G-G and FA-A specimens were 
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Figure 4. 10: Variations in (a) Compressive strength, and (b) bound water of specimens 

at 7 days due to a decrease in curing temperature from 50 to 40 °C 
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not considerably different at both temperatures since their variation were ≤0.4%. Based 

on the effects of the decreased temperature on compressive strength and bound water, it 

was noticeable that the 40 °C curing temperature promotes an improved degree of the 

reactivity of pozzolans.   

 

 

4.2.3.3     Curing Duration  

Mortar specimens of the Alk-SulS-Cal mixture were then cured for an extended period 

until the age of 14 days. The fraction of the 14-day compressive strength development at 

the age of 7 days are found in Fig. 4.11. Note that silica fume SF-B, lassenite LSN and 

pumice PM-C were also tested in addition to the five pozzolans which were used in the 

previous investigations. HRWR doses of 2 and 1.7 mL/100g b were used to prepare the 

SF-B and LSN mortar mixtures, respectively. The compressive strengths of specimens 
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containing MK-E and SF-B, highly-reactive pozzolans, at 7 days were found to be 98 and 

94%, respectively. Except for FA-A which established a relatively lower strength of 70%, 

specimens of all other pozzolans attained ≥ 90% strength at 7 days.  It was evident that 

pozzolans reacted to a substantial extent of their reactivity in terms of compressive 

strength development; thus, the developed test is time-efficient (i.e., rapid).  

 

4.3 Validation of the Developed Reactivity Test  

The parameters investigated for the development of the test were optimized sequentially. 

A parameter selected at an early stage during the course of the development of the test 

might eventually be inadequate at the end due to influential roles of other parameters 

chosen at a later stage. Therefore, paste specimens were tested for CH consumption using 

TGA to determine the validity of the 1/1.5 CH/Pozz ratio because a pozzolan in a CH-

Pozz system deficient in CH does not react to the achievable degree of its reactivity in 

given conditions. Bound water and compressive strength tests were also performed to 

check the reliability and intra-laboratory repeatability of the test.  

 

4.3.1 CH/Pozz Ratio  

Pozzolans were tested for compressive strength to determine the impacts of introducing 

CH in different proportions – 1/2, 1/1.5 and 1/1 CH/Pozz ratios – in the developed mixture 

design, Alk-SulS-Cal. Three pozzolans including MK-E, FA-A and G-E were used.  Fig. 
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4.12 illustrates the 7-day compressive strength results of specimens cured at 40 °C. It can 

be understood that compressive strength decreased with an increase in the CH/Pozz ratio. 

The influence was more pronounced when the CH/Pozz ratio increased from 1/1.5 to 1/1. 

The results of G-E demonstrated a declining trend in compressive strength, and the 

maximum decrease was 7.1% for the highest CH/Pozz ratio of 1/1. FA-A showed notable 

reductions of 17.1 and 22.9% in strength at 1/1.5 and 1/1 as compared to 1/2 CH/Pozz 

ratio. On the other hand, specimens comprising MK-E had no influence up to the 1/1.5 

CH/Pozz ratio. However, further addition of CH resulting in the 1/1 CH/Pozz ratio led to 

a considerable decrease of 11.6% in strength. The negative impact of an increased CH 

content, specifically at 1/1 CH/Pozz ratio, in a CH-Pozz system could be due to the 

dilution of the reactive material, pozzolan, in the binder.   
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4.3.2 CH and Calcite Consumption 

Fig. 4.13 presents the 7-day TGA and DTG results in a temperature range of 300–800 °C 

in which the mass loss due to the decomposition of CH (Ca(OH)2) and calcite (CaCO3) 

are apparent between 350–450 °C and 550–700 °C, respectively. MK-E showed a 

significantly lower mass loss than FA-A and G-E. The amount of the unreacted CH was 

3.6% of the initial mass of the MK-E specimen. The CH residue of the MK-E specimen 

in CTRL which did not have the additions of calcite and sulphate/alkaline solution was 

also comparable, 3.7% The FA-A and G-E specimens contained 13.5 and 18.6%, 

respectively, residual CH at the end of the test. Accordingly, the CH-Pozz systems of both 

highly and moderately-reactive pozzolans did not run out of CH in the modified test.  

 

The amount of unreacted CH demonstrated a good correlation coefficient of 0.89 with the 

sum of SiO2 and Al2O3 contents of pozzolans (see Fig. 4.14a). A contrasting trend 

established between the sum of the above oxides and the CH residue. Specimens 

containing MK-E, FA-A and G-E with 95.6, 85.4 and 67.3% of SiO2 + Al2O3, 

respectively, were found with 3.6, 13.5, 18.6% CH residues, respectively. Additionally, 

the calcite remnant of specimens at 7 days declined with an increase in the Al2O3 content 

of pozzolans (see Fig. 4.14b). MK-E with the highest Al2O3 content of 44.1% resulted the 

lowest calcite residue of 2.3%. FA-A and G-E on the other hand, indicated relatively 

higher surplus calcite contents of 4.1 and 5.9%, respectively. The reduction in calcite 
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remainders can be attributable to the reaction of alumina with calcite to form 

carboaluminates.  
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4.3.3 Effect of Early-Age Elevated Curing  

In order to investigate the impact of the early-age commencement of the elevated 

temperature curing on the reactivity of pozzolans, specimens were placed in an oven at 40 

°C immediately after casting instead of storing at 23 °C for 1 day and subsequently placing 

in the oven at 40 °C. The variations in compressive strength due to the change in the curing 

protocol are presented in Fig. 4.15. It was found that the early-age elevated curing resulted 

in mixed effects. G-E, PM-F, FA-A and PM-C developed slightly improved strengths; 

whereas those containing G-G, MK-E, SF-B, and LSN showed reductions. A maximum 

change of 7% in compressive strength was found. Therefore, it is clear that the 40 °C 

curing from day 1 instead of day 2 did not play a considerable role in influencing the 

degree of the reactivity of pozzolans. Additionally, the specimens could not be stripped 

before they were three days old irrespective of the early-age curing temperature. 

-5

0

5

10

G-E G-G PM-F FA-A MK-E SF-B LSN PM-C

V
ar

ia
ti

o
n
 i

n
 s

tr
en

g
th

 (
%

)

Figure 4. 15: Variation in the compressive strength of specimens cured at 23 °C for 1 

day and 40 °C for 6 days from that of cured at 40 °C for 7 days 

 



 

 109 

4.3.4 Reliability and Repeatability    

Fig. 4.16 shows the correlation between compressive strength and bound water in a range 

of 40–350 °C. According to the results, the compressive strengths attained by mortar 

specimens containing pozzolans strongly correlate (R2 = 0.96) with the bound water of 

paste specimens with those pozzolans. Pozzolans possessing high (MK-E, SF-B and LSN) 

and moderate (FA-A, G-G, G-E, PM-C and PM-F) levels of reactivity were noticeably 

distinguishable. Thus, the evaluation of the reactivity of pozzolans in terms of 

compressive strength in mortars using the newly developed reactivity test can be 

considered reliable.  
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The performance of the developed test for intra-laboratory repeatability was determined 

by testing specimens of eight pozzolans in two more repetitions, three in total, where each 

repetition was independent considering batching, mixing, casting, curing and compressive 

strength measurement. The box-and-whisker diagrams of the results gathered are 

presented in Fig. 4.17. Specimens containing highly-reactive pozzolans (MK-E, SF-B and 

LSN) developed relatively higher strengths and demonstrated more dispersion of results 

as compared to those containing moderately-reactive pozzolans (G-E, G-G, FA-A, PM-C 

and PM-F). The coefficient of variation (CV) was calculated for each pozzolan as the ratio 

of the standard deviation to the average multiplied by 100. The CV values are tabulated 

in Table 4.3. The CV values for all moderately-reactive pozzolans and LSN were less than 

5%. The results of MK-E and SF-B specimens showed relatively higher CVs of 6.1 and 

Figure 4. 17: Box-and-whisker plots for compressive strength of specimens containing 

various pozzolans 
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8.9%, respectively. However, the values can be considered within acceptable limits as 

they are less than 10%. Therefore, the developed test performed satisfactorily for the intra-

laboratory repeatability. Nevertheless, the interlaboratory reproducibility of a test is also 

of a great significance. The final mixture design and curing regime of the developed test 

is summarized in Table 4.4. The 7-day compressive strength results for various materials 

tested in the newly developed reactivity test are presented in Table 4.5.  

  

Table 4. 3: Coefficient of variation (CV) for pozzolans 

Pozzolan G-E G-G PM-F FA-A MK-E SF-B LSN PM-C 

CV (%) 4.3 2.6 3.3 4.8 6.1 8.9 2.7 4.2 

 

 

Table 4. 4: Mixture design and curing regime of the developed reactivity test 

Mixture design (wt. ratios) Curing regime 

CH/Pozz 1/1.5 Specimens: 50 x 50 x 50 mm 

Calcite/bindera 1/15 
1 day: Covered with plates and in 

moulds over water at 23 °C 

Sand/bindera 

(EN 196-1 graded sand) 
2.5 

2 days: Covered with plates and in 

moulds over water at 40 °C 

w/b  0.65b 
4 days: Demould at 3 days and place 

in distilled water at 40 °C until 7 days 

Mixing solution 
0.3 M K+ 

(K2SO4/KOH = 5) 
Compressive strength test at 7 days 

abinder = Pozz + CH + calcite, buse water-reducer for mortar mixtures with inadequate 

consistency 
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Table 4. 5: 7-day compressive strength in the newly developed reactivity test 

Material Strength (MPa) Material Strength (MPa) 

PM-A 9.0 FA-C 7.5 

PM-B 12.1 FA-D 5.9 

PM-C 4.8 FAB 5.5 

PM-D 7.9 G-E 6.7 

PM-E 6.9 G-G 5.4 

SF-B 23.2 PR 3.2 

MK-E 20.7 BA 0.4 

LSN 15.5 PBA 16.2 

LMS-B 0.0 GQ 0.0 

 

4.4 Performance Investigations  

This section provides the results and discussion of the mechanical and durability 

properties of concrete, including compressive strength and electrical properties pertaining 

to resistivity, conductivity, and charge passed. The non-steady state chloride migration 

coefficient of concrete and expansions of mortar prisms due to sulphate attack and alkali-

silica reaction are presented in the following sub-sections. Concrete and mortar tests were 

conducted on a total of 18 materials including 16 pozzolans and 2 inert materials. These 

same materials were also tested using the newly developed pozzolanicity test to compare 

the results in this test with the 91-day concrete compressive strength and durability 

property results. The results of the properties investigated in concretes (compressive 

strength, electrical properties and chloride migration coefficient) are tabulated in 

Appendix B.  
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4.4.1 Compressive Strength  

Fig. 4.18 illustrates the compressive strength results of concrete specimens at ages of 7, 

28 and 91 days. Fig. 4.19 presents the 91-day compressive strength values of all concrete 

mixtures. The error bars shown represent twice the standard deviation of the compressive 

strengths of two specimens. Cylinder specimens (100-mm by 200-mm) were cured at 21 

± 1 °C in a moist room and tested in accordance with ASTM C39-18. 

 

4.4.1.1      Inert Materials and Perlite    

The specimens containing an inert material: limestone (LMS-B) or ground quartz (GQ) 

achieved equivalent strengths, which were approximately 15% lower than that of CTRL 

(100% PC) at all ages. This is mainly due to the dilution of the clinker with inert fillers 

resulting in a reduced cementitious materials content in concrete. The specimens with 

perlite (PR), a natural pozzolan, performed worse than those containing inert materials at 

the same 25% replacement level. The 91-day compressive strength of the perlite mix was 

20.9 % lower than the control mix (CTRL). Its poor performance could be mainly due to 

its relatively coarser particle size than the inert materials used and substantially lower 

amorphous content compared with other pozzolans.  

 

4.4.1.2        Ground Glasses    

The two ground glass samples tested (G-E and G-G) showed different behavior. As 

compared to CTRL, G-E attained comparable strength at 7 days and considerably higher 



 

 114 

strengths at 28 and 91 days. Whereas, the results of G-G showed a significant decrease in 

strength of 19.8% in comparison with CTRL at 7 days, but the strength improved over 

time with only a slight reduction (2.7%) being observed at 91 days. The rates of strength 

gain of G-G and CTRL from 28 to 91 days were 20.2 and 12.2%, respectively. Therefore, 

it is extrapolated that G-G may attain strength higher than CTRL at later ages due to its 

pozzolanic nature resulting in an improved microstructure due to the formation of 

additional C-S-H and/or C-A-S-H gels.  

 

4.4.1.3      Coal-Fired Ashes 

The results of concretes containing 25% coal-fired fly ashes or a blend (FAB) comprising 

with 60/20/20 fly ash/limestone/lassenite are presented in Fig. 4.18c. The specimens with 

calcareous (high-calcium) fly ash (FA-C) or siliceous (low-calcium) fly ash (FA-D) 

attained lower compressive strengths than CTRL at all ages. The reductions in strength 

decreased with age and were 11.8 and 7.3% at 91 days for FA-C and FA-D, respectively. 

The compressive strengths of FA-C were comparable or lower than that of FA-D. This 

could be due to the presence of a higher CaO content in FA-C than FA-D, leading to 

reduced consumption of Ca(OH)2 produced from the PC hydration. Consequently, the 

extent of the refinement of microstructure decreases. Besides, it is postulated that FA-D 

concrete may gain strength higher than CTRL in long-term since its strength development 

was 15.9% from 28 to 91 days as compared to 12.2% of CTRL. The specimens of the 

quaternary blend of FAB and PC also showed similar strength values to FA-D; however, 
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the binder contained 5% limestone. It is understood that the negative role of limestone 

was compensated by the presence of 5% lassenite, a highly-reactive natural pozzolan.  

 

The use of bottom ash (BA) manifested a drastic impact reducing strength by 21–28% as 

compared to CTRL. BA achieved the lowest strengths at all ages amongst all concrete 

mixtures including the two with inert material – LMS-B or GQ. The inability of BA to 

react pozzolanically can be ascribed to the presence of a significantly low fine particle 

content, 6.1% finer than 75 μm. It is well understood that the portion of a coarse particle 

participating in reactions is much lower than a fine particle since reactive minerals present 

primarily in the proximity to the surface dissolve. Eventually, the inner portion behaves 

as inert filler and adversely affects strength. The results of processed (ground) bottom ash 

PBA revealed a substantial improvement in strength as compared to that of CTRL and BA 

(see Fig. 4.18b). The 91-day strength of PBA was 16.4 and 52.4% higher than that of 

CTRL and BA, respectively (see Figure 4.19). Again, the increased strength can be 

attributed to the presence of the fine particles of PBA possessing increased specific surface 

area, therefore increased reactivity, which produced more cementitious hydrates and a 

compact and robust microstructure. 
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4.4.1.4      Pumices 

Pumice natural pozzolans (PM-A through PM-E) showed different influences on strength, 

but similar rates of strength gain which is demonstrated by the nearly parallel cures (see 
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Figure 4. 18: Compressive strength test results 
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Fig. 4.18c). The results showed that concretes containing pumice developed strengths 

lower than that of CTRL until 28 days. The strength values at 91 days for all pumice 

except for PM-C were comparable or higher since these materials react pozzolanically; 

therefore, enhancing properties at late ages. According to the supplier, PM-A and PM-B 

were produced from the same raw materials; therefore, both pumices had the same 

chemical composition, but PM-B was ground to finer particle size to achieve a lower 

fineness or higher specific surface area than PM-A. The results underline the benefits of 

the higher specific surface area by demonstrating slightly better compressive strengths for 

PM-A than PM-B. 
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Figure 4. 19: 91-day compressive strength values 

 (Note: 25% replacement level unless otherwise specified) 
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4.4.1.5       Highly-Reactive Pozzolans  

The replacement of PC by 8% silica fume (SF-B), 15 and 25% metakaolin (MK-E) or 

20% lassenite (LSN) were found to be beneficial in enhancing later-age strengths. 

According to the 91-day results, the strength of 15% MK-E was 5.7% and 11.8% higher 

than that of the other two highly-reactive pozzolans (8% SF-B or 20% LSN) and CTRL, 

respectively. As per communication with the producer, LSN was produced by grinding 

raw materials (volcanic ash and diatomaceous earth) without any thermal-treatment or 

calcination and contained approx. 65% amorphous and 5% crystalline silica (SiO2). From 

Fig. 4.18d, it is evident that LSN possesses the potential to perform in an equivalent 

manner to silica fume used at a typical incorporation level (<10%). Moreover, the results 

of specimens with 25% MK-E were higher at all ages than that of those containing 8% 

SF-B, 20% LSN or 15% MK-E. The impact was significant on early-age strengths, but 

the 91-day strength was more or less similar to that of the other three concretes. Specimens 

from this concrete developed 21.8, 12.4 and 2.4% higher strengths at 7, 28 and 91 days, 

respectively, compared to 15% MK-E and showed no improvement in strength beyond 28 

days. In addition, the fresh concrete mixture with such a high MK-E content of 25% 

demanded a 67% higher dose of HRWR than the maximum dose recommended by the 

producer to yield adequate consistency due to a very fine particle size of MK-E. As such, 

the use of metakaolin at the 25% replacement level not only adversely affected the 

workability of the fresh mixture but also led to no advantageous implications on long-term 

strength.  



 

 119 

4.4.1.6       Reliability of the Developed Reactivity Test as a Predictor of Performance 

in Concrete 

The relationship between the 91-day strength of concrete containing 75% PC and 25% 

replacing material (pozzolan or inert material) and the 7-day strength of mortar containing 

that material in the CH-Pozz system in the newly developed reactivity test are presented 

in Fig. 4.20. Pozzolans, which contributed more to concrete strength at 91 days also 

developed higher mortar strengths at 7 days in the newly developed reactivity test. Others 

have also found that the long-term impact of pozzolans to strength is predominantly 

influenced by their reactivity (Kalina et al., 2019). The results support the above argument 

and establish a good correlation coefficient of 0.82, indicating that the developed 

reactivity test provides a reliable evaluation of the reactivity of pozzolans. Whereas, the 

results of the existing tests, strength activity index (ASTM C311/618) and lime-reactivity 

(CSA A3004-E1), developed poor relationships (R2 < 0.50) with the long-term strength 

results of concrete as shown in Fig. 4.21.   
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Figure 4. 20: Correlation of 91-day compressive strength of concrete containing 25% 

pozzolan or inert material with that of mortar at 7 days in the developed reactivity test 
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4.4.2 Correlation between Electrical Properties and Strength    

The relationships drawn among investigated electrical properties of concrete are found in 

Fig. 4.22. The RCP test (charge passed, Q) results showed an incremental tendency with 

decreasing bulk resistivity of concrete resulting in a strong correlation coefficient of 0.92. 

The bulk conductivity results demonstrated a very good congruence with the RCP test 

results, and both tests formed a correlation coefficient of 0.89. In addition, the bulk 

resistivity and conductivity tests also developed a strong correlation coefficient of 0.97.  

The correlations among the three electrical property tests were strong since one technique 

measures a property, which is essentially proportional or inversely proportional to the 

properties measured by the other two techniques. Therefore, it is concluded that the 

resistivity test can be used in place of the bulk conductivity (ASTM C1760) and RCP 
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Figure 4. 21: Correlation of 91-day compressive strength of concrete containing 25% 

pozzolan or inert material with and SAI in ASTM C311/618 (left) and compressive 
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 121 

(ASTM C1202) test because these tests require either a laborious process to prepare 

specimens or long-time (6 h) to acquire results but produce more or less the same 

information. The resistivity test, on the other hand, can be conducted within a minute 

without any special preconditioning of specimens beyond grinding the ends (this is 

required anyway for strength). Moreover, the bulk resistivity and surface resistivity tests 

showed almost a perfect correlation coefficient of 0.99. This denotes that either of the 

resistivity tests can be performed for the investigation of concrete.  

 

Fig. 4.23 presents the relationships between the bulk resistivity and strength of concrete. 

At 28 days, the resistivity results increased with an increase in the strength results and 

demonstrated a good correlation coefficient of 0.83. As the specimen gained strength at 

91 days, the level of correlation declined to a correlation coefficient of 0.68. The 

prominent factor resulting in such a trend could be the pore solution composition and 

conductance, which changes due to the ion swapping between the pore solution and the 

cementitious hydrates. Accordingly, it can be postulated that resistivity can be a good 

indication of the compressive strength of concrete at early ages (i.e., less than 28 days), 

but not at later ages. Moreover, the 91-day bulk resistivity results of concrete also formed 

a correlation coefficient of 0.71 with the 7-day mortar strength results in the newly 

developed reactivity test (see Fig. 4.24). This suggests that resistivity could be a 

moderately reliable indicator of the pozzolanicity of materials.  
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Figure 4. 22: Correlation between compressive strength and bulk electrical resistivity 
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4.4.3 Bulk Electrical Resistivity  

Since the bulk electrical conductivity, bulk electrical resistivity, surface electrical 

resistivity and change passed results established well correlations (see Fig. 4.22), the bulk 

electrical resistivity results are selected to discuss the performance of pozzolans with 

regards to chloride permeability. As compared to CTRL (100% PC), concretes containing 

pozzolan typically had lower resistivity values at 7 days but significantly higher values at 

91 days as a result of the contribution of the pozzolanic reaction. Fig. 4.25 presents the 

bulk electrical resistivity results of concrete specimens at 7, 28 and 91 days.  
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Figure 4. 24: Correlation of 91-day bulk electrical resistivity of concrete containing 25% 

pozzolan or inert material with 7-day mortar strength in the developed reactivity test 
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4.4.3.1      Inert Materials and Perlite   

The use of inert filler (LMS-B or GQ) instead of pozzolan produced a considerably 

negative impact on resistivity irrespective of age. The resistivity of GQ was 35.2% lower 

than that of CTRL at 7 days, and the reduction remained significantly high as 29.7% at 91 

days. A similar trend was also shown by the results of LMS-B specimens. Likewise, the 

incorporation of perlite (PR) degraded the resistivity of concrete by indicating lower 

resistivity values than CTRL until 28 days. The 91-day resistivity of PR was 13.8% higher 

than that of CTRL, however, it was the lowest amongst all pozzolanic materials 

investigated except bottom ash (BA) as can be seen in Fig. 4.26.  

 

4.4.3.2      Ground Glasses 

Specimens containing ground glass (G-E or G-G) had an insignificant effect on resistivity 

as compared to CTRL at 7 days. The resistivity values of high-alkali G-G (11.5% Na2Oe) 

and low-alkali G-E (0.9% Na2Oe) at 28 days were 40.5 and 91.8%, respectively, higher 

than that of CTRL. G-E and G-G at 91 days developed 4.4 and 3.0 multiples higher 

resistivity values than CTRL. G-E attained a 1.5 factor higher resistivity at 91 days than 

that of G-G.  It can be deduced that the increased resistivity of G-G concrete was due to 

the increased discontinuity and tortuosity in the pore media rather than decreased pore 

solution concentration because mortar prisms with G-G expanded more than CTRL due 

to alkali-silica reaction (presented in section 4.4.7.2); which infers higher concentrations 
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of Na+, K+ and OH– ions in the pore solution. Therefore, the pore structure of concrete 

seems to play a dominant role in dictating the resistivity of concrete.  
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Figure 4. 25: Bulk electrical resistivity results 
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4.4.3.3       Coal-Fired Ashes  

The replacement of PC with fly ash or bottom ash resulted in significantly different 

impacts on resistivity. The results of bottom ash (BA) demonstrated the lowest resistivity 

values (or resistance to chloride penetration) at all ages among all pozzolanic materials. 

This indicates that BA, similar to inert fillers, formed a less discontinuous and tortuous 

pore structure because it did not significantly react with Ca(OH)2 to produce additional C-

S-H and/or C-A-S-H gels. The results of processed bottom ash (PBA), on the other hand, 

evidenced a substantial improvement in resistivity. At 91 days, PBA attained a resistivity 

value which was a 2.2 multiple higher than that of CTRL and equivalent to that of 15% 

metakaolin (MK-E). The advantages of PBA usage can be attributed to its higher reactivity 

and fine particle size developing a refined pore structure. According to the results, low-

calcium fly ash (FA-D) and fly ash/limestone/lassenite blend (FAB) showed 30–34% 

reduction in resistivity as compared to CTRL at 7 days. Although, the specimens of high-

calcium fly ash (FA-C) achieved only 5.9% lower resistivity. The higher resistivity of FA-

C than FA-D or FAB was mainly due to the high CaO content of FA-C (27.4%) facilitating 

pozzolanic as well as hydraulic reactions, which helped to improve early age resistivity. 

With the more contribution of the pozzolanic reaction at 91 days, FA-D and FAB 

specimens showed 41.0 and 30.6%, respectively, higher resistivity values than FA-C. The 

higher the CaO content of fly ash, the lower the consumption of Ca(OH)2 produced from 

the PC hydration (Thomas, 2013). Ultimately, the impermeability of concrete does not 
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improve markedly due to the lower consumption of Ca(OH)2 (i.e., reduced formation of 

additional cementitious hydrates).   

 

 

4.4.3.4        Pumices  

Specimens containing pumice natural pozzolans (PM-A through PM-E) achieved 

significantly different resistivity after 7 days. Except for PM-C, all other mixtures showed 

higher resistivity values than CTRL beyond 7 days. At 91 days, concrete with PM-A or 

PM-B at a 25% incorporation level performed better those containing 25% low-calcium 

fly ash (FA-C) or 15% metakaolin (MK-E). PM-B developed higher resistivity values as 

compared to PM-A at all ages. The chemical composition of both pumices was the same, 
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Figure 4. 26: 91-day bulk electrical resistivity results 

 (Note: 25% replacement level unless otherwise specified) 
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but the PM-B particles were finer than PM-A. This suggested that the improved electrical 

properties of concrete containing PM-B were due to the higher reactivity of PM-B enabled 

by finer particle size or higher specific surface. PM-C through PM-E performed worse 

than PM-A and PM-B but better than FA-C (see Fig. 4.26) The increased resistivity of 

pumice concretes at 91 days is mainly due to the occurrence of the pozzolanic reaction of 

pumices at later ages.  

 

4.4.3.5        Highly-Reactive Pozzolans  

The inclusion of highly-reactive pozzolans such as silica fume (SF-B), metakaolin (MK-

E) or lassenite (LSN) at their respective incorporation levels substantially enhanced 

resistivity at later ages. The results showed that concrete with 20% LSN, a raw natural 

pozzolan, attained reduced resistivity at 7 days but a 2.4 multiple higher than CTRL and 

equivalent to 15% MK-E or 25% PBA mixture at 91 days. Silica fume (8% SF-B) 

achieved the highest resistivity at 28 and 91 days among all concrete mixtures except for 

the one with 25% MK-E. Its 91-day resistivity value was 4.5 and 2.0 times higher than 

that of CTRL and 15% MK-E mixtures, respectively. Specimens of 25% MK-E 

outperformed all other mixtures and developed a 2.6 factor higher resistivity than 15% 

MK-E specimens at 91 days. Nevertheless, metakaolin concrete at a 25% PC replacement 

level, as previously mentioned, was found to be challenging because of its very high 

demand of HRWR. 
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4.4.3.6         Summary of Resistivity Results 

In summary, ground glasses and natural pozzolans such as pumice and lassenite have the 

potential to improve the durability of concrete in terms of the electrical resistivity of 

concrete (a measure of chloride permeability) at later ages by forming a refined concrete 

pore structure possessing significantly reduced permeability. 

 

4.4.4 Chloride Migration Coefficient (NT Build 492)   

Fig. 4.27 presents the non-steady state chloride migration coefficient (Dnssm) results of 91 

days old concrete specimens determined in accordance with NT Build 492 (nordtest). The 

results varied over a broad range between 3.9 x 10-13 and 1.6 x 10-11 m2/s indicating a 

significant influence of the type of pozzolan/inert material used and its incorporation level.  

 

4.4.4.1    Inert Materials and Perlite  

The incorporation of inert materials (LMS-B or GQ) increased the Dnssm value by 1.4 to 

1.7 compared with CTRL (100% PC). This is expected as there is a dilution in the amount 

of reactive materials and hence the amount of cementitious hydrates that form. The result 

of perlite (PR) modified concrete depicted no benefit on the Dnssm value as compared to 

that of CTRL. This predominantly resulted from the higher permeability of PR concrete 

because the chloride permeability (charge passed) determined for this concrete in ASTM 

C1202 was also equivalent to that of CTRL. 
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4.4.4.2    Ground Glasses 

The Dnssm value dramatically decreased with a factor of 3–5 as compared to that of CTRL 

when the 25% of PC was replaced with ground glass (G-E or G-G). The results also 

supported the findings of a study conducted by Jain et al. (2010) illustrating a comparable 

performance of low-calcium fly ash and ground glass at the similar PC replacement level. 

The low-alkali ground glass (G-E) at 25% incorporation level performed comparable to 

8% silica fume (SF-B). In addition to a decreased permeability, the increased resistance 

of concrete containing pozzolans (ground glass in this case) is due to the formation of 

aluminate hydrates (C–A–S–H) possessing improved chloride binding capability than C–

S–H (Neville, 1995; Dhir et al., 1997).  
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Figure 4. 27: Dnssm test (NT Build 492) results at 91 days 

 (Note: 25% replacement level unless otherwise specified) 
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4.4.4.3    Coal-Fired Ashes 

The resistance to chloride migration of concrete containing a coal-fired ash was dependent 

on the type of the coal-fired ash used. The results showed that the low-calcium fly ash 

(FA-D) reduced Dnssm by a factor of 1.6 as compared to CTRL.  The Dnssm of high-calcium 

fly ash (FA-C, 27.4% CaO), on the other hand, was 2.4 and 1.8 multiples higher than that 

of FA-D (4.4% CaO) and CTRL, respectively. Concrete containing the quaternary blend 

of PC and FAB (20/20/60 limestone/lassenite/fly ash) also performed equivalent to FA-

D. The particle size of bottom ash played a vital role in influencing chloride migration. 

The use of coarse bottom ash (BA, 93.9% fraction > 75μm) increased Dnssm by a factor of 

1.8 in comparison to that of CTRL. From Fig. 4.26, it can be seen that processed bottom 

ash PBA (ground form) concrete developed a substantially improved chloride migration 

resistance than BA concrete and equivalent to that of low calcium FA-D concrete. This 

was mainly the result of a finer particle size or higher specific surface area of PBA 

resulting in increased reactivity and densified microstructure, and reduced permeability. 

The compressive strength results also validated the above argument pertaining to the 

refined pore structure either due to the formation of additional hydrates or densification 

of the microstructure by indicating an increment in the 91-day compressive strength with 

a reduction in the particle size of pozzolan (BA vs. PBA) as shown in Fig. 4.19.  
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4.4.4.4     Pumices  

The use of pumice in concrete resulted in increased but highly-varied resistance to 

chloride migration. Dnssm decreased by a factor of 1.2–5.0 depending on the pumice used. 

PM-B showed the best performance amongst all pumice (PM-A through PM-E) and had 

a Dnssm value comparable or lower than that of 8% silica fume (SF-B) or 15% metakaolin 

(MK-E). The advantages of the pumice incorporation were mainly due to their pozzolanic 

nature because concrete containing very fine inert filler GQ (~5 μm D50) worsened the 

resistance against chloride migration. Pozzolans in concrete react with Ca(OH)2 to form 

cementitious products possessing lower permeability and develop a more refined and 

discontinuous pore media (Marsh et al., 1985; Mehta, 1987). PM-C was found the least 

effective in reducing chloride migration as its Dnssm value was slightly lower than CTRL 

and highest compared to that of the other pumice mixtures. Furthermore, pumice concretes 

also demonstrated a decrease in Dnssm with a finer particle size of pumice. The Dnssm of 

PM-B specimens reduced by a 1.7 multiple as compared to that of PM-A. Again, this 

resulted from the finer particle size of PM-B compared with PM-A since the chemical 

composition of both pumices was consistent.  

 

4.4.4.5      Highly-Reactive Pozzolans 

Mixtures containing 20% lassenite (LSN) demonstrated a significant reduction in chloride 

migration. The Dnssm value was one-third of that of CTRL and comparable to that of low-

calcium fly ash or processed bottom ash. A 25% PC replacement with MK-E substantially 
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decreased Dnssn in comparison to that of the other 19 concrete mixtures including ones 

containing 15% MK-E or 8% SF-B. It is understood that the highly-reactive nature of MK-

E and the presence of 44.1% Al2O3 in MK-E caused a considerably increased chloride 

binding due to the formation of Friedel’s salt (3CaO.Al2O3.CaCl2.10H2O) (Tang et al., 

1993; Shi et al., 2012). However, metakaolin, as previously mentioned, is not suitable to 

be used at such a higher incorporation level of 25% considering the negative impacts on 

the properties of concrete in the plastic state.  

 

4.4.4.6.     Relationship of Chloride Migration Coefficient with Electrical Resistivity 

and Reactivity in the Developed Test  

Fig. 4.28 presents the relationship between the bulk electrical resistivity and chloride 

migrate coefficient of concrete at 91 days. It can be seen that the measurements correlate 

well with a correlation coefficient of 0.86. In addition, the electrical resistivity results also 

formed strong correlations (R2 > 0.90) with the bulk electrical conductivity (ASTM 

C1760) and charge passed (ASTM C1202) results as previously shown in Fig. 4.22. This 

suggests that the electrical resistivity of concrete could be a reliable measure of the 

resistance of the concrete against chloride ingress which is also measured using other 

techniques including chloride migration coefficient (NT Build 492), bulk electrical 

conductivity (ASTM 1760) and chloride permeability (ASTM C1202). 
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The correlation between the Dnssm values of concretes containing 25% replacing material 

(pozzolan or inert filler) and the 7-day compressive strength in the newly developed 

reactivity test is shown in Fig. 4.29. It can be seen that the results demonstrate a relatively 

low correlation coefficient of 0.60. This indicates that the pozzolanicity of materials in the 

developed test is not a very precise measure of the resistance of the concrete to chloride 

penetration. The variability in the alumina content of pozzolans could be a plausible 

reason resulting such correlation between the results because the alumina is more capable 

in binding chloride than silica. The relatively poor correlation could be the result of 

differences in alumina content between pozzolans as increased alumina contents can 
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Figure 4. 28: Correlation between bulk electrical resistivity and chloride migration 

coefficient of concrete at 91 days 

 



 

 135 

significant increase chloride resistance by increasing chemical binding of the chlorides, 

without necessarily increasing pozzolanicity.  

 

 

4.4.5 Diffusion Decay Index (m-factor)  

The diffusion decay index or m-factor represents the rate of the decrease of chloride (Cl) 

diffusion or migration coefficient (D) with time due to continued hydration of cementing 

materials in concrete. Service life prediction models, such as Life-365, are used to estimate 

the depth of chloride penetration in concrete subjected to harsh conditions such as marine 

environments and de-icing salt exposure. This model considers m-factors as a 

dimensionless constant depending on mixture proportions to determine the rate of the 
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reduction in D, in other words, the rate of the refinement in microstructure (Ehlen et al., 

2009). Life-365 includes two industrial by-products, which have a pozzolanic nature (fly 

ash and silica fume) (see Table 4.4), but does not include natural pozzolans, ground 

glasses and bottom ashes since these materials have not been used widely in the past and 

are only slowly being adopted in CSA and ASTM standard materials. Therefore, the 

determination of m-factors for natural pozzolans, ground glasses and bottom ashes can 

provide an understanding of their potential for evolving the microstructure with time due 

to the pozzolanic action. 

 

For the calculation of m-factor, two chloride diffusion coefficients of concrete at two 

different ages (tref = 28 days and a given time t) are used in the model. However, only one 

D value was determined in this research when specimens were 91 days old. Fig. 4.30 

shows that the Dnssm results of concrete at 91 days determined in NT build 492 strongly 

correlate with the charge passed (Q, Coulombs) results in ASTM C1202. Therefore, the 

equation applied in Life-365 was modified by using Q in place of D (see Eq 4.1). The 

measured Q values at 28, 56 and 91 days were then used to calculate an appropriate m-

factor for each concrete mixture in order to minimize the sum of the square errors (see Eq 

4.2) between the measured Q values in ASTM C1202 and the estimated Q values using 

Eq 4.1.  
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𝑄(𝑡) = 𝑄𝑟𝑒𝑓 . (
𝑡𝑟𝑒𝑓

𝑡
)

𝑚
    (4.1) 

Where   Q(t) = Estimated Q in ASTM C1202 at time t (= 28, 56 and 91 days), 

  Qref = Measured Q in ASTM C1202 at time tref (=28 days), and 

  m = diffusion decay coefficient or m-factor  

 

𝜀 = ∑ (𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖  – 𝑄𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑖)
291

𝑖=28    (4.2) 

Where   Qmeasured = Measured Q values at 28, 56 and 91 days, 

            Qestimated = Estimated Q values at 28, 56 and 91 days using Eq 4.1, and 

            ε = sum of the square errors for each concrete mixture 
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Figure 4. 30: Relationship between chloride diffusion coefficient (Dnssm) in NT Build 492 

and charge passed (Q) in ASTM C1202 
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Table 4. 6: Diffusion decay indices (m-factor) used in Life365 

Material m-factor 

Portland cement  0.2 

25% Fly ash 0.4 

Silica fume 0.2 

 

Table 4. 7: Calculated diffusion decay index (m-factor) values 

Material m-factor Material m-factor 

PC 0.2 PM-A 1.0 

LMS-B 0.2 PM-B 1.0 

GQ 0.2 PM-C 0.3 

G-E 0.6 PM-D 0.5 

G-G 1.0 PM-E 0.9 

FA-C 0.5 PR 0.6 

FA-D 0.3 MK-E 0.4 

FAB 0.4 MK-E (15%) 0.2 

BA 0.2 SF-B (8%) 0.5 

PBA 0.7 LSN (20%) 0.6 

 

The m-factor values are found in Table 4.7. A higher m-factor signifies an increased 

improvement in the microstructural properties of concrete with time. As compared to 

CTRL (100% PC), the use of inert material (limestone LSM-B or ground quartz GQ) or 

coarse bottom ash (BA) at a 25% PC replacement level reduced the resistance of concrete 

against chloride penetration in ASTM C1202 but had no influence on m-factor. This 
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suggests that the incorporation of inert filler or bottom ash leads to disadvantageous 

implications on the formation of a better microstructure with time. On the other hand, 

processed (ground) bottom ash PBA concrete had substantially decreased chloride 

permeability at 91 days, and its specimens also developed a high m-factor of 0.7 as 

compared to fly ash and silica fume. Moreover, concretes containing 25% ground glass 

(G-G or G-E) had Q values comparable to 8% silica fume (SF-B) concrete, but their m-

factor values are equivalent or higher. Similarly, the results showed that the decrease in 

the chloride permeability of concrete with 20% lassenite (LSN) or 15% metakaolin (MK-

E) as compared to CTRL was more or less the same; however, 20% LSN concrete formed 

a considerably higher m-factor of 0.6. This indicates that a partial replacement of PC with 

ground glass, lassenite or ground bottom ash can significantly enhance the chloride 

penetration resistance of concrete in the long-term.   

 

The m-factor of concrete comprised of pumice varied from 0.3–1.0. PM-C had ‘high’ 

chloride permeability at 91 days in ASTM C1202 and developed the lowest compressive 

strength compared with the other pumices. Likewise, its m-factor of 0.3 was also the 

lowest. It is deduced that PM-C does not considerably reduce chloride permeability with 

time, which is mainly due to its poor reactivity. Furthermore, the results demonstrated 

higher m-factors for PM-D and PM-E than low-calcium fly ash (FA-D) or the fly ash blend 

(FAB). Surprisingly, PM-A and PM-B formed the highest m-factor of 1.0 among all 20 

concrete mixtures. Additionally, specimens from these mixtures had Q values comparable 
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to 8% SF-B (0.5 m-factor) and lower than 15% MK-E (0.2 m-factor) at 91 days. This 

evidently indicates that pumices, natural pozzolans, may eventually perform better than 

silica fume and metakaolin in terms of resistance to chloride penetration in the long-term.  

 

4.4.6 Effectiveness of Pozzolans in Inhibiting Sulphate Attack 

This section presents the sulphate attack induced expansion results of mortar prism 

specimens tested in accordance with ASTM C1012. The specimens were exposed to a 50 

g/L sodium sulphate (Na2SO4) solution and periodically measured for length change. 

Except for CTRL (100% PC), all binary blends contained a 25 wt% (or unless otherwise 

specified) proportion of pozzolan or inert material in the binder. As per ACI 318-14, the 

6-month expansion requirements for moderate sulphate exposure Class S1 and severe 

sulphate exposure Class S2 were considered as 0.10 and 0.05%, respectively.  

 

4.4.6.1       Inert Materials and Perlite  

The CTRL specimens expanded more than 0.10% at 105 days indicating poor 

performance against sulphate attack (see Fig. 4.31). The dilution of the binder with inert 

material (limestone LMS-B or ground quartz GQ) exacerbated the sulphate attack causing 

more rapid expansion and deterioration compared with the CTRL and expansion exceeded 

0.10% after 56 or 91 days. Since inert materials do not chemically react with other 

constituents, it is inferred that the permeability of mortar increased due to a reduced 
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formation of cementitious hydrates such as C–S–H and/or C–A–S–H gels. Consequently, 

this led to a more rapid penetration of sulphate ions.  

 

 

Mortars containing perlite (PR) performed well with expansion values < 0.05% at 6 

months (meets requirements for sulfate exposure Class S2). This is somewhat surprising 

given that the perlite did not contribute significantly to strength and showed poor 

performance in electrical resistivity and chloride migration tests indicating little beneficial 

impact on the poor structure and permeability of concrete.  
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Figure 4. 31: Expansions due to sulfate attack of mortar prisms (ASTM C1012) 
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4.4.6.2      Ground Glasses 

The expansion results of specimens containing ground glass (G-E or G-G) are presented 

in Fig. 4.31. The results show that the expansions of specimens with ground glass were 

significantly lower than that of CTRL. The maximum expansion of specimens of either 

ground glass remained ≤0.02% until 6 months (complying with Class S2) denoting 

noteworthy performance of both high-alkali (G-G, 13.3% Na2Oe) and low-alkali (G-E, 

0.9% Na2Oe) ground glasses. The good performance of the ground glasses corroborates 

the findings of a study conducted by Rashidian-Dezfouli and Rangaraju (2018). 

 

4.4.6.3      Coal-Fired Ashes 

Specimens with bottom ash (BA) failed to meet the requirement for either sulphate 

exposure class and expanded more rapidly than CTRL (see Fig. 4.32). Whereas, processed 

bottom ash (PBA) manifested significantly improved sulphate resistance. The specimens 

containing this material developed substantially small expansion of 0.02% after 140 days. 

The improved performance of PBA is ascribed to the higher reactivity provided by finer 

particle size resulting in more Ca(OH)2 depletion and a refined pore structure, reduced 

permeability. The ternary bend (FAB – 20/20/60 limestone/lassenite/fly ash) performed 

similar to FA-D and qualitied for severe sulfate exposure Class S2.  

 

The high-calcium fly ash (FA-C) specimens showed the worst performance among all 23 

mixtures and broke into pieces after 105 days of sodium sulphate solution exposure (see 
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Fig. 4.33). This is attributable to reduced refinement in the microstructure (i.e., increased 

permeability) due to a less consumption of Ca(OH)2 produced from the PC hydration 

(Tishmack et al., 1999), and a less formation of ettringite and more formation of a highly 

sulphate attack vulnerable species, monosulphoaluminate (Tarun et al., 1994). It has also 

been shown that high-calcium fly ash itself contains C3A and calcium-aluminate glass that 

are likely vulnerable to sulfate attack (Thomas, 2013). 
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Figure 4. 32: Expansions due to sulfate attack of mortar prisms (ASTM C1012) 

Figure 4. 33: High-calcium fly ash (FA-C) prisms after 105 days of exposure to 50g/L 

Na2SO4 solution in ASTM C1012 

 

 

Figure 4.32: 

Figure 4.33: 
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4.4.6.4      Pumices  

The results clearly indicate that the pumices (PM-A through PM-E) were at least as 

effective as low-calcium fly ash (FA-D) to suppress sulphate attack (see Fig. 4.34). The 

highest expansion value of specimens containing PM-A, PM-B or PM-C was less than 

0.05% after 6 months of sodium sulfate solution exposure. In comparison to PM-A, the 

slightly increased efficacy of PM-B is ascribed to its improved reactivity provided by 

higher specific surface area since both pumices have a consistent chemical composition, 

CaO and Al2O3 contents in particular. Consequently, PM-B consumed more Ca(OH)2, 

which plays a significant role in sulphate attack, in the pozzolanic reaction and developed 

a more compact and less permeable microstructure. The compressive strength results in 

the developed reactivity test and charge passed values in ASTM C1202 substantiated 

either of the above arguments. The specimens containing PM-D or PM-E were prepared 

at a later-stage; therefore, their latest measurements (≤0.02% expansion) were taken after 

140 days of exposure and indicated performance comparable to FA-D. However, the 

sulfate resistance of these materials at earliest can only be determined after 6 months of 

exposure to the sodium sulfate solution.  

 

4.4.6.5      Impact of w/b Ratio on Sulphate Attack Induced Expansion   

In order to evaluate the influence of the varying w/b ratio on the sulphate attack resistance 

of specimens containing finer pozzolans, mortar mixtures with silica fume (8% SF-B), 

metakaolin (15% MK-E) and lassenite (20% LSN) were investigated at their respective 
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w/b ratios determined based on the flow of fresh mortar mixtures in accordance with 

ASTM C1012 in addition to the w/b ratio of 0.485 which was used to prepare the 

specimens of CTRL mixture (100% PC). Fig. 4.35 presents the w/b ratio and expansion 

results. All three mortar mixtures prepared as per ASTM C1012 required w/b ratios higher 

than 0.485 to develop ±5% flow of CTRL at the 0.485 w/b ratio. As previously mentioned, 

the finer particle size and higher specific surface area of pozzolans are the dominant 

factors in dictating the w/b ratio or water demand to render mixtures possessing a given 

flow value (Walker and Pavia, 2011).  
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Figure 4. 34: Expansions due to sulfate attack of mortar prisms (ASTM C1012) 

 (Note: 25% replacement level unless otherwise specified) 



 

 146 

 

In accordance with ASTM C1012, 20% LSN was found as effective as 8% SF-B in 

suppressing expansion due to sulphate attack. LSN (at 0.54 w/b ratio) and SF-B (at 0.51 

w/b ratio) specimens contracted until 91 days mainly due to autogenous shrinkage and 

subsequently expanded 0.02 and 0.01% at 140 days, respectively. The results for MK-E 

reveal an adverse influence of the higher w/b ratios on sulfate resistance. The mortar with 

15% MK-E at a 0.52 w/b ratio started to expand at 91 days and exceeded the 0.10% limit 

at 126 days. The mortar with the same amount of MK-E but produced at a slightly lower 

w/b ratio (0.485) developed 0.03% expansion after 140 days. The extent of damage caused 

by sulphate attack on MK-E specimens at different w/b ratios are shown in Fig. 
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Figure 4. 35: Expansions due to sulfate attack of mortar prisms (ASTM C1012) 

 (Note: 25% replacement level unless otherwise specified) 
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4.36.  Given the above, the performance of pozzolans, especially metakaolin, against 

sulphate attack investigated in ASTM C1012 test is highly subjective to the w/b ratio value 

determined for the specified flow. 

 

 

4.4.6.6      Summary and Relationship with Pozzolanicity    

The sulfate attack expansion results for pozzolans those specimens were exposed to the 

sodium sulfate solution for at least either 140 or 180 days are presented in Fig. 4.37. It can 

be seen that the ground glasses (G-G and G-E), low-Ca fly ash (FA-B), ternary blend 

(FAB), pumices PM-A through PM-C performed well by meeting the requirement for the 

severe sulfate exposure class. The specimens containing inert filler (GQ and LMS-B), 

high-Ca fly ash (FA-C), bottom ash (BA) or metakaolin (MK-E) failed to meet any 

expansion requirement when tested as per ASTM C1012.   

 

0.52 w/b ratio 0.485 w/b ratio 

Figure 4. 36: 15% metakaolin mortar prisms with different w/b ratios after 126 days of 

exposure to 50 g/L Na2SO4 solution in ASTM C1012 
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4.4.7 Efficacy of Pozzolans in Mitigating Alkali-Silica Reaction  

The expansion caused by the alkali-silica reaction (ASR) in mortar prism specimens 

containing control or synergic mixtures (binary and ternary) were determined as per 

ASTM C441-17. Binary blends were prepared at a 25 vol% PC replacement level, whereas 

ternary blends contained 5% lassenite with 25% other pozzolan making up a 30 vol% PC 

replacement. The w/b ratio for each pozzolan was determined to develop mortar mixtures 

meeting the given flow. The specimens were stored at 38.0 ± 1.0 °C and measured 

periodically for length change up until 112 days (16 weeks). The threshold expansion limit 

was considered as a 75% reduction in expansion compared to the high-alkali PC mixture 

Figure 4. 37: Expansions due to sulfate attack of mortar prisms after 140 and 180 days 

in ASTM C1012 (*mixture with 0.485 w/b ratio) 

 (Note: 25% replacement level unless otherwise specified) 
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(CTRL) at 56 days (0.12% expansion limit) in order to determine the effectiveness of 

pozzolans in mitigating detrimental ASR (Pepper and Bryant, 1958; ASTM C989-06). 

 

4.4.7.1    Inert Materials and Perlite  

It was intriguing to note that the 25% PC replacement with inert diluents produced 

markedly different expansions. Limestone (LMS-B, 0.2% Na2Oe) prisms expanded 

comparable to CTRL manifesting no influence on ASR (see Fig. 4.38). Ground quartz 

(GQ, 0.2% Na2Oe), on the other hand, substantially suppressed expansion. This inert 

material was found to be effective in mitigating ASR since the prisms expanded less than 

the 0.12% expansion limit after 56 days. On the contrary, Stanton (1950) did not find a 

beneficial role of ground quartz in minimizing ASR. The presence of alkalis (Na+ and K+) 

and hydroxide (OH–) in the pore solution is essential for ASR to take place (Thomas, 

2013). Therefore, it is postulated that the finer GQ particles (approx. 5 µm D50) were 

capable of binding either alkalis or hydroxide and eventually reduced detrimental species 

in the pore solution. However, further research is necessary to see how finely-ground 

quartz possesses the potential to minimize the ASR-induced expansion. According to the 

compressive strength, chloride permeability and sulfate resistance results, it is understood 

that GQ is not a reactive material; hence it did not encapsulate alkalis in cementitious 

hydrates because of no formation of additional cementitious hydrates. Moreover, the 

results of the newly developed reactivity test substantiated the argument by showing no 

strength gain of GQ mortar specimens.  



 

 150 

 

 

 

Perlite (PR) was found highly-ineffective in mitigating ASR. The prisms containing this 

material did not attain expansions lower than 75% of CTRL at all ages. This material at 

the same 25% incorporation level was further investigated with 5% lassenite (LSN). The 

ternary blend (LSN/PR/PC 5/25/70) performed better than the binary blend by 

significantly limiting expansions and complying with the threshold limit. 
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Figure 4. 38: Expansions due to ASR of mortar prisms (ASTM C441) 

  (Note: 25% replacement level unless otherwise specified) 
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4.4.7.2     Ground Glasses 

The use of low-alkali ground glass (G-E, 0.9% Na2Oe) or high-alkali ground glass (G-G, 

13.3% Na2Oe) at a 25% incorporation level was found ineffective as their prisms 

demonstrated <75% reduction in 56-day expansion compared to CTRL. However, G-E 

was more effective in reducing the long-term expansion compared to G-G (see Fig. 4.39). 

In addition, the ultimate expansion of G-E was less than that of low-calcium fly ash (FA-

D). The G-G prisms, on the other hand, ultimately expanded more that of CTRL prisms. 

The alkalis of ground glass are partially bound in C–S–H gel formed by ground glass due 

to its pozzolanic nature (Dezfouli and Rangaraju, 2018). However, the results indicated 

no mitigation of ASR when high alkali ground glass (G-G) was used at 25% PC 

replacement level. The prisms containing 40% G-G developed substantially lower 

expansions than those with 25% G-G (see Fig. 4.39). This suggests that high-alkali ground 

glasses need to be used at higher PC replacement levels than low-alkali ground glasses in 

order to considerably mitigate ASR. However, 40% G-G prisms expanded more than the 

threshold limit at 56 days. Additionally, the ternary blend of 5/25/70 LSN/G-G/PC 

attained reduced expansion at 14 days but it later expanded substantially and surpassed 

the 56-day limit, suggesting insignificant benefits of combining G-G (high-alkali ground 

glass) in a ternary blend.  
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4.4.7.3     Pumices 

The results manifested that a 25% PC replacement with pumice natural pozzolan (PM-A 

through PM-D) mitigated detrimental ASR. However, the extent of ASR mitigation was 

dependent on the pumice used (see Fig. 4.40). PM-A and PM-B prisms expanded more 

than the threshold limit at 56 days. However, the ultrafine form of PM-A (i.e., PM-B) 

showed an improvement in the effectiveness to control expansion. PM-B exceeded the 

limit by 0.01%, whereas PM-A did by 0.10%. The beneficial implication of PM-B is 

mainly due to finer particle size which resulted in increased reactivity since the 

compressive strength of PM-B mortar was higher than that of PM-A mortar in the newly 
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Figure 4. 39: Expansions due to ASR of mortar prisms (ASTM C441) 

 (Note: 25% replacement level unless otherwise specified) 
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developed reactivity test. Therefore, it can be deduced that PM-B formed more C–S–H 

and C–A–S–H gels compared to PM-A; consequently, more alkalis were bound in the 

gels.  

 

 

The influence of Na2Oe determined using X-ray fluorescence (XRF) was found vague in 

estimating the effectiveness of pumice to control ASR. The results demonstrated that PM-

D (1.5% Na2Oe) developed expansions comparable to PM-A (1.3% Na2Oe). Pumice which 

did not considerably mitigate ASR contains higher Na2Oe, but the opposite is obscure. The 

expansions of PM-E prisms were the lowest at each age in comparison to that of the prisms 

of any other pumice tested in spite of the highest Na2Oe (5.7%) of PM-E. The performance 
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Figure 4. 40: Expansions due to ASR of mortar prisms (ASTM C441) 

 (Note: 25% replacement level unless otherwise specified) 
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of PM-C specimens, on the other hand, was found to be the poorest considering ASR 

inhibition; nevertheless, the 5.6% Na2Oe of PM-C is slightly less than that of PM-E. This 

could be due to alkalis being “tied-up” in mineralogical phases present in pumices (natural 

pozzolans), and such alkalis will not be available for reaction with alkali-silica reactive 

aggregates.  As such, it is suggested that the soluble Na2Oe of pumice might be different 

from the Na2Oe determined using XRF. PM-C, highly-ineffective in the binary blend, 

substantially mitigated ASR when combined with lassenite (LSN) (see Fig. 4.40). From 

Fig. 4.45, it can be seen that the prisms of 5% LSN + 25% PM-C met the 56 days 

expansion limit and attained expansion comparable to metakaolin (MK-E).  

 

4.4.7.4     Coal-Fired Ashes 

The expansion results of specimens containing coal-fired ash are presented in Fig. 4.41. 

Low-calcium fly ash (FA-D, 1.6% Na2Oe) expanded less than CTRL (100% PC, 0.92% 

Na2Oe) at all ages. The ultimate expansion of FA-D prisms was substantially lower than 

CTRL after 112 days. However, the incorporation of FA-D at a 25 % level was found be 

insufficient in mitigating detrimental ASR since the prisms expanded more than the 56-

day expansion limit. Fournier et al. (2000) also reported that low-calcium fly ash needs to 

be used at a minimum of 30% PC replacement level in order to control deleterious ASR 

expansions. The results of high-calcium fly ash (FA-C) had a decrease of 0.08% at 14 

days but an increase of 0.03% in the final expansion in comparison with that of CTRL. 

FA-C and FA-D contained the same amount of equivalent alkali (Na2Oe), but the CaO 
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contents were 27.4 and 4.4%, respectively. Previous literature has also shown the 

inefficacy of fly ash in mitigating ASR when the CaO content was ≥20% (Shehata and 

Thomas, 2000). The quaternary blend of PC and FAB (20/20/60 limestone/lassenite/fly 

ash) performed slightly less well than FA-D. The Na2Oe content of FAB may have played 

an influential role despite its lower CaO and higher SiO2 +Al2O3 contents than FA-D. The 

three fly ash mixtures at the 25% PC replacement level surpassed the 56-day expansion 

limit.  

 

It was surprising to see that both bottom ashes were highly-effective for the mitigation of 

ASR. The results showed that raw bottom ash BA (0.9% Na2Oe) prisms attained expansion 

comparable to metakaolin (MK-E) with a maximum expansion of ≤0.10% (see Fig. 4.41 
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Figure 4. 41: Expansions due to ASR of mortar prisms (ASTM C441) 

  (Note: 25% replacement level unless otherwise specified) 
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and Fig. 4.43). The high effectiveness of BA cannot be ascribed to its higher reactivity 

since a 0.4 MPa compressive strength of BA mortar in the newly developed reactivity test 

was the lowest amongst that of other pozzolans, so was the 91-day compressive strength 

of BA concrete cylinders. Therefore, it is unclear how BA reduced expansion to a 

remarkable extent because the reactivity results suggest that BA formed negligible C–S–

H and/or C–A–S–H gels, which further underlines the idea of inconsiderable alkali 

binding. Fig. 4.42 shows that BA particles have highly-porous morphology, and the pores 

are spread through almost the whole of the outer surface. This suggests that maybe the 

porosity of BA provided accommodation for the alkali-silica gel produced by ASR.  

 

 

 

Figure 4. 42: Electron micrograph of <75 µm bottom ash (BA) particles (left) and 

image of a coarse particle (right) 
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Processed bottom ash PBA (0.9% Na2Oe) exhibited improved efficacy in mitigating ASR 

and performed equivalent to silica fume (SF-B). PBA shrunk 0.01% after 14 days mainly 

due to autogenous shrinkage and expanded afterwards at the age of 112 days, so did SF-

B. PBA easily complied with the 56-day expansion limit of 0.12% since the prisms did 

not expand until 112 days.  Besides its low alkali content, the high reactivity of PBA is 

understood as the dominant factor because the pozzolanicity of PBA in the newly 

developed reactivity test was the highest after metakaolin (MK-E) and silica fume (SF-

B). The long-term concrete strength of PBA concrete was also found comparable (1.5% 

less) to the highest strength attained by mixtures comprised of highly-reactively pozzolans 

at 91 days.  

 

4.4.7.5        Highly-Reactive Pozzolans 

Silica fume (SF-B), metakaolin (MK-E) and lassenite (LSN) at a 25% PC replacement 

level were advantageous in lowering the expansion caused by ASR. The ultimate 

expansion of MK-E prisms at 112 days was ≤0.08%, remaining within the threshold limit 

of 0.12% (see Fig. 4.43). The use of SF-B was significantly effective in mitigating ASR. 

The expansion values of SF-B prisms were negative until 56 days and increased afterward, 

but still ≤0.00%. Zhang et al. (2003) reported that concrete containing 10% silica fume 

experienced contraction due to autogenous shrinkage until approx. 28 days. Thus, the 

contraction or negative expansion values of SF-B until 56 days were predominantly due 

to autogenous shrinkage since SF-B was used at a higher incorporation level of 25%. The 
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subsequent expansions elongating the prisms to their original lengths are ascribed to the 

expansions generated by ASR.  

 

 

A similar high-effectiveness was also shown by LSN, a raw natural pozzolan, at a 25% 

PC replacement level. The ASR mitigation dramatically decreased when this material was 

used at a lower incorporation level of 5% (see Fig. 4.43). Pozzolans form additional 

cementitious hydrates (e.g., C–S–H gel) in the pozzolanic reaction when combined with 

PC. These hydrates have an increased capacity to bind alkalis present in the pore solution. 

In the case of pozzolans comprised with higher alumina (Al2O3) content (e.g., metakaolin), 

the Al reacts with the C–S–H gel to produce the C–A–S–H gel having improved alkali 
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binding capacity (Hong and Glasser, 1999; Stade, 1989). Therefore, the amount of alkalis 

available in the pore solution to participate in ASR considerably decrease; thereby 

suppressing ASR-induced expansion. 

 

 

4.4.7.6    Summary and ASR Mitigation vs. Pozzolanicity  

A correlation between the 7-day compressive strength in the newly developed pozzolanic 

reactivity test and the 56-days ASR expansion is illustrated in Fig. 4.44. Both tests formed 

a correlation coefficient of 0.29. This suggests that the pozzolanic reactivity of pozzolans 
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is not a reliable indicator of their effectiveness in mitigating ASR. The relatively poor 

relationship (R2 = 0.29) as compared to pozzolanicity vs. concrete strength (R2 = 0.82) 

could be due to the presence of different amounts of soluble alkalis in the pozzolans.  Fig. 

4.45 presents the 56-days ASR expansion results of all materials investigated in ASTM 

C441. The dotted line represents the 75% reduction in expansion as compared to the high-

alkali PC mixture (CTRL).   

0.0

0.1

0.2

0.3

0.4

0.5

C
T

R
L

G
Q

L
M

S
-B

P
R

P
R

 +
 L

S
N

G
-E

G
-G

4
0
%

 G
-G

G
G

 +
 L

S
N

F
A

-C

F
A

-D

B
A

P
B

A

F
A

B

5
6
-d

a
y
 e

x
p

a
n

si
o
n

 (
%

)

a

25% of high-alkali PC

0.0

0.1

0.2

0.3

0.4

0.5

C
T

R
L

P
M

-A

P
M

-B

P
M

-C

P
M

-D

P
M

-E

P
M

-C
 +

 L
S

N

M
K

-E

S
F

-B

L
S

N

5
%

 L
S

N

5
6
-d

a
y
 e

x
p

a
n

si
o
n

 (
%

)

25% of high-alkali PC

b

Figure 4. 45: 56-days expansions due to ASR of mortar prisms (ASTM C441) 
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4.4.8 Performance Comparison for Pozzolans  

A partial replacement of PC with ground glass, bottom ash or natural pozzolan such as 

pumice, perlite and lassenite have shown different impacts on the performance of mortar 

and concrete depending on the properties investigated. In this section, concrete and mortar 

containing low-calcium fly ash (FA-D), metakaolin (MK-E) or silica fume (SF-B) were 

selected as reference mixtures to compare with mixtures comprised of ground glass, 

bottom ash or natural pozzolan. The qualitative comparisons drawn based on the results 

gathered during the course of this research are presented in spider plots in Fig. 4.46 

through Fig. 4.48. In each figure, the red solid represents the reference material (fly ash, 

metakaolin or silica fume) and the other two solid lines (green and purple) represent two 

different materials whose performances are compared with the reference material. The 

relative performance of materials was ranked as very high (3), high (2), moderate-high 

(1), equivalent (0), moderate-low (-1), low (-2) or very low (-3). The plots were created 

by assigning a set of numbers to each material for all properties.  The area covered by the 

red or purple solid line indicates an overall relative performance of a material in various 

investigations. For example, PM-A demonstrated better overall performance than FA-D 

since the area covered by PM-A is larger than FA-D (see the top left plot in Fig 4.46).  

 

Based on the data in the spider plots, the pozzolans regarding their overall performance 

can be divided into the following groups:  
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1. High-performance pozzolans: A pozzolan having the cumulative ranking (the sum 

of the rankings assigned to all the properties compared) equivalent to either 

metakaolin or silica fume are characterized as high-performance. The pozzolans 

falling into this group are pumice PM-B, lassenite LSN, ground glass G-E, and 

processed bottom ash PBA.  

2. Medium-performance pozzolans: This group consists of the pozzolans 

demonstrating overall performances equivalent to fly ash. These pozzolans are fly 

ash blend FAB (20/20/60 limestone/lassenite/fly ash), pumice PM-A, PM-D and 

PM-E, and ground glass G-G. 

3. Comparable-performance pozzolans: Pozzolans which performed poorer than fly 

ash and the overall performances of their concretes and mortars were comparable 

to the control mixture (100% PC). The pozzolan falling into this group is pumice 

PM-C. 

4. Poor-performance pozzolans: This group incorporates pozzolans demonstrating 

overall performances worse than the control mixture. It consists of perlite PR and 

bottom ash BA.  
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Chapter V                                                                                                            

Conclusions and Recommendations 

This chapter presents the conclusions drawn from the experimental results gathered during 

the course of this research and provides recommendations and future work that can help 

in the development of a comprehensive understanding on the newly developed reactivity 

test for pozzolans and the performance characterization of bottom ashes, ground glasses 

and natural pozzolans.  

 

5.1 Conclusions  

5.1.1 Reliability and Relevance of Existing Reactivity Tests 

Based on the experimental work conducted to evaluate the reactivity of pozzolans using 

existing tests, the following conclusions can be made: 

• The assessment of the reactivity of industrial by-products such as fly ash and silica 

fume in accordance with the strength activity index (ASTM C311/618) and lime-

reactivity (CSA A3004-E1) tests were reliable since both tests provided a 

consistent evaluation of their reactivity.  

• These tests were found unreliable for natural pozzolans and ground glasses. The 

foremost reason for their unsuitability was the significant variation in water 

demand or w/b ratio required to produce mortar mixtures attaining the specified 

flow values.  
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• A finely-ground inert material complied with the minimum SAI requirement of 

75% described in ASTM C311/618, and was, therefore, designated as reactive in 

spite of its inherent non-reactive nature.  

• The CH/Pozz ratio in CSA A3004-E1 was low, variable and dependent on the 

density of the pozzolan being tested, not the level of its reactivity.  

• The SAI (ASTM C311/618) and compressive strength (CSA A3004-E1) results 

demonstrated poor relationships with each other, and the compressive strength of 

concrete following 91 days of age.  

 

5.1.2 Development of the Modified Reactivity Test  

From the experimental work performed for the development of the modified reactivity test 

for the evaluation of pozzolans, the following conclusions can be drawn:  

• Metakaolin (MK-E) consumed all CH (Ca(OH)2) at a 1/2 CH/Pozz ratio according 

to TGA results. A 1/1.5 CH/Pozz ratio provided adequate CH for the highly-

reactive pozzolan to react almost completely while resulting in a minimal CH 

residue at the end of the test.  

• Fresh mortar mixtures at a constant w/b ratio of 0.65 achieved adequate 

consistency for all pozzolans investigated except for MK-E, a very fine pozzolan. 

The higher water demand of this pozzolan was successfully compensated for by 

using a HRWR. The TGA and compressive strength results demonstrated no 



 

 168 

adverse impact of the addition of HRWR on the reactivity for specimens cured at 

an elevated temperature of 50 °C.  

• The replacement of distilled water with a 0.6 M OH– mixing solution negatively 

influenced the reactivity of pozzolans in terms of bound water and compressive 

strength.  

• With the same 0.6 M OH– mixing solution, a partial replacement of pozzolan and 

CH with calcite, slightly enhanced the reactivity of pozzolans; however still less 

than the control which did not contain calcite and the 0.6 M OH– solution.  

• The addition of a 0.3 M K+ (K2SO4/KOH = 5) solution, while maintaining the same 

proportion of calcite facilitated an equivalent or better degree of the reactivity of 

pozzolans as compared to the control.  

• The calcite consumption by pozzolans linearly increased with an increase in Al2O3 

content of pozzolans. 

• The results indicated insignificant variations in compressive strength with the 

replacement of distilled water curing solution with a 0.6 M OH– solution. 

• A 40 °C curing temperature favored a higher-degree of the reactively of pozzolans 

in terms of bound water and compressive strength compared with 50 °C.  

• The developed reactivity test showed excellent performance for intra-laboratory 

repeatability and offered an accurate evaluation of the reactivity of pozzolans 
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considering strong relationships with bound water in paste and 91-day strength in 

concrete. 

 

5.1.3 Mechanical and Durability Performance of Concrete or Mortar  

Based on the investigations for compressive strength, electrical properties, chloride 

migration coefficient and expansions due to sulphate attack and ASR in either concrete or 

mortar, the following conclusions can be made:  

• A 25% low-alkali ground glass (G-E) incorporation resulted in similar if not 

greater compressive strength, sulfate resistance, chloride penetration resistance 

than concrete containing 8% silica fume (SF-B). The effectiveness of G-E was 

inferior to 25% SF-B in ASR mitigation; however, it was comparable to 25% low-

calcium fly ash. 

• High-alkali ground glass (G-G) showed performance equivalent to FA-D for all 

properties except for the mitigation of ASR. This ground glass suppressed ASR 

expansions substantially but not completely when used at a higher incorporation 

level of 40%.    

• Processed (ground) bottom ash (PBA) performed significantly better than raw 

bottom ash (BA). BA was surprisingly as efficacious as metakaolin (MK-E) in 

mitigating ASR, however, it performed comparably to inert materials for other 
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properties investigated. A 25% PBA incorporation demonstrated the potential to 

be used in place of 8% SF-B or 25% low-calcium fly ash.  

• Natural pozzolans (pumice, perlite and lassenite) showed a wide range in 

performance depending on the source of the material. Perlite (PR) reduced 

compressive strength and chloride penetration resistance compared to low-calcium 

fly ash (FA-D). Additionally, PR was ineffective in mitigating ASR.  

• Lassenite (LSN), performed better for all durability properties investigated and 

showed the potential to be used in places where highly-reactive pozzolans such as 

silica fume and metakaolin are appropriate.  

•  The performance of pumice (PM-A through PM-E) for sulphate resistance was 

comparable to FA-D and SF-B. 

• All pumices except for PM-E in binary blends were not adequately effective in 

mitigating ASR at a 25% incorporation level but demonstrated significantly 

improved efficacy when combined at the same incorporation level with a highly-

effective natural pozzolan, LSN, in a ternary blend. Pumices might need to be used 

at higher PC replacement levels (e.g., 35%) to control deleterious ASR.  

• Concrete containing 25% PM-A or PM-B indicated better performance among all 

five pumice mixtures and achieved compressive strength and chloride penetration 

resistance comparable to 8% SF-B.  
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• There was no correlation between the level of ASR mitigated in ASTM C441 and 

the alkali equivalent (Na2Oe) of pumices determined using XRF. 

• The impact of fine particle size of pumice (PM-A vs. PM-B) and bottom ash (BA 

vs. PBA) was favorably pronounced on reactivity and durability properties studied.  

• Specimens containing metakaolin (MK-E) and prepared for the specified flow 

values in ASTM C1012 with a w/b = 0.52 developed reduced sulphate resistance 

than those prepared with this material but at a lower w/b ratio of 0.485.  

• Electrical resistivity is a reliable measure of the resistance of concrete against 

chloride ingress. Therefore, this test can be used in place of bulk electrical 

conductivity (ASTM C1760), charge passed (ASTM C1202) and chloride 

migration coefficient (NT Build 492).  

 

5.2 Recommendations  

5.2.1 Developed Reactivity Test Method 

Future work can stress the following suggestions to improve the reliability of the newly 

developed reactivity test method:  

• A ruggedness study should be conducted among independent laboratories to 

determine levels of correlation of the results of this test and bound water, heat 

release using calorimetry and Ca(OH)2 consumption using thermogravimetric 
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analysis by testing a set of materials representing industrial by-products (fly ash 

and silica fume) as well as natural pozzolans and ground glasses.  

• Inter-laboratory reproducibility can be estimated by investigating pozzolans in the 

developed test in different laboratories and then determining variations in the 

results obtained.  

• The rapidity of the test to evaluate fly ashes can be determined by testing a number 

of different fly ashes for compressive strength at 7 and 14 days.  

 

5.2.2 Durability Performance of Pozzolans 

In order to enhance the understanding of the performance of ground glasses, bottom ashes 

and natural pozzolans, the following aspects should be considered: 

• The mineralogy of the pozzolans should be investigated to determine the relative 

amounts and composition of both amorphous and crystalline phase. XRD coupled 

with Rietveld analysis is recommended.  

• The superior performance of raw bottom ash (BA) and ground quartz (GQ) in 

mitigating ASR should be studied by extracting the pore solution of specimens for 

chemical composition and analyzing sections under SEM coupled with EDS to 

determine the locations and chemical composition of alkali-silica gel deposits and 

other products formed. Tests should be repeated for confirmation.  
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• High-alkali ground glass should be tested in ternary blends with other pozzolans 

in sufficient proportion for ASR mitigation.  
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Appendix A                                                                                           

Electron Micrographs and X-ray Diffractograms  
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Figure A1: SEM image of portland cement PC-A 

Figure A2: XRD plot of portland cement PC-A 
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Figure A3: SEM image of portland cement PC-B 
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Figure A4: XRD plot of portland cement PC-B 
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Figure A5: SEM image of portland cement PC-C 
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Figure A6: XRD plot of portland cement PC-C 
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Figure A7: SEM image of calcite (CC) 
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Figure A8: XRD plot of calcite (CC) 
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Figure A9: SEM image of portlandite (CH) 
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Figure A10: XRD plot of portlandite (CH) 
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Figure A11: XRD plot of ground glass G-A 
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Figure A12: XRD plot of ground glass G-B 
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Figure A13: XRD plot of ground glass G-C 

Figure A14: SEM image of ground glass G-F 
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Figure A15: SEM image of ground glass G-E 
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Figure A16: XRD plot of ground glass G-E 
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Figure A17: SEM image of ground glass G-G 
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Figure A18: XRD plot of ground glass G-G 
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Figure A19: SEM image of fly ash FA-A 
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Figure A20: XRD plot of fly ash FA-A 
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Figure A21: SEM image of fly ash FA-C 

0

30

60

90

120

150

180

210

240

270

0 20 40 60 80

C
P

S

2-Theta

Figure A22: XRD plot of fly ash FA-C 



 

 199 

 

  

Figure A23: SEM image of fly ash FA-D 
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Figure A24: XRD plot of fly ash FA-D 
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Figure A25: SEM image of fly ash blend FAB 
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Figure A26: XRD plot of fly ash fly ash blend FAB 
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Figure A27: XRD plot of fly ash FA-B 

0

100

200

300

400

500

0 20 40 60 80

C
P

S

2-Theta

Figure A28: XRD plot of volcanic ash VA 
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Figure A29: XRD plot of slag SG-A 
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Figure A30: XRD plot of slag SG-B 
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Figure A31: SEM image of ground quartz GQ 
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Figure A32: XRD plot of ground quartz GQ 
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Figure A33: SEM image of limestone LSM-B 
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Figure A34: XRD plot of limestone LSM-B 



 

 205 

 

  

0

30

60

90

120

150

180

0 20 40 60 80

C
P

S

2-Theta

Figure A35: XRD plot of metakaolin MK-A 
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Figure A36: XRD plot of metakaolin MK-B 
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Figure A37: XRD plot of metakaolin MK-C 
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Figure A38: XRD plot of metakaolin MK-D 
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Figure A39: SEM image of metakaolin MK-E 
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Figure A40: XRD plot of metakaolin MK-E 
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Figure A41: SEM image of silica fume SF-B 
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Figure A42: XRD plot of silica fume SF-B 
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Figure A43: XRD plot of silica fume SF-A 
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Figure A44: XRD plot of pumice PM-F 
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Figure A45: SEM image of pumice PM-A 
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Figure A46: XRD plot of pumice PM-A 
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Figure A47: SEM image of pumice PM-B 
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Figure A48: XRD plot of pumice PM-B 
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Figure A49: SEM image of pumice PM-C 
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Figure A50: XRD plot of pumice PM-C 
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Figure A51: SEM image of pumice PM-D 
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Figure A52: XRD plot of pumice PM-D 
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Figure A53: SEM image of pumice PM-E 
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Figure A54: XRD plot of pumice PM-E 
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Figure A55: XRD plot of pumice PM-G 
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Figure A56: XRD plot of pumice PM-H 
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Figure A57: SEM image of perlite PR 
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Figure A58: XRD plot of perlite PR 
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Figure A59: SEM image of lassenite LSN 
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Figure A60: XRD plot of lassenite LSN 
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Figure A61: SEM image of processed bottom ash PBA 
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Figure A62: XRD plot of processed bottom ash PBA 
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Figure A63: SEM image of bottom ash BA 
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Figure A64: XRD plot of bottom ash BA 
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Appendix B            

Data for Properties Investigated in Concrete 

 

 

Mix ID 

Concrete strength (MPa) 91-day Dnssm 

(x10-12 m2/s) 7-day 28-day 91-day 

CTRL 43.0 49.0 55.0 9.0 

GQ 37.0 41.5 46.5 12.7 

LSM-B 36.5 43.0 46.5 15.3 

PR 31.0 40.5 43.5 9.3 

G-E 44.0 54.5 65.0 1.9 

G-G 34.5 44.5 53.5 2.8 

FA-C 34.5 44.0 48.5 5.6 

FA-D 38.5 44.0 51.0 2.3 

BA 31.0 38.5 42.0 16.0 

PBA 39.5 53.5 64.0 3.1 

FAB 35.5 43.0 50.0 3.4 

PM-A 38.5 48.0 58.5 3.1 

PM-B 39.0 50.0 60.0 1.8 

PM-C 32.0 40.5 47.5 7.6 

PM-D 35.0 45.5 53.5 3.7 

PM-E 36.5 47.0 55.0 4.9 

SF-B (8%) 41.0 52.5 58.0 1.9 

MK-E 

(15%) 
43.5 56.5 61.5 5.0 

MK-E 53.0 63.5 63.0 0.4 

LSN 

(20%) 
35.5 52.0 58.0 3.1 
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Mix ID 
Bulk resistivity (kΩ.cm) Bulk conductivity (mS/m) Charge passed (Coulombs) 

7 28 91 7 28 91 7 28 91 

CTRL 5.3 6.2 8.9 20.7 17.4 15.0 3039 2511 2301 

GQ 3.5 4.5 7.0 29.7 23.9 15.6 4646 3890 3603 

LMS-B 3.4 4.6 6.3 32.0 23.5 17.8 3931 3482 3319 

PR 3.8 5.8 10.1 28.1 16.3 10.7 3835 3275 2496 

G-E 5.2 11.9 39.4 19.9 8.1 3.5 1411 1045 648 

G-G 4.3 8.7 26.7 25.1 12.5 6.1 2711 1382 775 

FA-C 5.0 6.8 10.7 22.4 16.7 9.8 3627 2711 2092 

FA-D 3.5 6.2 15.1 32.4 15.7 8.7 1899 1590 1350 

BA 3.5 4.7 6.9 32.6 22.9 15.1 4681 4081 3746 

PBA 3.6 11.6 19.1 31.3 8.9 5.9 2783 1912 1034 

FAB 3.7 6.0 14.0 27.6 15.2 10.6 2734 2034 1806 

PM-A 4.3 7.4 20.1 27.8 15.2 7.2 3041 1697 858 

PM-B 4.5 10.9 30.4 24.0 9.9 4.5 2460 1342 620 

PM-C 3.5 6.0 11.0 33.2 17.4 9.7 4269 3291 1599 

PM-D 3.3 7.1 15.3 34.5 16.5 8.8 3138 2221 1716 

PM-E 3.3 6.3 15.9 34.3 17.6 9.2 3666 1882 1268 

SF-B 

(8%) 
4.4 15.7 39.8 24.3 8.7 6.0 1422 958 766 

MK-E 

(15%) 
5.3 16.0 20.0 17.5 8.6 7.4 1358 1178 1064 

MK-E 13.2 35.9 52.4 9.6 3.7 2.2 751 537 470 

LSN 

(20%) 
3.3 10.4 21.7 33.7 11.0 5.7 1730 1144 912 
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