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ABSTRACT 

Geopolymer is a potential alternative to OPC binder which is labelled as a less 

sustainable and less eco-friendly material despite being one of the highly consumable 

materials in the world. However, use of this technology has been hindered for decades 

due to some grey areas which need further clarifications. Alkali aggregate reaction (AAR) 

is one of the main concerns raised with respect to geopolymer binders as it uses a highly 

alkaline solution to activate. Even though fly ash based geopolymers have performed 

exceptionally even with highly reactive aggregates, many researchers were concerned on 

the use of GGBFS in geopolymer since high GGBFS contents seem to trigger the ASR. 

Since GGBFS also governs the early age properties of geopolymer concrete, optimisation 

of GGBFS in mix design is one of the key components in the commercial adaptation of 

geopolymer concrete. This research is focused on laying the platform to this by 

identifying the ASR mechanism in geopolymer binders and the specific role of GGBFS 

in it.  

This study is based on the accelerated mortar bar test of mortar mixes cast with 

four aggregates representing nonreactive (basalt), natural reactive (culcairn), 

manufactured reactive (ferronickel slag) and amorphous (fused silica) aggregate 

categories. Three main geopolymer mixes with fly ash/GGBFS ratio 9, 4 and 1 along with 

the standard OPC mix (control test) were used to assess aggregates. It should be noted 

that all parameters except the fly ash/GGBFS ratio kept constant in the geopolymer mixes. 

Two subsidiary mixes with fly ash/GGBFS ration 9, and 1 was used with Culcairn 

aggregate to analyse the effect of mechanical properties on the expansion development. 

Mortar bars were exposed to 1M NaOH at 80 0C to accelerate the ASR. In addition, 

geopolymer mixes with Culcairn aggregate were exposed to 0.03M NaOH, 1M NaOH 

saturated with Ca(OH)2 and water at 80 0C to assess the effect of curing solution on the 
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ASR expansion development. Prolonged testing time is incorporated in accelerated 

mortar bar test to identify any late expansions. Microstructural analysis (backscattered 

SEM-EDS analysis) was performed on each mix at 21 days and 150 days to identify the 

ASR gel formations. Si dissolution test was carried out on the reactive aggregate to assess 

their Si providing capability and identify the factors affecting it.  

The experimental data articulate the low ASR potential of geopolymer mortar 

compared to OPC mortar. Furthermore, final expansions of geopolymer mortar bars 

suggest that ASR in geopolymer mortar increases with the increase in the GGBFS content 

in the mix design. In fact, based on this study, mixes with GGBFS content less than 61.5 

kg/m3 can be categorised as extremely low risk and can used even with reactive 

aggregates. In addition, both expansion and microstructural analysis results emphasise 

the importance of Ca in deleterious ASR: first by facilitating the Si ion saturation and 

then entrapping the ASR gel to amplify the stress development. In fact, expansion results 

of mortar bars exposed to 1M NaOH saturated with Ca(OH)2 illustrate that even an 

external Ca supply can induce ASR expansions in geopolymer mortar which alarmed on 

the use of Ca-rich aggregates in geopolymer binders. Experimental results of mortar bars 

exposed to 0.03M NaOH suggest that geopolymer do not encompass any additional risk 

of ASR due to the use of alkali activator. Thus, aggregates cleared for OPC can be used 

with geopolymer mortar as well. SEM-EDS analysis identified the formation of Al-rich 

ASR gel in geopolymer mortar bars. This study recommended analysing the 

expansiveness of Al rich ASR gel since theoretically, Al might reduce the swelling 

capacity of ASR gel.  

This research also emphasises that the standard accelerated mortar bar test (AS 

1141.60.1) needs to be modified before adopting it in geopolymer mortar. Geopolymer 

mortar bars typically consist of an initial time lag and thus requires a prolonged testing 
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time period to identify the ASR. This study further recommended to revise the existing 

expansion limits in standard accelerated mortar bar test before used with geopolymer by 

paying extra attention on its stress strain behaviour (quasi brittle behaviour). 
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 Introduction 

 

1.1 Background 

Concrete is the most widely used construction material in the world. In fact, it is 

estimated that the annual concrete consumption is second only to the annual water 

consumption (Neves 2016). Thus, being the main constituent of concrete, Ordinary 

Portland cement (OPC) also ranked among the highly consumed materials in the world 

reaching its billion tonnes in 2016 (CEMBUREAU 2016; Nath 2014). However, high 

carbon footprint and high embodied energy associated with OPC has initiated a broad 

discussion on an adaptation of sustainable and eco-friendly alternatives to Portland 

cement over the past few decades.  

Utilization of industrial by-products as supplementary cementitious materials 

(SCM) in OPC concrete to enhance its properties and reduce the environmental impact 

have been well established for decades (Malhotra 2002). In alkali-activated cement, OPC 

is fully replaced by aluminosilicate source with alkali source as the activator. Even though 

the alkali activation technology was introduced back in 1908 by Kuehl, it got greater 

attention in the late 1970s when Davidovits discovered the geopolymer binders, more 

stable subcategory of alkali-activated materials (AAM) (Davidovits 2008; Provis 2014).  

Geopolymer is an alkali silicon-oxo-aluminate network formed when 

aluminosilicate materials such as fly ash (FA), ground granulated blast furnace slag 

(GGBFS), metakaolin (MK) react with the alkali reagents (Davidovits 2008). Mechanical 

properties, bond characteristics and workability of concrete made out of geopolymers 

have been found similar to those of the OPC based concrete (Aldred & Day 2012; Castel 
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& Foster 2015; Duxson et al. 2007; Fernandez-Jimenez et al. 2006; Lloyd & Rangan 

2010; Sofi et al. 2007a). The environmental and socioeconomic factors of geopolymer 

concrete have been also well reviewed during the last few decades making its path even 

clearer to become a promising alternative to Portland cement (Aldred & Day 2012; 

Davidovits 1994; Hardjito, Djwantoro et al. 2004; Van Deventer et al. 2007). Moreover, 

many researchers suggest that geopolymer concrete may perform satisfactorily against 

most of the durability issues identified for OPC concrete (Aldred & Day 2012; Law et al. 

2015; Singh et al. 2015; Van Deventer et al. 2007). 

Alkali aggregate reaction (AAR) is a long-term durability issue in concrete that 

occurs due to the formation of the hydroscopic gel as a result of a chemical reaction 

between reactive phases of aggregates and alkalis from cement paste (Hobbs 1988; 

Glasser and Kataoka, 1981). The theoretical risk of AAR is higher in geopolymer concrete 

compared to OPC concrete due to the high alkali content in the activator. However, the 

published works on AAR in alkali-activated concrete reveal that the effect of AAR also 

depends on the aluminosilicate source. (Bakharev et al. 2001a; Fadhil Nuruddin & Razak 

2014; Krivenko et al. 2014; Kupwade-Patil & Allouche 2012; Shi, C et al. 2015; Shi, Z 

et al. 2015). Most of the researchers (Fadhil Nuruddin & Razak 2014; García-Lodeiro et 

al. 2007; Kupwade-Patil & Allouche 2012) who worked with low calcium aluminosilicate 

sources (low calcium fly ash and metakaolin) concluded that the potential risk of alkali 

silica reaction (ASR) is very low in those systems. On the other hand, alkali-activated 

binders with high calcium content (high calcium fly ash and GGBFS) have shown 

significant expansions in ASR testing (Bakharev et al. 2001a; Shi, Z et al. 2015). 

Furthermore, studies of Fernández-Jiménez and Puertas (2002) reported that alkali 

activated mortar might show delayed expansion which urged some modifications in 

current ASR testing protocols. 
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1.2 Aim and Objectives 

This research aims to assess the risk of alkali aggregate reaction in geopolymer 

concrete prepared using fly ash and GGBFS as aluminosilicate source materials. The 

following objectives were defined in order to achieve the main goal. 

1. Study the chemistry and mechanisms of AAR in geopolymer mortars 

2. Investigate the role of GGBFS in AAR in geopolymer mortars 

3. Study the AAR of geopolymer mortar using natural and manufactured aggregates 

4. Modify the existing test protocols (accelerated mortar bar test) to suit for 

geopolymer mortar. 

1.3 Scope of study 

This study mainly will involve two tests: chemical test and accelerated mortar bar 

test (Australia 2014, 2015). For the chemical test, three reactive aggregates will be 

immersed in NaOH solutions with different concentrations for 100 days and ions 

concentration of the solutions be monitored periodically by inductively coupled plasma 

(ICP) analysis to determine the silica dissolution capability of aggregates.  

Expansion test developed based on the accelerated mortar bar test (AMBT) was 

adapted in this study to compare the degree of ASR in different scenarios which were 

further discussed in Section 3. Even though it is widely accepted that the severe exposure 

conditions in accelerated mortar bar test might over predict the reactiveness, it should be 

noted that the prime focus of this study is not to evaluate the reactiveness but to compare 

the effect of different parameters on alkali silica reaction in geopolymer mortar in order 

to identify the ASR mechanism. In fact, short testing period in AMBT compared to 

concrete prism test (CPT) would allow to cover significant number of parameters even 
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with extended testing time which would be an additional advantage in achieving the main 

goal. 

For the accelerated mortar bar test, 25x25x285 mortar bars were cast and tested for 

150 days. Ground granulated blast furnace slag (GGBFS) from Blue Circle Southern 

Cement Australia and low calcium (Class F) fly ash from the Eraring power plant in New 

South Wales, Australia was used as the aluminosilicate sources in this study. A mix of 

sodium silicate (Na2SiO3) solution and sodium hydroxide (NaOH) solution was used as 

the alkaline activator. Four aggregates with different chemical and phase compositions 

were used in the study. Basalt in this study is a natural aggregate considered non-reactive 

based on its field records and the accelerated mortar test results. Culcairn (aggregate 

named after the quarry) is a reactive natural aggregate based on the accelerated mortar 

bar test results. Ferronickel slag aggregate is a by-product of nickel manufacturing in SLN 

production plant in New Caledonia. The initial testing showed that ferronickel slag 

aggregate contains highly reactive amorphous silica which placed it among the reactive 

aggregate category. Fused silica is a highly reactive pure amorphous silica which is 

theoretically the most reactive aggregate type available for testing. 

Six mix designs including three main geopolymer mixes with fly ash to GGBFS 

weight ratio 9, 4 and 1, two subsidiary mixes with fly ash to GGBFS ratio 9 and 1 and an 

OPC mix based on the mix design details in AS 1141.60.1 were used during this study. 

In main geopolymer mixes, all the ratios except aluminosilicate source ratio were kept 

constant while deviator mixes were developed targeting lower strengths but with same 

fly ash/ GGBFS content as in main geopolymer mixes. 

For accelerate mortar bar test (AMBT), two curing solutions (1M NaOH solution and 

0.003M NaOH solution) were used in the study. The length changes in the mortar bars 

were measured periodically, and representative samples were extracted for SEM-EDS 
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analysis at 21 days and 150 days. Compressive strength variation over the initial 28 days 

was measured as well by testing mortar cubes. 

1.4 Research significance 

Geopolymer concrete has emerged over the last few decades to become a 

sustainable, eco-friendly alternative to ordinary Portland cement. Even though it exhibits 

notable benefits with respect to mechanical properties, environmental and socioeconomic 

factors doubt arise regarding its durability performance including alkali aggregate 

reaction.  

This work aims to identify the chemistry and the reaction mechanism of alkali 

aggregate reaction in geopolymer systems. Furthermore, it is anticipated that the outcome 

of this study would help in the development of geopolymer concrete mixes that allow 

utilising the aggregates, otherwise previously abandoned in OPC based concrete 

production due to their alkali reactive nature. This is especially beneficial for some 

manufactured aggregates as it clears up another way to deploy the industrial by-products 

effectively. 

On the other hand, this study also proposes some major modifications to the existing 

accelerated mortar bar test (AS 141.60.1) to be used for geopolymer concrete. 

Establishing guidelines and specifications are the main barriers to the adoption of 

geopolymer concrete in the construction industry. Thus, the knowledge gained from this 

research is expected to promote the use of geopolymer concrete in the industry. 

1.5 Thesis Outline 

The thesis consists of nine chapters as outlined below: 

Chapter 1 contains a brief background study, research objectives, scope of the research 

and research significance. 
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Chapter 2 provides a comprehensive review of the current state of the research. It 

commences with a brief investigation of the general chemistry and properties of 

geopolymer binders and recent development in the understanding of alkali aggregate 

reaction. Existing studies on alkali aggregate reaction in geopolymer binders and the test 

methodologies currently used to identify alkali aggregate reaction in concrete are 

extensively reviewed with respect to available literature and case studies.   

Chapter 3 describes the relevant details of materials, sample preparation, mix designs 

used in this study, instrumentation and data acquisition and details of the experimental 

procedure adopted. 

Chapter 4 presents the experimental results of the Si dissolution test performed on reactive 

aggregates.  

Chapter 5 presents the experimental results relating to the assessment of alkali aggregate 

reaction in geopolymer mortar with Basalt aggregates which considered nonreactive in 

OPC based concrete. 

Chapter 6 presents the experimental analysis related to alkali aggregate reaction 

geopolymer mortar with Culcairn aggregates which considered reactive in OPC mortar. 

The effect of different curing conditions and different geopolymer mix designs (variation 

in mechanical properties) over alkali aggregate reaction are also analysed. 

Chapter 7 presents the experimental study on alkali aggregate reaction in geopolymer 

mortar with manufactured reactive aggregates (Ferronickel slag aggregates). 

Chapter 8 presents the performance of geopolymer mortars with highly reactive pure 

amorphous silica (fused silica) with respect to the alkali aggregate reaction. 
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Chapter 9 contains the conclusion and the recommendations for future works.   
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 Literature Review 

2.1 Overview 

Concrete is the most consumed man-made material and second most consumed 

product by human beings after water (Neves 2016; Penttala 1997). Thus, being the main 

constituent for concrete, cement production also increases significantly over the past few 

decades reaching 4.65 billion tonnes in 2016 according to the annual activity report of 

CEMBUREAU (CEMBUREAU 2016). Furthermore, Hasanbeigi et al. (2012) reported 

that the production of one metric ton of cement might result in 0.73-0.99 tonnes of carbon 

dioxide release to the atmosphere. The carbon dioxide emission from the cement industry 

accounts for approximately 5-8 % of the total greenhouse gas emissions by human 

activities (Mikulčić et al. 2016; Summerbell et al. 2016). Since greenhouse gases are 

directly responsible for the global warming, it is clear that the ordinary Portland cement 

(OPC) concrete plays a significant role in the global environmental crisis. Cement also 

has a high embodied energy which categorised it among the non-sustainable construction 

material group after aluminium and steel (Hardjito 2005; Tennakoon 2016). Furthermore, 

premature deterioration in Portland cement structures, especially in severe environmental 

conditions, has become a serious issue over the last couple of decades as approximately 

20-25% of annual cement production is used for the renovation of existing structures 

(Palomo et al. 2014; Song 2007). Durability issues along with the environmental and 

sustainable issues associated with the Portland cement led researchers to develop 

alternative solutions in the last few decades. 
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2.2 Geopolymer technology 

2.2.1 History 

The term, “Geopolymer” was first introduced by Davidovits in 1979 to describe 

the inorganic binder group with three-dimensional polymeric structure (Davidovits 1991; 

Song 2007). van Deventer et al. (2010) suggested that geopolymer is a subcategory of 

alkali-activated materials (see Figure 2-1) based on their chemical structures. 

Alkali-activated materials (AAM) were first formally introduced by Kuehl in 

1908 (Kuehl 1908; Provis 2014). But it only got proper attention when Purdon develops 

the first alkali-activated binder using blast furnace slag and sodium hydroxide (Provis 

2014). However, its commercial value risen with the works of Glukhovsky who 

developed a binder called “soil cement” which was successfully used in construction 

works by Glukhovsky Institute in Kiev, Ukraine (Provis 2014; Shi et al. 2006; van 

Deventer et al. 2010). Geopolymer came to the picture in the late 1970s but took another 

two decades to stabilise its platform before having a boom in late 1990s in the research 

arena (Nath 2014; Palomo et al. 2014). 

Even though the recent history of alkali-activated materials starts after Kuehl, 

many believe that Egyptians and Romans used it as a construction material in their 

structures (Li et al. 2004; van Deventer et al. 2010). In fact, it is reported that Glukhovsky 

studied the binders used in Egyptian and Roman civilisations before developing the soil 

cement in the 1950s (van Deventer et al. 2010).  
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2.2.2 Geopolymer Chemistry 

Alkali-activated materials (AAM) are inorganic polymers result from the reaction 

between aluminosilicate and alkali sources (Nath 2014; van Deventer et al. 2010). 

However, if the final product has a highly coordinated three-dimensional structure, then 

it can be further categorised as geopolymer binders (Nath 2014; van Deventer et al. 2010). 

The primary building unit in geopolymer network is sialate (Alkali - Si – O – Al) which 

gives the name poly(sialate) to the geopolymer binder structure (Davidovits 1994; Nath 

2014). 

In poly(sialate) structures, four-fold aluminium ions (Al3+) and Si ions (Si4+) linked 

via oxygen ions to form a network as shown in Figure 2-2. The negative charge of the 

aluminium ions shall be neutralized by the cations (Na+, K+, Ca2+ etc.) (Abdullah et al. 

2011; Davidovits 1994).  

Figure 2-1: Classification of different alkali activated materials. 

Darker shadings correspond to higher alkali concentrations 

Adopted from van Deventer et al. (2010) 
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Figure 2-2 : Poly(sialate) network in geopolymer binder K+ can be any monovalent cation 

Adapted from Davidovits (1994) 

 

 

 

 

 

 

 

 

 

 

 

 

Davidovits (1994) also suggested an empirical formula for poly(sialate).  

𝑀𝑛[−(𝑆𝑖𝑂2)𝑧 − 𝐴𝑙𝑂2]𝑛 𝑤𝐻2𝑂   Eq. 2-1 

   

 

 

 

Based on the z (Si/Al ratio), Davidovits (2008) has further categorised the poly(sialate) 

into four subgroups as shown below and each subgroup consists of their properties. Thus, 

the functionality and the use of each subgroup is different as shown in Table 2-1. 

Sialate z=1 (Si/Al = 1) 

The primary building unit is (-Si-O-Al-O-) and can be formulated as a chain or ring-like 

structures as shown in Figure 2-3. This can be the product of poly-condensation of ortho-

sialate (OH)3 – Si – O – Al – (OH)3. 

Where M is any cation (Na+, K+, Ca2+, etc.) 

z = 1,2,3 or higher 

n is the degree of condensation 
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Sialate-siloxo z=2 (Si/Al = 2) 

The primary building unit is (- Si – O – Al – O – Si – O -). This can be the product of 

condensation reaction between orthosilicate and ortho-silicic acid (Si(OH)4). There can 

be two types of isomorphs, linear and cycle. 

Sialate-disiloxo z=3 (Si/Al = 3) 

The primary building unit is (- Si – O – Al – O – Si – O – Si – O -). This can be the 

product of condensation reaction between orthosilicate and two ortho-silicic acids 

(Si(OH)4). Thus, the sialate unit may be located at the beginning, middle or end of the 

sequence. There can be three types of isomorphs, linear, branched and cycles as shown in 

Figure 2-3 : Terminology of poly-sialate. 

Sialate link z > 3 (Si/Al >3) 

These are the poly(sialate), poly(silaxonate) or poly(silanol) chains bridged with 

Aluminium link (-O – Al – O-) as shown in Figure 2-3. 

Table 2-1 : Applications of geopolymer materials based on the Si/Al ratio  

Adapted from Hardjito (2005) 

Si/Al (z) Applications 

1 Bricks, ceramics, fire protection 

2 Concrete, low CO2 cement, radioactive and toxic waste encapsulation 

3 Fibreglass composites, heat resistance composites, foundry equipment 

>3 Sealants 

20<Si/Al<35 Heat resistance and fire resistance fibre 
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Figure 2-3 : Terminology of poly-sialate 

 Represent the negative charge of Aluminium ion 

Adapted from Davidovits (2008) 
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2.2.3 Geopolymerization mechanism 

In simple terms, Geopolymerization is the reaction between aluminosilicate 

source and alkali source which may result in a polymeric compound. However, the 

properties of the final product largely depend on the reaction mechanism and the source 

materials. Thus, it is essential to control the geopolymerization process in order to achieve 

the desired output (Provis 2014).  

Glukhovsky has developed the initial concept which was extended and refined by 

many others (Duxson et al. 2007). However, it is possible to identify three distinct 

processes in most of those models (Nath 2014; Provis 2014); 

1. Dissolution of Si and Al from the source materials 

2. Rearrangement and condensation of precursor ions to monomers 

3. Polycondensation of monomers 

Chemical interpretation of the above processes as follows (Davidovits 1994; Nath 2014); 

Dissolution and formation of monomers (see Eq. 2-2 and Eq. 2-3) 

Eq. 2-2 

   

Polycondensation of monomers 

Eq. 2-3 
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However, the above two processes can overlap each other and occur almost 

simultaneously. Therefore, it is extremely difficult to isolate and study each of them 

separately (Palomo et al. 1999). 

Van Deventer et al. (2007) proposed a mathematical model for the alkali activation 

(Figure 2-4) process of low calcium aluminosilicate source materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gelation Crystallisation 

Nucleation Polymerisation 

Transformation Aluminosilicate gel 

(amorphous) 

Zeolitic phase 

(nanocrystalline) 

Aluminosilicate source + Activator 

Silicate monomers Aluminate monomers 

Aluminosilicate oligomers 

Aluminosilicate polymer 

(amorphous) 

Aluminosilicate nuclei 

(quasi or nanocrystalline) 

Figure 2-4 : Mathematical model for alkali activation of low calcium 

aluminosilicate source materials 

Adapted from Van Deventer et al. (2007) 
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2.2.4 Constituents of Geopolymer binder 

Aluminosilicate source 

Theoretically, any material that can supply aluminium and silica under high 

alkalinity environment can be used as an aluminosilicate source in geopolymer reaction 

(Nath 2014). However, many researchers claimed that the properties of aluminosilicate 

sources such as chemical content, particle size distribution, amorphous content, etc. have 

a direct influence on the properties on geopolymer products (Fifinatasha et al. 2013; 

Provis 2014; Van Jaarsveld et al. 2003). Thus, Provis (2014) stated that the alkali 

activation is a solution mediated process, which needs proper understanding and guidance 

in mix design stage to achieve the desired properties in geopolymer binders. 

There are various aluminosilicate sources identified as potential feedstocks in 

geopolymer production which include but not restricted to industrial by products such as 

fly ash (Class C and F), GGBFS (Ground Granulated Blast Furnace Slag) and naturally 

occurring materials such as metakaolin, feldspar, mine tailings etc. (Hardjito 2005). 

Gourley (2003) stated that metakaolin is preferred over others due to its high dissolution 

rate and easier control on the Si/Al ratio. However, the use of metakaolin in geopolymer 

production is restricted by its expensiveness and the high energy consumption (Hardjito 

2005). Thus, many researchers have tried to use industrial by-products such as fly ash and 

GGBFS in geopolymer production as they have very low energy footprint and eventually 

reduces the waste dump through recycling (Al Bakri et al. 2013; Hardjito 2005; 

Tennakoon 2016). 
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Fly ash 

Fly ash is the main by-product of the coal power plants. It is estimated that the 

current global annual fly ash production is approximately 500 million tonnes with 

approximately 40% utilisation (Soh et al. 2017). There are two types of fly ash, Class F 

and Class C based on its chemical composition (Ca content) as shown in Table 2-2 

(ASTM-C618-17 2017; Christy & Tensing 2011). Diaz et al. (2010) stated that fly ash 

with higher glass phase and finer particle size might increase the geopolymerization 

reaction and thus the mechanical properties of the final product such as compressive 

strength. Furthermore, Fernández-Jiménez and Palomo (2003) reported that in order to 

achieve optimal binding properties in alkali activation fly ash should have the following 

characteristic: 

 Percentage of unburned particles < 5% 

 Fe2O3 content ≤ 10% 

 CaO content ≤ 10% 

 Reactive silica content 40-50% 

 80-90% fraction of particles lower than 45 µm 

 Vitreous phase should be >50% 

 [SiO2]reactive/[Al2O3]reactive > 1.5 

Many researchers who worked on the durability of geopolymer binder concluded that 

typically geopolymer with class F fly ash is more durable compared to class C fly ash 

(Bakharev 2005; Duxson & Provis 2008; Temuujin et al. 2013). Thus, despite having a 

lower early strength development, most of the researchers preferred class F fly ash as 

aluminosilicate source over class C fly ash in geopolymer binders (Nath 2014; Tennakoon 

2016). Furthermore, class C fly ash is limited to few countries which further reduces its 

value as an aluminosilicate source material (Tennakoon 2016). 
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Table 2-2: Chemical composition of fly ash 

Chemical component Class F (wt. %) Class C (wt.%) 

SiO2 20-60 15-45 

Al2O3 5-35 20-25 

Fe2O3 6-24 4-15 

CaO 1-12 15-40 

MgO 0-5 3-10 

K2O 0-3 0-4 

Na2O 0-4 0-6 

SO3 0-4 0-10 

TiO2 1-2 <1 

LOI 0-15 0-5 

 

Ground granulated blast furnace slag (GGBFS): 

Slag is the main by-product of the iron and steel industry which used as a blending 

material in geopolymer production (Li et al. 2010). The global annual GGBFS production 

in 2015 is estimated to be 300-360 million tonnes (Gijbels et al. 2017). Granulated blast 

furnace slag is a glassy coarse material (unprocessed particle size is greater than 4.5mm) 

which contains gehlenite (2CaO.Al2O3.SiO2), akermanite (2CaO.MgO.2SiO2) and 

calcium silicate glass (Kumar et al. 2010; Tennakoon 2016). Table 2-3 contains the 

typical chemical composition of slag (Li et al. 2010). Duxson and Provis (2008) stated 

that the reactivity of GGBFS depends on the free Ca free Si molar ratio, which typically 

lies in between 1.3-1.5 for slag. Due to the presence of significant amount of free calcium 

in GGBFS, calcium silicate hydrate (CSH) and calcium aluminosilicate hydrate (CASH) 

also form in the geopolymer system along with sodium aluminosilicate hydrate (NASH) 

during the alkali activation reaction (Kumar et al. 2010; Puertas et al. 2000). Formation 

of CSH in geopolymer system may improve the initial setting time and result in early 



19 

 

strength gain (Kumar et al. 2010; Yip et al. 2008). However, Puertas et al. (2000) further 

stated that CSH in alkali-activated system has lower calcium content compared to the 

CSH in OPC binders. 

Table 2-3: Chemical composition of GGBFS (Li et al. 2010) 

Chemical component wt. % 

SiO2 31-38 

CaO 38-44 

Al2O3 9-13 

MgO 7-12 

2.2.4.1 Alkali activator 

Combinations of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) or 

potassium hydroxide (KOH) and potassium silicate (K2SiO3) is the most common and 

effective alkali activator solutions used for geopolymerization (Davidovits 2008; Lee & 

Van Deventer 2007; Xu & Van Deventer 2002). However, due to the expensiveness of 

the potassium salts, most researches used sodium based solutions as the activator 

(Tennakoon 2016). 

Palomo et al. (1999) reported that the reaction rate is higher when alkali activator 

contains soluble silicates. However high sodium silicate concentrations may inhibit the 

polycondensation reaction as the excessive Si ions (SiO2/M2O > 2; M is Na+ or K+) in the 

system may restrict the Al ion contribution to the polymeric reaction (Sindhunata et al. 

2006). The initial ion dissolution rate in geopolymer depends on the hydroxyl ion 

concentration (OH-) in the system (Antonić et al. 1994). In fact, it is established that when 

the hydroxyl ion concentration is higher, most of the silicates present in aggregates 

dissolved in the solution minimising the effect of the internal bond structure of aggregates 
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in Si dissolution (Álvarez-Ayuso et al. 2008; Davidovits 2008). van Jaarsveld and Van 

Deventer (1999) who worked on different types of alkali hydroxides concluded that the 

type of cation has influence throughout the geopolymerization process since they 

experienced different Si/Al ratios when used different cations. Moreover, earlier studies 

by McCormick and Bell (1989) revealed that size of cations affect the rate of zeolite 

nucleation which is in line with the theoretical aspect of larger cations may increase the 

extent of condensation in geopolymerization process (van Jaarsveld & Van Deventer 

1999). Thus, van Jaarsveld and Van Deventer (1999) concluded that larger cation 

(potassium) might result in higher compressive strengths but also the low crystallinity of 

those structures makes them vulnerable to acid attacks. 

The current practice in activator preparation is to let them settle for 24 hours after 

mixing alkali hydroxide and the alkali silicate solutions (Tennakoon 2016). However, 

since industry prefers to work with dry powder rather than solutions, it is necessary to 

implement a method to incorporate solid activator before initiating the large-scale 

geopolymer production (Tennakoon 2016). 

2.2.4.2 Water 

Even though water is not a main reactant in geopolymerization, it plays a vital role by 

altering the properties of the geopolymer mix. Experimental results of Panias et al. (2007) 

suggested a decrease in compressive strength when the solid to liquid ratio is greater than 

2.05 g/ml. Furthermore, when the water content is low, casting defects due to the low 

workability of the mix may also result in low compressive strengths (Panias et al. 2007). 

Zuhua et al. (2009) has identified three roles of water in geopolymerization 

1. Facilitate the ion transportation 

2. Contribution to the hydrolysis 

3. Polycondensation by releasing the water 
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Fang and Kayali (2013) stated that about 10.74% of added water is non-evaporable even 

at very high temperatures. Zuhua et al. (2009) further added that this water does not create 

any drying shrinkage but helps to sustain the long-term strength in geopolymer binders. 

On the other hand, Diaz and Allouche (2010) illustrated the importance of water by 

showing that high alkalinity in activator may induce pores in hardened concrete which 

eventually weaken the geopolymer binder. 

2.2.5 Properties of geopolymer binder 

Properties of geopolymer concrete depend on several factors including; aluminosilicate 

source material type and content, alkali activator type and content, water content, curing 

condition, mixing parameters, etc. (Tennakoon 2016). 

2.2.5.1 Properties of fresh binder 

  Geopolymer is a cohesive binder with a high viscosity which significantly 

decreases its workability properties (Hardjito & Rangan 2005). Most of the accelerators, 

retarders and superplasticisers used in Portland cement mixes are not effective in 

geopolymer binders (Puertas et al. 2014). In fact, some researchers stated that the use of 

admixtures might result in loss of mechanical properties in geopolymer binder 

(Chindaprasirt et al. 2007; Hardjito, Djwantoro et al. 2004). Chindaprasirt et al. (2007) 

concluded that an increase in water content could improve the workability of the 

geopolymer mix to a certain extent without a significant effect on its structural properties. 

The setting time of geopolymer binder can be controlled by altering the fly ash to GGBFS 

ratio in the mix design (Tennakoon 2016). This phenomenon was successfully 

implemented by Deb et al. (2014) in developing an ambient cured geopolymer concrete. 

Thus, it is clear that geopolymer binder properties can be controlled effectively by 

adjusting the mix proportions rather than introducing admixtures. 
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2.2.5.2 Properties of hardened binder 

Compressive and tensile strength 

Diaz and Allouche (2010) concluded that fly ash based geopolymer could achieve 

similar or slightly higher compressive strength compared to OPC concrete. Moreover, the 

works of Hardjito, Djwantoro et al. (2004) illustrated that the inclusion of calcined phases 

into the geopolymer binder increases the final compressive strength significantly. In fact, 

geopolymer concrete can gain 70% of its characteristic strength within the first few hours 

of hardening (Davidovits 2002; Li et al. 2004). Hardjito, D et al. (2004) stated that curing 

time and temperature have a significant influence on the strength development of 

geopolymer concrete. However, Van Jaarsveld et al. (2002) found that exposing 

geopolymer to high temperatures for too long may result in a reduction of the compressive 

strength. As discussed above in section 2.2.4.2, water also has a pessimum effect on the 

structural properties. 

Geopolymer concrete also has a superior flexural and tensile splitting strength 

compared to that of OPC concrete (Ryu et al. 2013; Sarker 2011; Sofi et al. 2007b). Sarker 

(2011) experimentally showed that the bond characteristic of geopolymer concrete is 

better than that of OPC. Furthermore, Davidovits (2008) stated that the structural 

behaviour of reinforced geopolymer concrete structures was more or less similar to the 

reinforced OPC concrete structures. In fact, the experimental failure loads were almost 

similar to the calculated failure loads based on AS 3600 and ACI 318-02 which implies 

that the existing design codes can be successfully implemented to the structural designs 

of geopolymer concrete for ultimate capacity (Davidovits 2008). 



23 

 

Stress-strain characteristics 

Stress-strain behaviour of concrete is very important in determining the 

serviceability properties of the structure (Tennakoon 2016). The elastic modulus of 

geopolymer concrete is said to be lower than that of OPC concrete (Hardjito & Rangan 

2005; Noushini et al. 2016). In fact, Fernandez-Jimenez et al. (2006) and Sofi et al. 

(2007b) claimed that the elastic modulus of geopolymer is less than the predicted values 

based on standards. However experimental works of Hardjito and Rangan (2005) 

concluded that the poisons ratio of both geopolymer and OPC falling to a similar range. 

Shrinkage 

There are different types of shrinkages in concrete: drying shrinkage, autogenous 

shrinkage, plastic shrinkage, chemical shrinkage, thermal shrinkage and carbonation 

shrinkage (Šahinagić-Isović et al. 2012). Drying shrinkage in geopolymer concrete may 

be affected by several factors: absence of appropriate curing (Provis et al. 2014), high 

water content (Kukko & Mannonen 1982; Provis et al. 2014) and activator properties 

(Douglas et al. 1992; Neto et al. 2008; Zheng 2009). Drying shrinkage of heat cured 

geopolymer is lower than that of OPC (Davidovits 2008; Wallah & Rangan 2006). 

However, Davidovits (2008) reported that drying shrinkage of ambient cured geopolymer 

is even higher than that of OPC. 

2.2.5.3 Durability 

This section includes a brief analysis of the performance of geopolymer over 

conventional durability issues in OPC structures. However, alkali aggregate reaction 

(AAR) in geopolymer concrete is not discussed here as it needed a broader discussion 

and thus a separate section. 
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Sulphate attack 

Formation of expansive compounds like gypsum (CaSO4.H2O), ettringite 

(CaO.Al2O3.3CaSO3.32H2O), thaumasite (Ca3Si(OH)6CO3SO4. 12H2O) etc. due to the 

reaction between sulphate ions and cement is commonly known as the sulphate attack 

(Tennakoon 2016). Apart from the internal pressure generated from the expansive 

products, sulphate attack also deteriorates the paste as it consumes calcium and silica ions 

(Neville 2011).  

Many researchers concluded that sulphate resistance of geopolymer binder is 

higher than that of OPC due to its C/N-A-S-H structure (Bakharev et al. 2002; Dung et 

al. 2014; Wallah et al. 2005). However, works of Bakharev et al. (2002) showed that 

alkali-activated materials are susceptible to sulphate attack due to magnesium-based 

solutions (MgSO4) rather than sodium based solutions (Na2SO4). Ismail et al. (2013) 

further added that magnesium (Mg) ions in the system attacks the CSH and C/N-A-S-H 

phases in the binder which might change the microstructure of the binder along with its 

mechanical properties. 

Carbonation 

Steel corrosion in concrete can start when the concrete pH reduced below 9. The 

main reason for the pH reduction is the carbon dioxide penetration into the concrete 

through the permeable voids which is known as the carbonation (Tennakoon 2016). 

Carbonation of alkali-activated systems has created a dispute among the researchers 

(Bakharev et al. 2001b; Bernal et al. 2012; Davidovits 2008; Law et al. 2015). However, 

many agree that calcium in the system has a significant effect on the pH drop as it enforces 

the formation of CaCO3 in the system which leads to a lower pH (pH 8-9) over the typical 

Na2CO3 or K2CO3 formations (pH 10-10.5) (Badar et al. 2014; Davidovits 2008).  
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Chloride ingression 

Steel corrosion due to the electrochemical reaction between the chloride ions (Cl-

) and ferrous or ferric ions (Fe2+ or Fe3+) from reinforcement has become one of the 

biggest durability issues in reinforced concrete (Neville 1995).  

Most of the researchers who worked on chloride attack in geopolymer concrete 

claimed that corrosion resistance of steel in geopolymer concrete is similar or higher 

compared to the OPC (Ganesan et al. 2015; Ma et al. 2016; Miranda et al. 2005; 

Monticelli et al. 2016; Reddy et al. 2012). Works of Ma et al. (2016) concluded that slag 

based geopolymer has a lower chloride ion diffusion rate compared to OPC while 

Ganesan et al. (2015) reported of similar diffusion rates in fly ash based geopolymer and 

OPC. Thus, it can be concluded that the chloride diffusion rate depends on the 

microstructure of the geopolymer binder. Reddy et al. (2012) studied the performances 

of low calcium fly ash geopolymer concrete subjected to the aggressive marine 

environment and concluded that time to generate cracks in geopolymer was higher 

compared to OPC. Monticelli et al. (2016) found a surface layer consisting of akageneite 

of the reinforced bars of geopolymer concrete which might result in non-uniform 

corrosion even though geopolymer has a better resistance over chloride attack. 

Furthermore, Kriven et al. (2007) successfully reduced the steel corrosion using a 

metakaolin based geopolymer coating on steel bars.  

2.2.6 Socio-economic and environmental factor 

As discussed above in section 2.2.5, generally geopolymer binders are associated 

with superior intrinsic properties compared to OPC. However, it is the socio-economic 

and environmental benefits that make geopolymer a better alternative to OPC. 

Use of by-products as one of the main constituents of geopolymer concrete 

reduces the cost of production by a considerable margin. In fact, Duxson et al. (2007) 
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stated that the cost of geopolymer is lower than OPC by a factor of 10-30% even with the 

high cost of activator. On the other hand, using by-products in large scale make it a perfect 

recycling method for industries like coal power (fly ash), steel (slag), mining (mine 

tailings) etc. (Davidovits 2008). Geopolymer also consists of low carbon footprint and 

embedded energy compared to OPC which would classify it as a sustainable, eco-friendly 

building material over OPC (Neves 2016). Furthermore, superior durability qualities in 

geopolymer as discussed in section 2.2.5.3 may yield economic benefits in long-term as 

it increases the lifespan of the structure and thus reduces the service cost. 

Chemical structure of geopolymer binders expands its usage further as it can be 

successfully used in toxic waste management to trap larger cations ions without having 

any leaching problem (Davidovits 2008). Moreover, high initial strength gain in 

geopolymer is beneficial in the precast industry (Lloyd & Rangan 2010).   

2.2.7 Challenges of geopolymer  

 Even though geopolymer can show superior intrinsic properties and associates 

with lots of socioeconomic advantages and environmental benefits, there are some 

limitations and challenges to be addressed before it can successfully replace the OPC. 

The main reason for the delay in the adoption of geopolymer is the lack of information 

such as long-term behaviour, standards, specifications and regulations (Nath 2014).  

 Apart from the above, there are some other minor concerns that require attention. 

Controlling the geopolymer binder chemistry is difficult as by-products may contain 

some undesirable substances such as toxic and heavy metal ions (Álvarez-Ayuso et al. 

2008). Lloyd et al. (2010) reported that alkali cations might leach out from the polymeric 

network when in contact with water which might affect the performance of geopolymer. 

 Commercial scale production of geopolymer concrete also limited by the use of 

liquid state activator which might lead to health and safety risks while preparing, 
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transporting and handling the mixes (Davidovits 2008; Nath 2014). Moreover, the need 

of thermal treatment to achieve better characteristic might limit geopolymer operation to 

precast production (Lloyd & Rangan 2010) along with the lack of control over fresh 

concrete properties due to the unavailability of admixtures (Nath 2014). 

2.3 Alkali Aggregate Reaction (AAR) 

2.3.1 Introduction 

Thomas Stanton, an engineer in California State Division of Highways, reported 

a new durability issue of concrete in 1940 based on the cracks and blotches fringed with 

a white efflorescence spotted in mortar cylinders. He further described this as a result of 

the reaction between alkali in cement and certain types of aggregates (Hobbs 1988). This 

phenomenon has attracted lots of attention at that time as it explains the mysterious cracks 

observed in some of the critical structures like dams, bridges, retaining structures, etc. 

(Australia 2015). Thus, US Bureau of Reclamation placed an upper limit of 0.60% (by 

mass) on the alkali content in cement used in the major construction projects based on 

Stanton’s works (Hobbs 1988). However, most of the structures identified with the alkali 

aggregate reaction have managed to serve their service life satisfactorily under 

precautionary measures and regular inspections (Curtis, 2000; Hobbs 1988). HB79 

tabularized the reported cases in Australia up until 2006 which includes major structures 

like dams, bridges, water tanks, etc. (Australia 2015). 

Formation of the hygroscopic gel due to the chemical reaction between alkali 

hydroxides and reactive phases of the aggregate is termed as the alkali aggregate reaction. 

Even though the alkali aggregate gel itself is not expansive, hydraulic reaction with water 

(or moisture) may result in swelling of the gel which can induce high internal pressures 
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and thus, results in severe distresses in structures (Fernandes & Broekmans 2013; Hobbs 

1988). There are two main types of deleterious alkali aggregate reactions; 

1. Alkali-carbonate reaction 

2. Alkali silica reaction 

2.3.2 Alkali-carbonate reaction (ACR) 

When aggregates containing dolomitic limestones are exposed to alkali 

hydroxides, de-dolomization (see Eq. 4) takes place. The resulting products of this 

reaction consist of brucite (Mg(OH)2) which have hygroscopic properties (Australia 

2015; Fournier & Bérubé 2000). Furthermore, Fournier and Bérubé (2000) showed that 

alkali carbonate reaction might proceed indefinitely when the system contains a 

significant amount of portlandite (see Eq. 5) 

Eq. 2-4 

           Eq. 2-5 

However, there are very few cases of ACR affected structures reported all around 

the world (Fournier & Bérubé 2000) and non-reported in Australia (Australia 2015).   

2.3.3 Alkali silica reaction (ASR) 

Formation of the hygroscopic gel due to the chemical reaction between silica or 

silicate ions from aggregate and alkali hydroxides in the paste is termed as alkali silica 

reaction. Even though initially, the alkali silicate reaction was categorised separately, HB 

79 described it as a slow or late type of ASR (Australia 2015; Fournier & Bérubé 2000). 

Furthermore, Fournier and Bérubé (2000) classified the ASR into two major categories 

based on the silica form incorporated. The first category included rocks with poorly 

crystalline or metastable silica minerals such as opal, tridymite, cristobalite, volcanic 
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glasses, etc. Concrete with even a very small amount of these aggregates (as low as 1-

2%) may suffer from severe distresses within few years after construction if all the other 

essential components for ASR exist (Fournier & Bérubé 2000). The second category 

includes the aggregates with micro to cryptocrystalline quartz or any other micro granular 

quartz. The second category incorporated with the slow or delayed reaction which can 

extend even up to 25 years after construction (Fournier & Bérubé 2000). 

2.3.3.1 Reaction mechanism 

Even though there are slight variations, most of the proposed reaction mechanisms 

consist of two main processes (Garcia-Diaz et al. 2006; Ichikawa & Miura 2007; Pan et 

al. 2012; Rajabipour et al. 2015; Stokes 2011).  

Step 1- Dissolution of silica and formation of alkali silicates 

      Eq. 2-6 

           Eq. 2-7 

 Step 2- Hydration 

           Eq. 2-8                                         

R – Na or K 

n – hydration number 

 Hydroxyl ions in the system initiate the reaction by attacking the siloxane 

network of the aggregate which results in the formation of alkali silicates and silicic acid 
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(see Eq. 2-6). Silicic acid further reacts with the hydroxyl ions in the system to form alkali 

silicate and H2O (see Eq. 2-7). Alkali silicates formed in Eq. 6 and Eq. 7 are amorphous 

and have hygroscopic properties as shown in Eq. 2-8 (Ichikawa & Miura 2007; Pan et al. 

2012).  

2.3.3.2 Expansion mechanism 

Even with the hygroscopic properties of ASR gel, many researchers confused by 

the internal stresses developed due to the formation of the low viscosity ASR gel (Pan et 

al. 2012; Struble & Diamond 1981). Thus, over the years, many attempts have been made 

to develop a mechanism that can explain the experimental results (Pan et al. 2012). 

Theory of osmotic pressure (Glasser 1979), theory of gel dispersion (Garcia-Diaz et al. 

2006), theory of gel crystallization pressure (Garcia-Diaz et al. 2006), theory of ion 

diffusion (Chatterji et al. 1986), theory of electrical double layer (Prezzi et al. 1997), 

reaction rim theory (Ichikawa & Miura 2007) etc. are some of the proposed mechanism 

to explain the pressure development due to ASR. However, among all, the reaction rim 

theory gained more attention as it can be used to explain most of the ASR related issues 

(see section 2.3.4.4.) 

2.3.4 Factors affecting AAR 

Based on the above mechanisms, there are three main factors essential for 

deleterious alkali aggregate reaction; 

1. Reactive aggregate 

2. Free alkali (Na+ and K+) and OH- content 

3. Moisture movement 

Apart from the above three, there are many other factors which have a significant 

influence on the deleterious alkali aggregate reaction which includes; the presence of 
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calcium, the presence of aluminium, material properties of the paste, exposure conditions, 

etc.(Hobbs 1988) 

2.3.4.1 Effect of aggregates 

As described above in section 2.3.2 and 2.3.3, it is clear that aggregate type 

governed the type and degree of reaction occurring in the system. In fact, the reactivity 

of aggregate increases with the degree of microstructural disorder in the aggregates. 

Amorphous SiO2 (ex: Opal) is the most reactive followed by meta-stable crystals (ex: 

cristobalite and tridymite), microcrystalline silica and other crystalline silica with lattice 

defects (Hobbs 1988; Rajabipour et al. 2015).  Thus, Swamy (2002) suggested that ASR 

potential of aggregate depends on its mineral composition rather than the rock type.  

Studies of Standon (1940), Poyet et al. (2007) and Multon et al. (2008) confirmed 

that reactive aggregate size has a pessimum behaviour on the expansion magnitude and 

the optimum aggregate fraction depends on the aggregate type. However, the mechanism 

behind the above behaviour is yet to understand (Rajabipour et al. 2015). Research works 

of Sanchez et al. (2016) revealed that even though the damage rating index (DRI) is 

unaffected by the reactive aggregate size, crack propagation inside the mortar become 

more sparsely distributed with the fine reactive aggregates. 

Hobbs (1988) reported that reactive mineral content also follows a pessimum 

behaviour as shown in Figure 2-5. Mechanism of the pessimum behaviour of reactive 

content is explained by the equilibrium between reactive silica and alkali content in the 

system (Hobbs 1988; Ichikawa, 2009). In fact, it is clear that expansion can become zero 

when the reactive content exceeds the threshold limit of the system (see Figure 2-5). It is 

possible to deduce the pessimum ratio of reactive silica content to equivalent Na2O 

content which depends on the type of reactive aggregate. For opaline silica, this ratio is 

observed as approximately 6 (Hobbs 1988; Rajabipour et al. 2015).  
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Figure 2-5 : Pessimum behaviour of aggregate (Hobbs 1988) 

2.3.4.2 Effect of free alkali content 

The reaction mechanisms in sections 2.3.2 and 2.3.3 both revealed that alkali has 

a significant role in alkali aggregate reaction. Apart from alkalis (Na and K), calcium (Ca) 

also contributed to the reaction significantly resulting in calcium silicate products due to 

the very high calcium content in OPC systems. Even though calcium based gel products 

are important to have a deleterious alkali aggregate reaction in OPC systems (described 

in section 2.3.4.4), many researches point out that its swelling capacity is lower compared 

to alkali based gel thus, creating negligible problems individually (Kim, Taehwan & 

Olek, Jan 2014; Struble & Diamond 1981; Wang & Gillott 1991).  

Being an alkali, lithium (Li) is also expected to cause deleterious ASR expansions 

just like sodium and potassium. But instead, it is proven that it has an adverse effect on 

ASR and successfully used to mitigate ASR in concrete since it was first reported by 

McCoy and Caldwell (1951) in 1951. However, the exact ASR prevention mechanism of 
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Li salt is not completely comprehended (Islam and Ghafoori, 2016, Zapała-Sławeta and 

Owsiak, 2016, Kawamura and Fuwa, 2003). Studies showed that the amount of Li needed 

to inhibit the ASR related distress in concrete is a function of sodium equivalent (Na2Oeq) 

of the system (Islam and Ghafoori, 2016). In fact, few studies suggest that the reactivity 

of the aggregate also have an impact on the amount of Li needed to dismantle the ASR 

effect (Zapała-Sławeta and Owsiak, 2016). However, some researchers have suggested 

that Li has a pessimism behaviour towards ASR concrete creating more problems when 

used excessively (Kawamura and Fuwa, 2003, Zapała-Sławeta and Owsiak, 2016). 

Besides being a major constituent, alkali also has a secondary role in alkali 

aggregate reaction, maintaining a high pH in pore solution (Rajabipour et al. 2015). Since 

pH is a measure of hydroxyl ion concentration, based on Eq. 2-2, Eq. 2-3, Eq. 2-4, Eq. 2-

6 and Eq. 2-7 reaction rate increases with pore solution pH.  

All the alkali sources can be categorised into two subgroups; 

1. Internal alkali sources  

If the alkalis supplied by the constituent of the concrete, then those 

constituents are categorised as internal alkali sources. Internal alkali 

sources include cement, SCM, aggregates, water, activator, admixtures, 

etc. If the main alkali source is internal, it is hard to control the reaction 

once it occurred. Thus, controlling the alkali content at the designing stage 

is the most desirable method to mitigate AAR (Australia 2015; Farny & 

Kosmatka 1997; Rajabipour et al. 2015). 

2. External alkali sources 

If the alkalis supplied from the outside environment such as de-icing 

agents, sea water, waste water, ground water etc. then those sources are 

categorised under the external alkali sources. The best way to control the 
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alkali aggregate reaction in these types of situations is to cut off the alkali 

sources (Farny & Kosmatka 1997; Rajabipour et al. 2015). Grattan-Bellew 

(1992) pointed out that high permeability and crack propagation in 

structures may further increase the alkali aggregate reaction as it increases 

the ion transportation capability of the medium. 

 

2.3.4.3 Moisture movement 

ASR gel is hygroscopic and thus able to swell by chemically dwelling some water 

molecules. Thus, in order to develop the internal stress due to AAR, water is also an 

essential ingredient (Australia 2015; Fournier & Bérubé 2000; Rajabipour et al. 2015). In 

fact, Stark (1991) reported that in order to have the significant expansion, the internal 

relative humidity should be greater than 80%. Multon and Toutlemonde (2010) reported 

that the gelation part of the AAR (see Eq. 2-2 to Eq. 2-7) might occur even at lower 

humidity levels, even though the swelling phase required a humid environment. However, 

many researchers reported that ASR gel properties might change significantly resulting 

in lower swelling properties if exposed to low humidity environment (Fournier & Bérubé 

2000; Rajabipour et al. 2015; Struble & Diamond 1981).  

2.3.4.4 Role of calcium 

The exact role of calcium in deleterious alkali aggregate reaction is not yet 

defined. Studies of Struble and Diamond (1981) revealed that calcium rich gel (calcium 

silicate gel) is highly viscous compared to ASR gel and able to maintain its form even at 

pressures where typal alkali silicates liquefy. However, they further proved that expansive 

properties of calcium based gel is lower than that of sodium based gel which signifies that 

the formation of calcium based gel may reduce the expansiveness (Struble & Diamond 
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1981). But the experimental studies of Ichikawa and Miura (2007), Wang and Gillott 

(1991), Hou et al. (2004) and Thomas (1998) highlighted the importance of calcium in 

deleterious alkali aggregate reaction. Thus, it is possible to conclude that even though 

calcium reduces the expansiveness of the gel, it increases the effective internal pressure 

development. Different researchers developed a different hypothesis to explain this 

phenomenon as described below. 

Importance of calcium in ASR gel formation 

The effect of calcium in ASR gel formation was well documented by many 

researchers including Hou et al. (2005), Hou et al. (2004), Leemann et al. (2011), Kim, 

Taehwan and Olek, Jan (2014) and Kim, Taehwan  and Olek, Jan (2014). They suggested 

that dissolved silica (from the aggregates) first react with the available calcium to form 

CSH because CSH has lower saturation energy compared to ASR gel. Thereafter, highly 

dense CSH acts as a rigid barrier to isolate certain areas in the aggregates, allowing silica 

ions concentration to increase and reach the saturation point of ASR gel. Figure 2-6 is the 

graphical representation of the ASR mechanism described above.  
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Figure 2-6 : Graphical representation of ASR gel formation mechanism; (a) Si 

dissolution; (b) Formation of CSH barrier; (c) Formation of ASR gel (after Hou et al. 

(2004), Kim, Taehwan and Olek, Jan (2014) and Kim, Taehwan  and Olek, Jan (2014)) 

Importance of calcium in the expansive mechanism (Reaction rim theory) 

As explained in section 2.3.3.2, many theories have been introduced to explain 

the expansion mechanism of the alkali aggregate reaction. However, the reaction rim 

theory gained more attention among them as it fit to most of the experimental and field 

observations regarding AAR. The reaction rim theory is based on the formation of a 

semipermeable layer to entrap alkali silica gel inside while allowing ions to pass through 

the layer (Ichikawa 2009; Ichikawa & Miura 2007). Ichikawa (2009) further explained 

that it is the calcium silica hydrates that act as a semipermeable layer to entrap alkali silica 

gel. Alkali silica gel chemically couples with water particles in the system and swells, 

exerting internal stresses on aggregate and paste (Ichikawa 2009). Figure 2-7 is a simple 

graphical representation of reaction rim theory (Ichikawa 2009). 

 This theory also perfectly aligns with the above gel formation mechanism as both 

rely on the formation of calcium-based gel. Thus, reaction rim theory can be combined 
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with the above mentioned gel formation mechanism to explain the expansion mechanism 

(see Figure 2-8) 

 

Figure 2-7 : Reaction rim theory (after Ichikawa and Miura (2007)) 

 

 

Figure 2-8 : ASR gel expansion mechanism  

Secondary role of calcium 

 Apart from directly contributing to the main mechanisms as described above, 

calcium also has a secondary role in alkali aggregate reaction (Wang & Gillott 1991). 
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 Calcium can replace the occupied alkalis in the system which eventually 

increases the free alkali content. 

 Calcium hydroxides in the system act as a buffer to maintain the high pH 

in the system which eventually maintain the Si dissolution rate (see Eq. 2-

3 and Eq. 2-4).  

2.3.4.5 Role of aluminium 

Even though the exact role of aluminium (Al) in ASR is not clear, there are solid 

evidences that the soluble aluminium may significantly lower the risk of ASR (Rajabipour 

et al. 2015). Research works of Aquino et al. (2001) pointed out that aluminium rich SCM 

(metakaolin, fly ash, etc.) are more effective in mitigating ASR compared to silica rich 

SCM (silica fume). Furthermore, Warner (2012) and Schwing (2010) demonstrated that 

fly ash with high alumina content (Al2O3>20%) controls the ASR more effectively 

compared to fly ash with low alumina content (Al2O3<20%). Shafaatian (2012) used 

Al(OH)3 to reduce the expansion caused by ASR in concrete mortar bars which also aligns 

with the above studies. Rajabipour et al. (2015) have summarised the possible actions of 

aluminium in reducing ASR. 

 Reduce silica dissolution rate from the aggregates 

 Reduce the pH and thus the alkali content by the formation of CASH over 

CSH 

 Reduce free calcium content by formation of calcium aluminate phases 

 Reduce the swelling properties of ASR gel 

 Reduce the permeability of concrete 

Chappex and Scrivener (2012) highlighted that the aluminium ions in the pore 

solutions might limit the Si ion dissolution rate from the aggregates. There are several 

hypotheses to explain their observations; 
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 Aluminium ions react with silica ions and form an aluminosilicate layer 

on top of the aggregate which stops the hydroxyl ion attack and thus the 

Si dissolution (Sang et al. 1994). 

 Aluminium ions react with hydroxyl ions to form Al(OH)- which adsorb 

on the aggregate surfaces and repel hydroxyl ions away and thus retard the 

silica dissolution process (Bickmore et al. 2006). 

Many researchers showed that aluminium ions would interact with CSH to form 

CASH (Rajabipour et al. 2015) while studies of Hong and Glasser (2002) suggest that 

CASH has a better alkali bonding capacity compared to CSH. However, swelling 

properties of aluminium rich ASR gel is not studied extensively yet but need more 

attention in the near future as many have identified such gel formations especially in 

geopolymer systems (García-Lodeiro et al. 2007). 

2.3.4.6 Effect of exposure conditions 

As many of the other chemical reactions, alkali aggregate reaction is also sensitive 

to the exposure conditions. There are three main exposure conditions (HB79, 2015); 

1. Moisture movement/ Humidity 

2. Temperature 

3. Pressure 

Effect of the moisture movement has been discussed separately in Chapter 2.3.4.3 

as it is one of the major factors in AAR. Effect due to pressure variation is insignificant 

in most of the cases because structures are mostly exposed to atmospheric pressure.  

Temperature exhibits a positive relationship with the reaction kinetic of AAR 

(Comi et al., 2012, Chatterji and Christensen, 1990). AAR is a slow reaction which 

typically takes 5-10 years to manifest symptoms in field conditions (HB79, 2015). 

However, in colder environments, concrete with moderately-reactive aggregates may take 
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15-20 years to show up the symptoms whereas concrete with highly reactive aggregates 

may exhibit severe distresses in less than 2 years under hot, humid conditions (HB79, 

2015). 

2.3.4.7 Effect of material properties of binder and external loading 

Even though material properties do not affect the chemical reaction directly, it 

may have certain influence on the distress development in mortar. Based on the stress 

strain relationship of the materials it is obvious that young modulus, have an impact on 

the expansion development of the mortar (Hobbs, 1988). Use of air entrapment is one of 

the precautious actions taken to restrict ASR distresses. It is believed that the ASR gel 

formed may dispersed into these voids without applying any distress on the mortar 

(Jensen et al., 1984). 

Many researchers have claimed that the restraints in actual structural elements 

may decrease the respective ASR expansion (Multon and Toutlemonde, 2006, Jones and 

Clark, 1996). In fact, there are three kinds of restraints; external loads; reinforcement and 

adjacent elements which restrict the movements (Jones and Clark, 1996). Giorla (2013) 

showed that the compressive stresses may reduce the expansion development along the 

corresponding direction. However, it should be noted that except the reduction of 

expansion due to reinforcement, other two restraints may increase the internal stresses 

causing higher crack formations. Effect of reinforcement on the expansion development 

is also studied by many researchers (Multon and Toutlemonde, 2006, Hobbs, 1988). 

2.3.5 Identification of AAR 

AAR identification mainly consists of two stages; 

1. Laboratory identification 

2. Field identification 
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2.3.5.1 Laboratory identification 

Alkali aggregate reaction usually takes a long time to show the initial symptoms. 

However, once initiated, it is very hard to mitigate or even control the reaction in the field 

structures (HB79, 2015; Hobbs 1988). Thus, the normal practice is to identify the 

probable alkali aggregate reaction in the design stage and take appropriate mitigatory 

actions (Australia 2015). There are few established laboratory testing methods  

Petrographic analysis 

Identification of potentially reactive mineral phases in aggregate based on the 

microscopic images is called as petrographic analysis (Farny & Kosmatka 1997; Hobbs 

1988). There are two types of petrographic analysis based on the specimen preparation 

(Ahmed and Vander Voort, 2000); 

1. Analysis of bulk specimens – surface polished thick samples were 

examined with a reflected light microscope. 

2. Analysis of thin sections – polished thin specimens (thickness< 30μm) 

were examined with transmitted polarized light microscope. 

Analysis of bulk specimens is frequently used to identify the ASR concrete 

(Rivard et al., 2002, Sanchez et al., 2016). However, petrographic analysis does not 

encompass any quantitative data which significantly limits its use (Hobbs, 1988, Farny 

and Kosmatka, 1997). But many researchers adapted petrographic analysis along with a 

quantitative technique such as infrared spectroscopy, X-ray diffraction, Raman 

spectroscopy, damage rating index (DRI) etc. (Farny and Kosmatka, 1997, Rivard et al., 

2002, Sanchez et al., 2016)  

The main benefit of the petrographic analysis is that it requires significantly less 

time compared to most of the other test methods while engaging with high accuracy. 

However, it also has few disadvantages such as the need of highly skilled manpower, 
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need of high-tech equipment, etc. which may result in larger overheads (Farny & 

Kosmatka 1997). 

Damage rating index (DRI) 

DRI was introduced by Grattan-Bellew and his team as a semi-quantitative tool 

to use along with petrographic analysis in identifying ASR in early 90’s (Sanchez et al., 

2016). Since then it has become one of the frequently used semi-quantitative tool 

accompanied with petrographic analysis due to its simplicity with respect to methodology 

and technology (Ahmed and Vander Voort, 2000). In DRI, 1cm2 grid was drawn on the 

targeted surface and count the damage features of ASR in each grid. Then, number of 

counts corresponding to each damage feature was multiplied by the weighing factor to 

balance the relative importance of each feature towards ASR and take the normalized 

value for 100 cm2 as DRI in the sample. It should be noted that, ideally at least 200 cm2 

surface should be analysed to calculate the DRI (Rivard et al., 2002, Sanchez et al., 2016). 

Chemical test 

A chemical test is a quick and easy test to identify probable alkali silica reaction 

(ASR) based on the ion dissolution rate from the aggregate (Hobbs 1988). Crushed 

aggregates were exposed to 1M NaOH solution at 80 0C for 24 hours before measuring 

the dissolve silica content and the reduction in alkalinity by titration with acid. The final 

categorisation is based on a standard curve developed experimentally (ASTM-C289-07 

2007). However, many researchers have questioned the accuracy of the final outcome of 

this test (Farny & Kosmatka 1997; Hobbs 1988). Moreover, the use of this test is limited 

to siliceous aggregate as it analyses the Si dissolution rate of the aggregate (Farny & 

Kosmatka 1997). 
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Accelerated mortar bar test (AMBT) 

Accelerated mortar bar test is the most widely used laboratory test method to 

identify deleterious alkali aggregate reaction in concrete (Shon et al. 2002). Rapid 

assessment process and simplicity along with the reasonably accurate outcomes makes it 

more versatile compared to other testing methods (Australia 2015). In AMBT, 

25mm*25mm*285mm mortar bars are cast using general purpose cement (GPC) and 

crushed aggregates while maintaining the mix ratios specified in the standard (AS 

1141.60.1). Then, the length change in those mortar bars over 21 days is measured while 

exposing them to 1M NaOH solution at 80 0C (Australia 2014). 

  AMBT incorporates several approaches to accelerate the alkali aggregate reaction 

(Australia 2014); 

 Using crushed aggregates – increase the surface area (increase the Si dissolution 

rate) 

 Elevate the temperature to 80 0C – increase the reaction rate. 

 

 Immerse in 1M NaOH solution – Supply Na+ ions 

⁻  Maintain good moisture movement 

⁻  Elevate the internal pH 

However, due to the severeness of the test conditions, some of the aggregates with 

good field records have also shown excessive expansions with this test (Australia 2015). 

On the other hand, the mix design of standard AMBT (as in AS 1141.60.1) is kept 

constant to simplify the outcome which limited its capability to the categorisation of 

aggregates (Australia 2014). Thus, HB 79 is recommending standard AMBT as a 

screening test which means, if the aggregates failed this test more reliable long-term test 
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(concrete prism test) should be used to confirm the reactivity (Australia 2015; Farny & 

Kosmatka 1997). 

Concrete prism test (CPT) 

Concrete prism test was originally developed in Canada to evaluate the potential 

alkali carbonate reaction (ACR) (Australia 2015). It is recognised as the most reliable 

laboratory testing methodology to identify alkali aggregate reaction in concrete (Australia 

2015). Even though the testing conditions are much milder than the accelerated mortar 

bar test, it takes at least a year to have a definite outcome (AS1141.60.2 2014). Thus, CPT 

is mainly recommended, if the time is not critical or as a confirmation test to AMBT 

(Australia 2015).  

2.3.5.2 Field Inspection 

Field performance records are the most reliable source to identify the alkali aggregate 

reactivity of concrete (Australia 2015; Farny & Kosmatka 1997). However, before 

evaluating aggregates based on performance history, the effect of the following 

parameters should be taken into account (Farny & Kosmatka 1997) 

 Cement content of the concrete, alkali content in cement and water cement ratio 

of the concrete are similar or less than that of the proposed mix design. 

 Targeted field concrete is old enough (at least 15 years old) 

 Anticipated exposure conditions are similar or less severe compared to the 

existing conditions 

 Effect of SCMs in the existing structure and the proposed structure  

Diagnosis of alkali aggregate reaction in the field based on the visual symptoms is a 

difficult task as most of the symptoms are common to other durability issues. Thus, it is 
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recommended to follow up the visual inspection with laboratory testing and risk 

assessment to evaluate ASR progression (Farny & Kosmatka 1997; Thomas et al. 2011). 

Surface Crack propagation 

Randomly oriented crack propagation in the surface which is called as map cracking 

(also called as alligator cracking or pattern cracking) is the typical crack pattern associated 

with ASR (Thomas et al. 2011). Figure 2-9 is a classic example for map cracking due to 

ASR found in a causeway bridge in Perth, Western Australia (Australia 2015). Even 

though theoretically, map cracking shall spread evenly over all the directions of the 

concrete structure, there may be directional orientated cracks due to internal confinement 

from reinforcement provided or external confinements by restrained provided such as 

adjacent structures or the ground (Thomas et al. 2011). It should be noted that, there can 

be crack propagations due to the weather and exposure conditions in field structures and 

thus, requires expertise knowledge on ASR to diagnose ASR in field conditions. 

 

Figure 2-9 : Map cracking due to alkali silica reaction identified in causeway bridge in 

Perth (Australia 2015) 
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Gel exudation 

Cracks enclosed by broad brownish zone as in Figure 2-9 is a typical sign of ASR 

in a structure (Australia 2015; Thomas et al. 2011). However, efflorescence due to the 

transmission of water and salt is often misidentified as AAR exudate. Thus, it is 

recommended to carry out a petrographic analysis on the gel exudates to confirm the AAR 

(Australia 2015). 

Surface pop outs 

Despite being rare, it is possible to observe a surface deterioration due to 

detachment of small pieces of the surface layer of mortar in extreme cases of AAR as 

shown in Figure 2-10 (Thomas et al. 2011). This is due to the formation of highly 

expansive gel products closed to the surface due to alkali aggregate reaction (Australia 

2015). Freeze-thaw actions along with the presence of certain aggregate types may 

worsen this effect (Thomas et al. 2011). 

 

Figure 2-10 : Surface pop outs due to alkali aggregate reaction (Thomas et al. 2011) 
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Deformations and displacements 

Severe AAR is always accompanied by excessive expansions which may cause 

significant deformations in the affected as well as the surrounded structures. Closure of 

expansion joints, exudations of joint fillers, relative displacement to adjacent sections, 

twisting and warping of the structural members, the structural crushing of concrete etc. 

are the typical symptoms of excessive stress development due to AAR gel formation. 

Furthermore, the mechanical equipment attached to the affected structure may also be 

malfunction due to alignment issues caused by deformations (Australia 2015). Figure 2-

11 is the differential movement of parapet walls in a bridge due to AAR (Thomas et al. 

2011). 

 

Figure 2-11 : Differential movement of parapet walls in a bridge due to AAR (Thomas 

et al. 2011) 

2.4 Alkali aggregate reaction in geopolymer  

Theoretically, geopolymer concrete is associated with higher risk of alkali 

aggregate reaction compared to OPC due to the use of alkali solution as an activator 

(Bakharev et al. 2001a). However, among the limited amount of research works available, 
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most studies suggest that the actual risk AAR in alkali activated materials is lower than 

that of OPC (Shi, C et al. 2015).  Even though most of the existing studies targeted on the 

performance of geopolymer over alkali silica reaction, research works of Gifford and 

Gillott (1996) illustrated that alkali activated systems are more susceptible to alkali 

carbonate reaction over alkali silica reaction.  

Alkali aggregate reaction in slag based alkali activated materials has created a 

dispute among researchers as some claimed that the risk of AAR is even higher compared 

to OPC (Bakharev et al. 2001a; Puertas et al. 2009). However, the alkali aggregate 

resistance of fly ash based geopolymer is experimentally proven by several researchers 

using different test methodologies and constituent (García-Lodeiro et al. 2007; Kupwade-

Patil & Allouche 2012; Lu et al. 2013; Shi, C et al. 2015).  

The following points are brought up to describe the alkali aggregate resistance of 

geopolymer concrete by different researchers; 

 Majority of the alkali ions are preoccupied in the geopolymer network thus 

free alkali ions available for the AAR is quite lower than initial alkali ion 

content (Fernández-Jiménez & Puertas 2002) 

 Strong and dense bond network formed in the vicinity of the aggregates 

decreases the hydroxyl ion attack and hence the Si dissolution (Krivenko et 

al. 2014). 

 High early alkalinity (high pH) of the mixture enforces most of the reactive 

silica to dissolve even before the final setting time which will reduce the 

reactive Si ion content for AAR (Shi, C et al. 2015) 

 High early strength gain increases the resistivity of the binder to internal 

stresses developed due to AAR (Shi, C et al. 2015) 
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 Low calcium content reduces the reaction rate and the expansiveness of the 

AAR as described in section 2.3.4.4 (Fernández-Jiménez & Puertas 2002; 

Kupwade-Patil & Allouche 2011; Kupwade-Patil & Allouche 2012; Pouhet 

& Cyr 2015) 

 High aluminium content in the system retards the AAR as described in 

section 2.3.4.5 (Krivenko et al. 2014) 

 Low pore solution pH decreases the Si ion dissolution rate (Pouhet & Cyr 

2015; Shi et al. 2017; Shi, Z et al. 2015) 

2.4.1 Effect of slag content 

Effect of slag content in alkali activated materials over the alkali aggregate 

reaction is under the light as some researchers reported excessive expansions in slag based 

alkali activated materials (Bakharev et al. 2001a; Puertas et al. 2009; Shi et al. 2017). 

Most of the researchers claimed that slag act as the main calcium source in the absence 

of OPC (portlandite) to boost the alkali aggregate reaction as described in section 2.3.4.4 

(García-Lodeiro et al. 2007; Kupwade-Patil & Allouche 2011; Pouhet & Cyr 2015; Shi, 

C et al. 2015; Shi, Z et al. 2015). Since slag is an important constituent in the mix design 

which enhances the setting properties and initial mechanical properties, slag content 

optimization is necessary to achieve better mix design (Tennakoon 2016). 

2.4.2 Effect of activator 

Activator is the main supplier of alkali in geopolymer mix. Thus, activator type 

and the concentration are playing a vital role in the risk of alkali aggregate reaction in 

alkali activated materials (Shi, C et al. 2015; Tänzer et al. 2017; Williamson & Juenger 

2016; You-zhi et al. 2002). In fact, research studies of You-zhi et al. (2002) concluded 

that water glass (Na2SiO3) has the maximum effect on AAR followed up by Na2CO3, 
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Na2SO4 and NaOH respectively. Furthermore, many researchers have noticed a pessimum 

behaviour of silicate modulus (Al-Otaibi 2008; Shi, C et al. 2015) and also the alkali 

content over AAR expansion (Shi, C et al. 2015; Shi et al. 2017) which emphasized the 

importance of optimization of activator content to achieve better mix design. 

 

2.4.3 Testing methods 

Accelerated mortar bar test (AMBT) and concrete prism test (CPT) are the two 

most common testing mechanisms used to investigate alkali aggregate reaction in alkali 

activated materials (Shi, C et al. 2015). However, Fernández-Jiménez and Puertas (2002) 

concluded that the short testing time stipulated in accelerate mortar bar test is not enough 

to identify the alkali aggregate reaction as alkali activated materials prone to show later 

expansions. Experimental studies of Bakharev et al. (2001a) and Al-Otaibi (2008) align 

with the above suggestion as they concluded that high strength gain of slag based alkali 

activated concrete might temporary inhibit the AAR. Thus, many researchers 

recommended long term test like concrete prism test to investigate the alkali aggregate 

reactivity of alkali activated materials (Shi, C et al. 2015). 

2.5 Summary 

Geopolymer is considered as a potential substitute to OPC. However, there are 

many grey areas which need attention before geopolymer concrete adoption by the 

industry  

Alkali aggregate reaction is a chemical reaction that can induce severe distresses 

inside the mortar. Despite being identified in early 1940s, the exact mechanism of AAR 

is not completely comprehended which makes it even harder to control. AAR typically 

takes 5-10 years to show the initial symptoms and once initiated it is extremely hard to 
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mitigate or even control the reaction. Thus, identification of potential reactive aggregates 

through laboratory testing is crucial to minimize ASR related issues. 

Geopolymer possess extremely high theoretical risk of AAR due to the use of 

high alkaline activator. However, existing studies showed that the actual risk of AAR 

is much lower in GPC with no slags compared to OPC. The effect of slag on AAR in 

geopolymer concrete requires clarification. In addition, studies showed that existing 

test methods require modifications to be used for the assessment of AAR in 

geopolymer concrete.  
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 Materials and Methodology 

3.1 Overview 

This chapter contains the details of the materials and the experimental methodology 

acquired in this study. Being a slow reaction in natural conditions, alkali aggregate 

reaction requires to be accelerated in laboratory scale testings to have observable 

outcomes within a short time frame. Therefore, accelerated mortar bar test based on the 

AS 1141.60.1 was adopted in this study. 

 A mixture of GGBFS and low calcium fly ash is used as the main aluminosilicate 

source whereas a mixture of NaOH and sodium silicate (Na2SiO3) solutions are used as 

the activator solution in the geopolymer mixes. All the mix design parameters except the 

GGBFS to fly ash ratio (by weight) were kept constant in the geopolymer mixes and 

standard accelerated mortar bar test based on AS 1141.60.1 was used as the control test 

set up. Four aggregate types were used representing, Australian natural reactive 

aggregates (culcairn), Australian natural non-reactive aggregates (basalt), manufactured 

reactive aggregates (ferronickel slag) and amorphous silica source (fused silica). 

Representative mortar cubes were cast and tested in accordance with AS 1012.8.3 along 

with the mortar bars to assess the strength development during the initial 28 days. 

Dissolution potentials of aggregates were also tested by exposing them to NaOH solutions 

with different concentrations which simulate the pH of geopolymer mortar pore solutions. 

Scanning electron microscopes (SEM) images along with energy dispersive 

spectroscopy (EDS) were used to identify the evolution of ASR gels and their 

composition over the testing period. 
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3.2 Test Materials 

3.2.1 Cementitious materials 

3.2.1.1 Fly ash 

Fly ash used in this study was generated in Eraring power plant in NSW and 

supplied by Boral Australia as a supplementary cementitious material to be used for 

construction purposes (in compliance with AS 3582.1). Figure 3-1 shows the particle size 

distribution of the aluminosilicate sources (fly ash and GGBFS) obtained via laser 

diffraction technique by using a Malvern Mastersizer 2000 instrument. Figure 3-1 clearly 

shows that 90% of the fly ash particles are passing through the 45 µm sieve which is in 

acceptance with the limits provided in AS 3582.1 (Australia 2016a). 

 

Figure 3-1 : Particle size distribution of GGBFS and Fly ash 

Table 3-1 shows the chemical compositions of the cementitious materials obtained 

from the XRF analysis. Fly ash used in this study complies with the Australian standards 

and may categorise as Class F fly ash (low calcium fly ash) based on ASTM standards 

(ASTM-C618-17 2017; Australia 2016a). 
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Table 3-1 : Chemical composition of cementitious materials based on XRF analysis 

 
Fly Ash 

(wt%) 

GGBFS 

(wt%) 

OPC 

(wt%) 

Silicon dioxide (SiO2) 61.000 33.799 19.539 

Aluminium oxide (Al2O3) 26.045 13.688 4.725 

Iron oxide (Fe2O3) 3.493 0.322 3.038 

Calcium oxide (CaO) 2.137 42.049 63.798 

Magnesium oxide (MgO) 0.477 5.511 1.175 

Sodium oxide (Na2O) 0.498 0.331 0.350 

Potassium oxide (K2O) 1.251 0.278 0.525 

Titanium dioxide (TiO2) 1.012 1.2 0.285 

Sulphur trioxide (SO3) 0.067 0.835 2.096 

Loss on ignition 2.76 0.36 3.79 

Specific gravity 2.1 2.8 3.1 

Figure 3-2 shows a SEM image of fly ash obtained using a SEM 3400I equipment 

with 1000 magnification. This clearly indicates the existence of spherical shape particles 

in fly ash. 

 

Figure 3-2 : SEM image of fly ash 



55 

 

3.2.1.2 Ground Granulated Blast Furnace Slag (GGBFS) 

GGBFS used in this research complied with AS 3582.2 and was supplied by Blue 

Circle Southern Cement Australia. Figure 3-1 contains the particle size distribution of the 

GGBFS obtained via laser diffraction technique by using a Malvern Mastersizer 2000 

instrument. Slag particles were exposed to rapid quenching process during manufacturing 

resulting in a glassy granular shape particles which can be clearly identified in the SEM 

images as shown in Figure 3-3 (Australia 2016b).  

 

Figure 3-3 : SEM image of GGBFS 

Based on the XRF analysis results presents in Table 3-1 : Chemical composition 

of cementitious materials based on XRF analysis, it is obvious that GGBFS is acting as 

the main calcium source in geopolymer binders. Thus, many researchers believed that the 

risk of alkali aggregate reaction increases with the GGBFS content (García-Lodeiro et al. 

2007; Kupwade-Patil & Allouche 2011; Shi, C et al. 2015). Hence, in this research, the 

effect of GGBFS on alkali aggregate reaction was assessed by changing the GGBFS to 

fly ash ratio while keeping all the other parameters constant as discussed in section 

3.3.1.3. 
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3.2.1.3 Ordinary Portland Cement (OPC) 

General purpose cement distributed by Cement Australia was used in the study to 

cast the control specimens in accordance with AS 1141.60.1. Figure 3-4 shows a SEM 

image of OPC particles obtained with a 1000 magnification. 

 

Figure 3-4 : SEM image of OPC 

3.2.2 Activator 

The activator used in this study consists of two parts; concentrated sodium 

hydroxide solution (12M NaOH) and water glass (Na2SiO3). Sodium hydroxide solution 

was prepared in the laboratory by mixing technical grade sodium hydroxide pellets (98% 

purity) obtained from Ajax Finechem in Sydney tap water. For a single batch (4.2l of 

mortar) 141.2g of NaOH pallets had to be mixed with 227.9g water to prepare the required 

12M NaOH solution. Sodium silicate solution with silica modulus 2.0 (Ms = SiO2/Na2O) 
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was purchased from PQ Australia to be used in the activator. Table 3-2 shows the 

chemical composition of the sodium silicate solution. 

Table 3-2 : Chemical composition of sodium silicate 

Chemical component Na2O SiO2 H2O 

Mass proportion 14.7% 29.4% 55.9% 

3.2.2.1 Preparation of activator 

The activator used in this study was prepared 6 hours prior to mixing and stored 

in elevated temperature at 50 0C. This was to allow the possible reaction to complete in 

between the two components; 12M NaOH and Na2SiO3 before used in the mix. The 

weight ratio of Na2SiO3 to 12M NaOH solution was kept constant at 2.5 in all the mix 

designs. Activator was properly mixed just after adding the two components (NaOH and 

Na2SiO3) and just before batching to maintain the homogeneity.  

3.2.3 Aggregate 

Four aggregates representing the four different categories have been used in this 

study. 

1. Natural non-reactive aggregate – Basalt 

2. Natural reactive aggregate – Culcairn  

3. Manufactured reactive aggregate – Ferronickel slag 

4. Highly reactive (amorphous) aggregate – Fused silica 

Table 3-3 shows the water absorption and apparent densities of aggregates which were 

implemented in the mix design calculations. Table 3-4 contains the chemical 

compositions of aggregates based on the XRF analysis results. 
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Table 3-3 : Water absorption and apparent density of aggregates 

Aggregate type Water absorption (%) Apparent density (kg/m3) 

Basalt 1.57 2895 

Culcairn 1.05 2725 

Ferronickel 0.68 2986 

Fused silica 0.08 2258 

Table 3-4 : XRF analysis results of aggregates 

 Basalt 

(wt%) 

Culcairn 

(wt%) 

Ferronickel 

slag (wt%) 

Fused silica 

(wt%) 

Silicon dioxide (SiO2) 53.12 63.10 53.41 98.25 

Calcium oxide (CaO) 6.35 4.76 0.22 - 

Aluminium oxide (Al2O3) 16.58 15.66 2.52 - 

Magnesium oxide (MgO) 3.10 2.10 32.08 - 

Iron(III) oxide (Fe2O3) 7.97 5.55 10.69 - 

Titanium oxide (TiO2) 0.98 0.80 0.06 - 

Sodium oxide (Na2O) 4.34 3.35 0.09 - 

Potassium oxide (K2O) 4.10 2.84 0.03 - 

Loss of Ignition (LOI) 2.55 1.18 0.00 1.80 

Figure 3-5 is the TAS (Total Alkali Silica) diagram developed to classify the 

igneous rocks by Le Maitre et al. (2005) based on their chemical compositions. TAS 

diagram (Figure 3-5) along with the XRF results in Table 3-4 is used to determine the 

mineralogy of natural rocks used in this study (refer section 3.2.3.1 and 3.2.3.2) 
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Figure 3-5 : TAS Classification for volcanic rock (adapted from 

(http://www.sandatlas.org)) 

3.2.3.1 Basalt aggregate 

Basalt is the mainstream quarried aggregate supplied by Boral Australia for the 

structural applications. Thus, it is selected as the natural non-reactive aggregate for the 

control tests.  

Basalt is an igneous type rock formed due to rapid cooling of basaltic lava exposed 

near the surface. In fact, it is the most common rock type in the earth crust. Anorthite 

(calcic plagioclase) and augite (pyroxene) are the two most essential minerals in basalt 

along with quartz, olivine and feldspathoid (www.mindat.org). XRD analysis of basalt 

sample confirms the presence of anorthite, augite and quartz along with andesine (see 

Figure 3-8). XRF analysis on the aggregate sample (see Table 3-4) reveals that it belongs 

to the basaltic-trachyandesite section of the TAS diagram of igneous rocks. Thus, basalt 

used in this study may contain andesine along with other basic basalt minerals which are 
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classified as an alkali reactive mineral (Diamond 1976; www.mindat.org). Hence, basalt 

aggregate might also incorporate with some alkali aggregate reactiveness. It should be 

noted that the amorphous and poorly crystalline phases could not be identified with XRD 

technology and thus there is still a possibility to have alkali silica reactive components in 

basalt to a certain degree. Figure 3-6 shows a sample of crushed aggregate prepared for 

the test. SEM analysis (see Figure 3-7) exhibits that basalt consists of angular particles 

with a rough surface.  

 

Figure 3-6 : Basalt aggregate prepared for a mix 

 

Figure 3-7 : SEM image of crushed basalt aggregate 
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Figure 3-8 : XRD analysis result of basalt aggregate
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3.2.3.2 Culcairn aggregate 

Culcairn aggregate is supplied by Boral Australia from their quarry in Culcairn, 

NSW. The field records have proven the alkali aggregate reactivity of culcairn aggregate, 

and thus, it is used in this study to represent the natural reactive aggregate category. 

XRF analysis in Table 3-4 shows that the chemical composition of culcairn 

aggregate consists of 63.1% of SiO2 and 6.19% of total alkalis (Na2O +K2O). Thus, based 

on the TAS diagram (see Figure 3-5), the rock type of culcairn is dacite with properties 

closed to andesite. Dacite is an extrusive volcanic rock which consists of feldspar 

minerals rich in alkalis, albite-anorthite minerals and quartz. However, the presence of 

minerals like hornblende, amphiboles, augite, etc. are also possible in these rocks 

(www.mindat.org). XRD analysis results (see Figure 3-11) of culcairn aggregate shows 

traces of quartz, feldspar and anorthite. Feldspar minerals rich in alkalis (specially 

andesine) is classified as a reactive alkali mineral which is responsible for the alkali 

aggregate reactivity of culcairn aggregate along with microcrystalline quartz (Diamond 

1976). However, it should to be noted that there can be amorphous and poorly crystalline 

phases in Culcairn aggregate which would not be identified with XRD but contribute to 

the alkali silica reactivity. Figure 3-9 shows a sample of crushed aggregate prepared for 

the test. SEM analysis (see Figure 3-10) exhibits flaky angular particles with rough 

surfaces in Culcairn aggregate. 
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Figure 3-9 : Culcairn aggregate prepared for a mix 

 

Figure 3-10 : SEM image of crushed culcairn aggregate 
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Figure 3-11 : XRD analysis result of culcairn aggregate 
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3.2.3.3 Ferronickel slag aggregate 

Ferronickel slag aggregate is a by-product of nickel ore refining process. Le 

Nickel SLN has supplied the ferronickel slag aggregate (Le SAND) which is 

manufactured from their nickel refining plant in New Caledonia. Previous studies on 

ferronickel aggregate exposed its alkali aggregate reactivity when used in OPC based 

binders (Choi & Choi 2015; Saha & Sarker 2016). However, the partial replacement of 

natural fine aggregates with ferronickel slag sand did not lead to any ASR in fly ash based 

blended systems (Saha & Sarker 2017). 

XRF analysis indicates that the main chemical constituents of ferronickel slag 

aggregate are Si (SiO2 = 53.41%), Mg (MgO = 32.08%) and Fe (Fe2O3 = 10.69%). 

Formation of brucite (Mg(OH)2) in the system may cause expansions due to alkali-

carbonate reaction (ACR) as brucite can swell in the presence of water (Fournier & 

Bérubé 2000; HB79 2015). However, XRD analysis indicates that Mg presence in the 

form of forsterite and enstatite which can limit the brucite formation in the system (Choi 

& Choi 2015; Pokrovsky & Schott 2000). Thus, the reactivity of the ferronickel aggregate 

depends on the availability of amorphous silica which may form during the rapid cooling 

process and won’t show up any spikes due to it amorphous form (Choi & Choi 2015). 

Figure 3-12 shows a sample of crushed aggregate prepared for the test. SEM analysis (see 

Figure 3-13) exhibits that ferronickel slag aggregate generally consists of sharp-edged 

particles with a smooth surface. However, as visible in SEM image (Figure 3-13) there 

are spherically shaped silica particles among other aggregates which might be responsible 

for the reactiveness of the ferronickel slag, 
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Figure 3-12 : Ferronickel slag aggregate prepared for a mix 

 

Figure 3-13 : SEM image of crushed ferronickel slag aggregate
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Figure 3-14 : XRD analysis result of ferronickel aggregate 
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3.2.3.4 Fused silica 

Fused silica is a glassy material mostly composed of amorphous silica. For this 

study, fused silica was supplied by Sila Australia. Fused silica is considered a highly 

reactive material as it can supply more silica to the system due to its amorphous nature 

(Diamond, 1976; Hobbs 1988). Furthermore, the high purity of this aggregate also 

restrains the formation of other products along with the ASR gel.  

XRF analysis confirmed the purity of the fused silica as SiO2 content occupies 

98.25% of the total (see Table 3-4). There are no major spikes visible in the XRD analysis 

results (see Figure 3-17) which confirms the amorphous nature of Fused silica. It should 

be noted that the peak visible in Figure 3-17 is most probably due to an impurity present 

in the sample. Therefore, it is expected to have significantly higher expansions in mortar 

bars cast with Fused silica compared to other aggregates because of its potential to release 

Si ions.  Figure 3-15 shows a sample of crushed aggregate prepared for the test. SEM 

analysis (see Figure 3-16) reveals the presence of angular shaped glassy particles in fused 

silica.   
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Figure 3-15 : Fused silica slag aggregate prepared for a mix 

 

Figure 3-16 : SEM image of crushed fused silica 
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Figure 3-17 : XRD analysis result of fused silica 
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3.3 Test methodology 

3.3.1 Accelerated mortar bar test 

Accelerated mortar bar test is the main testing method used in this study. The 

testing procedure was developed based on the standard accelerated mortar bar test 

specified in AS 1141.60.1 (AS1141.60.1 2014). However, changes were applied for the 

geopolymer mortar mixes to further assess the suitability of the existing test. Compressive 

strength variation of the mortar over 28 days was measured by crushing mortar cubes at 

specific time intervals as described in AS 1012.8.3. Figure 3-18 briefly summarised the 

testing procedure adapted during this study. 

 

Figure 3-18 : Summary of testing procedure 

 

 At least 12 cubes (3 

cubes per 

measurement) 

 Crushing strength 

of mortar cubes at 

just after initial 

curing (1 day), 7, 

14 and 28 days in 

secondary curing  

 At least 6 mortar bars 

(5 bars for continuous 

expansion 

measurements and 1 

bar to be removed after 

21 days for 

microstructural 

analysis) 

 Expansion 

measurements were 

taken 1, 3, 7, 10, 14 and 

then weekly up to 150 

days after initial 

curing.  

 Representative 

mortar bar samples 

were extracted just 

after the initial 

curing, 21 days of 

exposure and at the 

end of the test.   

Mortar test 

Strength 

test 

Expansion 

test 

SEM/EDS 

analysis 
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3.3.1.1 Preparation of materials 

Cementitious materials: 

All the cementitious materials have been weighted and sealed 24 hours prior to 

the mixing. 

Activator: 

Activator has been prepared at least 6 hours prior to the mixing and stored at 500C. 

Aggregate: 

All the aggregate except fused silica were crushed using a jaw crusher (see Figure 

3-19) and then sieved using a sieve shaker (see Figure 3-19) to meet the gradation 

specified in AS 1141.60.1 (see Table 3-5). Then, the prepared aggregate were rinsed with 

tap water to remove any dust particles before being oven dried at 100 0C for 24 hours. 24 

hours prior to batching, dry aggregate were mixed with water to attain saturated surface 

dry condition and sealed it in a plastic bag to avoid any water evaporation. Water needed 

to achieve the saturated surface dry condition was calculated from the water absorption 

percentages presents in Table 3-3. 

Table 3-5 : Grading requirement as specified in AS 1141.60.1 

Sieve size (mm) % by mass 

Passing Retained on 

4.75 2.36 10 

2.36 1.18 25 

1.18 0.6 25 

0.6 0.3 25 

0.3 0.15 15 
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Figure 3-19 : Jaw crusher and sieve shaker used to prepare aggregate 

3.3.1.2 Preparation of moulds 

Preparation of moulds is a very important part of the mortar bar casting process. 

Generally, geopolymer mortar is more cohesive material than OPC mortar which allows 

it to have strong bonding with other materials (Deb et al. 2014). Even though it is a 

positive effect leading to high bond capacity with reinforcing bars, it has a negative 

impact while demoulding the specimens. Due to the small cross sections (25mm x 25mm), 

mortar bars tend to crack even before the demoulding (see Figure 3-19) due to the stresses 

generated during the heat treatment process. Thus, along with some modifications in 

curing methodology which will be discussed later in section 3.3.1.3, moulds were coated 

with two demoulding agents; first with a typical oil-based mould releasing agent used for 

OPC mortar and then water-based mould releasing agent developed for geopolymer 

mortars (Figure 3-20).  
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Figure 3-20 : Crack development in mortar bars during the thermal curing 

 

Figure 3-21 : Moulds ready for casting 

Placing the gauge studs also needs special attention as the gauge length has to be 

maintained at 250 ± 0.2 mm to maximise the accuracy of readings (see Figure 3-22).  

 

Figure 3-22 : Mould set up of mortar bars 

Crack 

Releasing agent for 

geopolymer mortar 
Releasing agent for 

OPC mortar 

Length gauge Gauge studs 

250±0.2 mm 

285 mm 
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3.3.1.3 Mortar preparation 

 

Figure 3-23 : Summary of mortar mixes implemented in the study 
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Figure 3-23 summarizes the mortar bar test setup implemented during this study. 6 

mortar mixes; 3 main geopolymer mixes with fly ash to GGBFS ratio 9 (Mix 2), 4 

(Mix 3) and 1 (Mix 4), two subsidiary mixes with fly ash to slag ratio 9 (Mix 2a) and 

1 (Mix 4a) and standard OPC mix (Mix 1) as in AS 1141.60.1 were considered as 

shown in Figure 3-23. Mix design details are summarized in  

 Mix 1 Mix 2 Mix 2a Mix 3 Mix 4 Mix 4a 

Ratios (by weight) 

Water/cement 0.47 0.36 0.50 0.36 0.36 0.50 

Activator/cement - 0.50 0.33 0.50 0.50 0.33 

Aggregate/cement 2.25 2.00 2.75 2.00 2.00 2.75 

NaOH/Na2SiO3 - 0.40 0.16 0.40 0.40 0.16 

Fly ash/GGBFS - 9.00 9.00 4.00 1.00 1.00 

Binder (kg/m3) 

OPC 580.6 0.00 0.00 0.00 0.00 0.00 

Fly ash 0.00 553.6 447.4 492.1 307.6 248.6 

Slag 0.00 61.5 49.7 123.0 307.6 248.6 

Water and Activator (kg/m3) 

NaOH 0.00 87.9 22.2 87.9 87.9 22.2 

Na2SiO3 0.00 219.7 143.5 219.7 219.7 143.5 

Aggregate 1306.5 1230.3 1367.2 1230.3 1230.3 1367.2 

Free water 272.9 47.0 155.0 47.0 47.0 155.0 

. 

Table 3-6 : Mix design details 

 Mix 1 Mix 2 Mix 2a Mix 3 Mix 4 Mix 4a 

Ratios (by weight) 

Water/cement 0.47 0.36 0.50 0.36 0.36 0.50 

Activator/cement - 0.50 0.33 0.50 0.50 0.33 

Aggregate/cement 2.25 2.00 2.75 2.00 2.00 2.75 

NaOH/Na2SiO3 - 0.40 0.16 0.40 0.40 0.16 

Fly ash/GGBFS - 9.00 9.00 4.00 1.00 1.00 
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Binder (kg/m3) 

OPC 580.6 0.00 0.00 0.00 0.00 0.00 

Fly ash 0.00 553.6 447.4 492.1 307.6 248.6 

Slag 0.00 61.5 49.7 123.0 307.6 248.6 

Water and Activator (kg/m3) 

NaOH 0.00 87.9 22.2 87.9 87.9 22.2 

Na2SiO3 0.00 219.7 143.5 219.7 219.7 143.5 

Aggregate 1306.5 1230.3 1367.2 1230.3 1230.3 1367.2 

Free water 272.9 47.0 155.0 47.0 47.0 155.0 

Mix 1-4 are used for all aggregates while subsidiary mixes (Mix 2a and 4a) used 

only with culcairn aggregate. The main purpose of those mixes is to assess the degree of 

ASR when the initial mortar strength is lower while keeping the same fly ash to GGBFS 

ratio. All the mixes except mix 1 were developed based on the experimental data available 

from previous studies at UNSW. 

For each mix, 9 prismatic mortar bars (25mm x 25mm x 285mm) and 16 (50mm 

x 50mm x 50mm) cubes were cast. 

 

Figure 3-24: Materials prepared for mixing 

Activator 

Hobart mixer 

SSD aggregate 

Fly ash 

GGBFS 

Water 
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Mixing of mortar 

Many researchers claimed that the mixing time and the method have a 

considerable impact on the properties of geopolymer binders (Davidovits 2011). Thus, 

the same mixing procedure was used in all the mixes to minimise the degree of error. 

a. Add SSD (saturated surface dry) aggregate to the bowl of a Hobart mixer 

and start the mixing at slow speed. 

b. Add fly ash over a 30 s period while mixing at slow speed 

c. Mix another 30 s and then add GGBFS to the bowl over a 30 s period while 

mixing at slow speed. 

d. Mix another 30 s and add activator and remaining water to the mix over a 

30 s period while mixing at slow speed. 

e. Continue the mixing for another 60 s at slow speed 

f. Change the mixer to medium speed and mix the mortar for 30 s 

g. Stop the mixer and let the mortar stand for 60 s. During the initial 15 s 

quickly scrape down any mortar collected on the sides of the bowl. 

h. Finish mixing with 60 s mixing at medium speed. 

Moulding of mortar 

a. Moulds were filled with two approximately equal layers. Each layer was 

compacted using a vibration table for 15 s (see Figure 3-23) 

b. After compacting cut off the mortar flush and smooth the surface with a 

shovel. All the moulds shall be finished within 5 mins after finishing the 

mixing.  

c. Then place the moulds in a plastic bag and seal it to avoid any water 

evaporation during the initial curing period. 
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Figure 3-25 : Compacting the specimens with a vibration table 

Curing of specimens 

As shown in Figure 3-20, initially, cracks can occur during the heat treatment 

process. Therefore, in order to prevent cracking, two curing periods were incorporated 

during the testing. 

a. Initial curing period started soon after finishing the moulding. The sealed 

mortar bars were placed in the temperature-controlled room at 25 0C for 

16 hours. This allows mortar bars to develop enough strength before 

demoulding without causing any cracks.  

b. Initial curing period is followed by the demoulding process where all 

specimens were demoulded within 2 hours after finishing the initial curing 

phase. 

c. After demoulding, all mortar specimens were stored in airtight containers 

layered with wet cloths and exposed to the secondary curing condition; in 

an oven at 80 0C for 6 hours. The humidified environment developed 

inside the container helps to minimise the effect of drying during the 

secondary curing.  

Mortar cubes 

Mortar bars 
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Periodical reading 

a. Just after the secondary curing process, zero reading of the mortar bars 

were taken (see Figure 3-24). This reading should be done quickly (10 s 

per bar) to avoid any unnecessary errors due to variation in thermal 

contraction.  

b. 6 mortar bars and 12 cubes were placed in the curing solutions (see Figure 

3-25). Four different curing solutions were used in this study, 

1. Curing condition I - 1M NaOH solution 

2. Curing condition II - 0.003M NaOH solution 

3. Curing condition III – 1M NaOH saturated with Ca(OH)2 

4. Curing condition IV - Water 

The solution to solid ratio in the container was kept constant at 4.2 in order 

to maintain the pH of mortar bars as constant as possible over the time. It 

should be noted that all the mortar bars were exposed to 80 0C temperature 

throughout the testing period. 

c. Readings were taken at 1 day, 3 days, 7 days, 10 days, 14 days and then 

weekly up until 150 days after the zero reading or excessive expansion 

occurs. 

d. Cubes were tested after the zero reading, 7 days, 21 days and 28 days after 

the secondary curing period. It should be noted that all cubes were dried 

before the crushing. 

e. Representative mortar bars were sampled just after heat curing, 21 days 

after heat curing and at the end of the test (150 days) for the 

microstructural analysis. 
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Figure 3-26 :  Measuring the length variation with a dial gauge 

 

Figure 3-27 : Mortar bars kept in 1M NaOH solution 

3.3.2 SEM Analysis 

Scanning electron microscope (SEM) analysis was carried out on the mortar bar 

samples extracted at 21 days and 150 days after secondary curing to identify any ASR gel 

formations. Energy dispersive X-ray spectroscopy (EDS) with a backscatter electron 

detector was incorporated into SEM analysis to further investigate the ASR gel 

formations and identify their chemical composition.  

Mortar bar samples need to be prepared carefully for the SEM analysis as the final 

outcome vastly depends on the sample preparation process.  

Dial gauge 

Mortar bar 
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a. First, roughly 20 mm thick section was cut from the mortar bar with a high-

speed diamond saw and dried at 50 0C for 24 hrs.  

b. Then the top surface of the cut section was removed using a Struers minitom 

diamond saw operating at very low speed (150 rpm) with paraffin oil as the 

cooling agent. Samples were cleaned in an ultrasonic ethanol bath for 10 mins 

and dried at 50 0C for at least 24 hours. 

c. The grinding process consists of manual polishing the targeted surface 

starting with 320 grit (46µm) silicon carbide sheets and followed it with 800 

grit (22µm), 1200 grit (15µm), 2000 grit (10µm) and 4000 grit (5µm) to 

achieve a smooth surface. The sample was ultrasonically cleaned in an 

ethanol bath for 5 mins and then dried with hot air flow for 5 minutes after 

each grinding step. 

d. After the polishing process, the specimens were placed in an oven at 50 0C 

for at least 24 hours. 

e. The appropriate coating was applied based on the analysis type required (see 

Table 3-7) 

 

 

Table 3-7 : Sample preparation techniques for SEM analysis 

Analysis 

type 
Specification 

Coating 

type 

Coating 

equipment 

SEM only 

Clear images with high magnifications 

But chemical compositions not available 

Gold 

coating 

Emitech K550x 

Gold Sputter 

Coater 
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SEM/EDS 

Image analysis with chemical 

compositions 

Carbon 

coating 

Hitachi Zone 

SEM 

 

SEM/EDS analysis was carried out using a Hitachi S3400 equipment located in Mark 

Wainwright Analytical Centre in UNSW (see Figure 3-26) to identify the ASR gel 

formation. It should be noted that backscattered electron (BSE) technology is used in EDS 

analysis to have more accurate results. 

 

 

Figure 3-28 : SEM 3400 equipment used for the analysis 

3.3.2.1 Water in sample preparation 

Initially, water was used as the main lubricant in the sample preparation process 

(in both cutting and grinding processes). However, while performing SEM analysis, it 

was difficult to identify any gels even in mortar bars with considerable expansion despite 

having significant crack formations (see Figure 3-27). Therefore, it was decided to avoid 

water in both sample preparation processes; cutting and grinding. Paraffin oil was used 
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as the cooling agent in the low-speed cutter, and the water-based wet grinding process 

was replaced by a dry grinding process using the same sand papers. By adopting these 

two changes, it was possible to generate SEM images which clearly showed gel 

formations (see Figure 3-28). 

 

Figure 3-29 : Large cracks with no gel formations 

 

            Figure 3-30 : Gel formation at the aggregate binder interface 

 

 

 

Cracks 

Crack 

Binder 

Aggregate 

Aggregate 

Binder 
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 Chemical performance of reactive 

aggregate exposed to an alkali solution  

4.1 Introduction 

Alkali silica reaction (ASR) initiates - by the aggregate Si ion dissolution as shown 

in Eq. 2-6 and Eq. 2-7 in section 2.3.3.1 which indicates that the extent of Si supply from 

aggregate directly governs the degree of ASR of the system. There are a lot of factors 

affecting the Si ion dissolution including phase and chemical composition of aggregate, 

the alkalinity of the solution (OH- concentration), the exposed surface area of aggregate 

(particle size), physical properties such as temperature and pressure, etc. (Chan 1989; 

Niibori et al. 2000). However, phase and chemical composition of aggregate is the most 

important property among all as it solely depends on the origin of aggregate. Due to the 

slowness of the reaction, the quickest way to assess ASR risk is by assessing Si providing 

capability of aggregate which is adopted in many existing tests such as accelerated mortar 

bar test (AS 1141.60.1), chemical test (ASTM C289) etc. Nevertheless, all of these 

aggregate testing methods are only recommended as screening tests and required further 

investigations such as concrete prism test (AS 1141.60.2) to confirm their reactivity 

(HB79 2015; Hobbs 1988). 

4.1.1 Aggregate type 

Dissolution characteristic of aggregates vastly depends on its chemical and phase 

composition which is governed by the origin of aggregate (Chan 1989). Si is the most 

common element present in aggregates after oxygen and, quartz is the most prevalent 

form of silica present in aggregates (Chan 1989; Tiecher et al. 2017). However, the 

presence of strong internal bonds in perfectly formed quartz crystalline structure reduces 
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Si dissolution significantly. Thus, most of the siliceous aggregates present in earth crust 

are innocuous (Tiecher et al. 2017). However, defects in the crystalline structure of quartz 

may make it vulnerable to hydroxyl ion attack which leads to Si ion dissolution, the initial 

reaction of ASR. Thus, alkali silica reactivity of siliceous aggregates increases with the 

degree of imperfection in their internal bond structures. In other words, the degree of 

amorphous nature of the silica phases of the aggregate is directly linked to their reactivity 

hence the dissolution of Si – the more amorphous the phase is more reactivity can be 

expected. (Hobbs 1988; Tiecher et al. 2017).  

4.1.2 The alkalinity of the solution 

Alkalinity (depicted by pH) of the exposed solution is another governing factor of 

the Si dissolution rate. Based on the Eq. 2-6, 2-7 and 2-8 in section 2.3.3.1 it is clear that 

hydroxyl ions (OH-) have a major role in Si dissolution process.  

The behaviour of aggregates in different pH environments is an important factor in 

geopolymer binders since aggregate in geopolymer are exposed to a significant pH 

change (usually a reduction in pH) during the initial curing period as shown by Dang et 

al. (2016) compared to an almost constant pH in OPC (~13.0). The use of high 

concentration NaOH solution as the activator results in high initial pH (13.5~14.0), but 

with the geopolymerization process, the internal pH may drop below 11.0 within initial 

24 hours (Dang et al. 2016; Patankar et al. 2014). Thus, high initial pH followed by 

comparatively low pH might be able to control the Si dissolution and limit ASR in 

geopolymer systems (Pouhet & Cyr 2015). 
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4.1.3 Particle size 

Particle size distribution of aggregate has a significant impact on Si dissolution 

rate since it correlates to the surface area of aggregate. It is obvious that for a similar 

weight of aggregate, smaller particles may entail with higher surface area compared to 

the larger particles. Since the reaction rate has a positive relationship with the effective 

surface area, the particle size has an inverse correlation with Si dissolution rate. 

4.1.4 Temperature and pressure 

As with most chemical reactions, Si dissolution process is also accelerated with the 

increase in temperature and pressure of the reaction system (Chan 1989). Since the 

incorporation of higher pressure is practically difficult, an elevated temperature is used to 

accelerate the Si dissolution reaction in aggregate. 

4.2 Test Methodology 

A simple dissolution test performed directly on aggregate to assess the effect of the 

following three factors. 

1. Aggregate type 

2. Alkalinity of the solution 

3. Particle size 

4.2.1 Preparation of aggregate 

Three reactive aggregates, Culcairn (see section 3.2.3.2), ferronickel slag 

aggregate (see section 3.2.3.3) and fused silica (see section 3.2.3.4) were used for this 

test. 

All aggregate were crushed separately using a jaw crusher and then sieved using a 

sieve shaker to meet the required size fraction: 0.3mm-0.6mm. However, in order to 

assess the effect of aggregate size over Si dissolution capability, another size fraction 
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(8mm-9.5mm) was used along with the standard aggregate size. After sieving, all 

aggregates were thoroughly rinsed with distilled water to remove all dust particles and 

then dried in the oven at 100 0C for at least 24 hours to dry them. Finally, 15.0g of 

aggregate was sampled to be tested in different NaOH solutions as illustrated in Table 4-

1. 

 

Figure 4-1 : Aggregates (0.6mm-0.3mm) prepared for testing 

4.2.2 Preparation of solution 

Sodium hydroxide was used as the base solution in all test setups. Table 4-1 shows 

the method adopted to prepare the NaOH solutions. 1M NaOH supplied by Sigma-

Aldrich, Australia was used in this study. 

Table 4-1 : Preparation of NaOH solutions 

Concentration pH Directions for preparation Volume 

1 M  14 Directly use the 1M NaOH 2.25 l 

0.03M 12.5 

30ml from the 1M NaOH solution mixed with 

distilled water to achieve a total volume of 1000ml 

2.25 l 

0.003M 11.5 

100ml from the 0.03M NaOH solution mixed with 

distilled water to achieve a total volume of 1000ml 

2.25 l 

0.0003M 10.5 

10ml from the 0.003M NaOH solution mixed with 

distilled water to achieve a total volume of 1000ml 

2.00 l 
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4.2.3 Preparation of test samples 

All three aggregates were used to assess the effect of aggregate type and alkalinity 

of the solution over the Si dissolution rate. Each aggregate type has a different phase and 

chemical composition based on their origin as described in section 3.2.3. Four sets of 

aggregate from each aggregate type (total of 12 sets) were prepared as described above 

in section 4.2.1. NaOH solutions were prepared as described above in section 4.2.2. Each 

aggregate set (15.0 g) was placed in a 500 ml borosilicate bottle, and then 450 ml of 

NaOH solution was added. Four solutions (1M, 0.03M, 0.003M and 0.0003M) were used 

for each aggregate type which sums up altogether 12 testing bottles for the whole testing 

program.  

In order to assess the effect of aggregate size, another set of the test sample was 

prepared with Culcairn aggregate. In this new setup, all the testing conditions were kept 

unchanged except the size fraction of the aggregate which was changed to 8.0mm-9.5mm.  

The test specimens were kept in an elevated temperature at 75 0C during the testing 

period (100 days) to accelerate the ion dissolution reaction.  

4.2.4 Sample extraction 

A representative solution sample of 5ml was extracted from each bottle at 1, 3, 7, 

21, 35, 49, 77 and 100 days to measure the ion concentrations by ICP analysis. The total 

volume of solution in the bottles was kept constant by replacing solutions with a similar 

amount (5 ml) of respective NaOH solution after each extraction. 
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4.2.5 Inductively Coupled Plasma (ICP) analysis 

ICP analysis was performed on extracted solutions to determine the ion content 

using a Perkin Elmer OPTIMA 7300 ICPOES equipment located in Mark Wainwright 

Analytical Centre (MWAC), UNSW. Table 4-2 illustrates all the operational parameter 

used during the ICP-OES analysis. ICP analysis was performed on at least three replicates 

for each sample, and the average was taken as the final ion content. 

All the samples were diluted with 2% HNO3 as shown in Table 4-3, in order to 

maintain the concentration of analytes within the linear calibration range of the 

equipment. Table 4-4 contains the set of analytes targeted during this study and their 

respective wavelengths. 

 

Table 4-2 : Operational parameters adopted for the ICP analysis 

RF Power 1300 watts 

Plasma Gas Flow 15 L/min 

Auxiliary Gas Flow 0.5 L/min 

Nebulizer Gas Flow 0.70 L/min 

Sample Introduction System 
Burgener PEEK Mira Mist nebuliser 

with the cyclonic spray chamber 

Pump rate 0.5 mL/min 

Viewing height 15mm above load coil 

View mode 
Axial mode for trace elements. Radial 

mode for Na. 
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Table 4-3 : Pre-treatment acquired in each solution 

NaOH concentration Pre-treatment 

1M 100 times with 2% HNO3 

0.03M 10 times with 2% HNO3 

0.003M No dilution 

0.0003M No dilution 

Table 4-4 : Analytes and their respective wavelengths targeted during the analysis 

Analyte 
Wavelength (nm) 

Monitored 

Al 396.153 

Ca 317.933 

Fe 238.204 

K 766.49 

Mg 285.213 

Na 589.592 

Si 251.611 

Y (Internal Standard) 371.029 

4.3 Results and Discussion 

4.3.1 Aggregate type 

 Figure 4-2 show the variation in Si concentration of the four different base 

solutions (1M, 0.03M, 0.003M and 0.0003M) yielding three reactive aggregates. It should 

be noted that the graphs in Figure 4-2 featured with different scales for Y-axis (Si 

concentration) in order to make the variations more observable. All four graphs in Figure 

4-2 follows a similar pattern, increment in Si concentration with retarding growth 

followed up by approximately constant phase. It can be noted that the magnitude of the 



93 

 

final Si concentration and the time to reach the stabilisation phase depend on the base 

solution alkalinity in each aggregate type.  

 The dissolution of SiO2 in alkaline environments is shown in chemical equations 

4-1 and 4-2. (Crundwell 2017; Schwartzentruber et al. 1987). It is obvious that, based on 

Eq. 4-1 and 4-2, higher hydroxyl ion concentration may result in higher Si dissolution. 

This has been observed in the dissolution tests (see Figure 4-1). In addition, at lower 

hydroxyl ion concentrations, Eq. 4-1; formation of silicic acid becomes the dominant 

reaction in Si dissolution kinetics which only occurred at the vicinity of the aggregate. 

Thus, Si dissolution in base solutions with low hydroxyl ion concentrations ends 

prematurely when the aggregate surfaces were covered with the silicic acids (Mitsyuk 

1984; Schwartzentruber et al. 1987).  Hence, higher Si concentration and larger time to 

achieve the stabilisation can be observed in solutions with higher hydroxyl ion contents 

(higher pH) compare to lower pH solutions. 

     Eq. 4-1 

        Eq. 4-2
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Figure 4-2 : Si dissolution of aggregates over the time. (a) immersed in 1M NaOH solution. (b) immersed in 0.03M NaOH solution. (c) immersed 

in 0.003M NaOH solution. (d) immersed in 0.0003M NaOH solution 
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Culcairn aggregate corresponds to the lowest Si dissolution in all the cases. Even 

though the gap seems less significant in Figure 4-2a due to the higher hydroxyl 

concentrations, it should be noted that there is still a substantial difference in Si 

concentrations in 1M NaOH test setup. Even though Si dissolution of fused silica slightly 

excelled the ferronickel slag aggregate, both fused silica and ferronickel slag have shown 

almost similar behaviour at higher NaOH concentrations (1M, 0.03M and 0.003M) as 

shown in Figure 4-2a, 4-2b and 4-2c. In 0.0003M NaOH solution, Si dissolution of fused 

silica out passed the other two as illustrated in Figure 4-2d. 

As discussed in section 3.2.3.2, Culcairn is a natural aggregate with crystalline 

bond structure. It basically consists of two phases; andesine and dacite. Even though 

dacite is known to have well forged crystalline structure, andesine is incorporated with 

very weak crystalline structure (triclinic structure) which may attribute to the Si providing 

ability of Culcairn aggregate. In ferronickel slag aggregate, Si providing capability is 

governed by the availability of amorphous silica formed during its rapid cooling process 

(water cooling). Fused silica consists of pure amorphous silicates (SiO2) which is 

responsible for its Si donating capability (refer section 3.2.3.4). Thus, fused silica has the 

weakest internal bond structure while ferronickel slag aggregate may rate close to fused 

silica due to the existence of amorphous silica particles. Even being an ASR reactive 

aggregate, Culcairn has the strongest internal bond structure among three aggregates used 

in this study. This consent with the Si dissolution behaviour shown in Figure 4-2 as fused 

silica shows the highest Si dissolution followed up by ferronickel slag and Culcairn 

respectively.  

In addition, the experimental results suggest that the effect of the internal bond 

structure of aggregate on the Si dissolution decreases significantly with the alkalinity of 

the base solution which results in almost similar dissolution behaviours in 1M NaOH 
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solution. There can be two main reactions taking place when quartz exposed to alkali 

solutions (Crundwell 2017; Mitsyuk 1984; Schwartzentruber et al. 1987) 

1. formation of silicic acid (Eq. 4-1) 

2. acid-base reaction (Eq. 4-2) 

It should be noted that both these reactions are reversible as shown in Eq. 4-1 and 4-2. 

Hydroxyl ions can drive the acid-base reaction (Eq. 4-2) forward which enforces the 

formation of more silicic acid and hence results in higher Si dissolutions in high alkalinity 

(Eq. 4-1). It is obvious that the degree of enforcement for Si dissolution governed by the 

concentration of hydroxyl ions in the base solution. With higher enforcements in high 

alkali solutions, all three aggregates behave almost evenly as shown in Figure 4-2a (1M 

NaOH solution). However, when the hydroxyl ion content is lower, the enforcement is 

also lower which results in distinctive Si dissolution behaviours. Due to the stronger bond 

structure in Culcairn, the distinctive behaviour showed even in 0.03M NaOH solution. 

Since both ferronickel slag and fused silica have almost similar internal bond stability and 

reactivity they have shown almost similar dissolution characteristics except in 0.0003M 

NaOH solution. 

4.3.2 Alkalinity of the solution 

Figure 4-3 shows the of Si dissolution behaviour of the three aggregates used with 

respect to the base solution alkalinity. For simplicity, curves were plotted only at four 

stages: 1 day, 7days, 50 days and 100 days of exposure. A log scale is used for Si 

concentration axis in order to have a better view of the behaviour patterns. 

In all cases, Si dissolution increases with the base solution alkalinity, and beyond 

11.5 pH the trend is approximately linear when plotted in log scale. Furthermore, in all 

three graphs, lines correspond to 50 days and 100 days seems to overlap each other which 

indicates that Si dissolution has halted after approximately 50 days.  
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Figure 4-3 : Si dissolution of aggregates with base solution alkalinity (a) Culcairn aggregate (b) Ferronickel slag aggregate (c) Fused silica 
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4.3.3 Particle size 

Figure 4-4 shows the variation in Si concentration of the solution over the time 

for the two different particle sizes: 9.5mm- 8.0mm and 0.6mm-0.3mm. It should be noted 

that the log scale is used for the Si concentration axis to have a better comparison between 

two cases. 

It is clear that for all base solution concentrations, smaller size fraction (0.6mm-

0.3mm) shows a significantly larger Si dissolution compared to its counterpart (9.5mm-

8.0mm). This can be explained by the fact that, for a constant weight, the total surface 

area of the sample increases when the aggregate size is decreasing. Thus, reaction sites 

per unit weight increase with the reduction of particle size which may result in higher Si 

dissolution. 
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Figure 4-4 : Si dissolution of Culcairn aggregate with time (a) 1M NaOH solution (b) 0.03M NaOH solution (c) 0.003M NaOH solution (d) 

0.0003M NaOH solution 
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4.3.4 Formation of alkali silica products 

Formation of white products in the solution was identified in some of the test set up 

as summarised in Table 4-5.  

Table 4-5 : Summary of final outcomes 

Aggregate type 
Base solution 

concentration 

Final Si 

Concentration 

(mg/l) 

White substance 

formation 

Culcairn 

1M 28709.9 Yes 

0.03M 503.9 No 

0.003M 61.47 No 

0.0003M 26.92 No 

Ferronickel slag 

1M 29009.9 Yes 

0.03M 764.1 Yes 

0.003M 130.9 No 

0.0003M 99.14 No 

Fused silica 

1M 29259.9 Yes 

0.03M 822.8 Yes 

0.003M 146.2 No 

0.0003M 48.84 No 
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Figure 4-5 : Formation of whitish products in the test set up; (a) Culcairn in 1M NaOH 

solution (b) Ferronickel slag aggregate in 1M NaOH solution (c) Fused silica in 1M 

NaOH solution 

All three aggregates have shown the formation of the whitish product (closed to 

opaline) when exposed to 1M NaOH solution (see Figure 4-5). Moreover, fused silica and 

ferronickel slag have even shown similar formation when exposed to 0.03M NaOH. Since 

fused silica have very little impurities (based on the XRF analysis), it can be concluded 

Whitish substance formed 

during the test 
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that the substance formed is a type of alkali silica gel. Formation of this alkali silica 

substances in high alkali solutions is quite understandable as they have shown very high 

Si dissolution which might reach the saturation point of alkali silica gel quickly. 

Furthermore, the formation of this substance doesn’t restrict to aggregate surfaces which 

also consent with the above theory. These findings are in agreement with previous 

research findings of Kim, Taehwan  and Olek, Jan (2014), Leemann et al. (2011), Hou et 

al. (2004), etc. who stated that ASR gel formations occurred after reaching the saturation 

point of Si ions in the system. 

4.4 Summary 

This chapter describes the dissolution behaviour of aggregate exposed to NaOH 

solutions. The test was conducted on three different reactive aggregates to assess the 

effects of chemical and phase composition of aggregate, base solution alkalinity and 

particle size distribution on the Si supply capability of aggregate.  

XRD and XRF analysis revealed that ferronickel slag aggregate and fused silica 

both consist of amorphous silica phases while Culcairn consists of weak crystalline 

structure. Both ferronickel slag and fused silica performed similarly in most of the 

hydroxyl concentrations studied. Even though Culcairn has also supplied an almost 

similar amount of Si in higher alkaline solution (1M NaOH), Si dissolution capability of 

Culcairn aggregate has dropped at a higher rate compared to ferronickel slag and fused 

silica when the base solution alkalinity (NaOH concentration) is decreased. This is 

because the effect of internal bond structure becomes significant when the hydroxyl ion 

concentration is reduced. 

The alkalinity of the base solution plays a vital role on Si dissolution capability of 

aggregate. In fact, even for fused silica, Si supply drops by approximately 35 times when 

the base solution concentration decreases to 0.03M (12.5 pH) from 1M (14.0 pH). 
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Si dissolution of Culcairn aggregate with two different size fractions over the time 

revealed that aggregate size also has a major role in Si dissolution rate per unit weight, as 

the effective surface area increases when the particle size decreases.  

Formations of opaline product was observed in all aggregates exposed to 1M NaOH 

solution while ferronickel slag aggregate and fused silica have shown this product 

formation even in 0.03M NaOH solution. It should be noted that at 1M NaOH all three 

aggregates have shown very high and approximately similar Si dissolutions whereas in 

0.03M NaOH solution Culcairn has shown significantly lower dissolution compared to 

other two which showed almost similar Si dissolutions. Thus, it can be concluded that 

formation of this opaline product depends on the Si dissolution rate of the aggregate. 

Furthermore, based on the possible chemical reactions occur in fused silica (pure silica 

source) in high alkali environments, it is highly possible that this substance is a type of 

alkali silica gel. 
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 Alkali aggregate reaction in natural 

nonreactive aggregate 

 

5.1 Overview 

The theoretical risk of alkali aggregate reaction due to the activator high alkali 

content is one of the major concerns in geopolymer concrete over the past few decades 

(Bakharev et al. 2001a). However, the different chemical and internal bond structure of 

alkali activated materials compared to OPC binders does not allow to compare the 

performances of two binder systems directly. Thus, the expansion limits stipulated in the 

standard tests methodologies which were derived based on OPC systems have to be 

modified for alkali activated binders. Furthermore, Fernández-Jiménez and Puertas 

(2002) reported that the expansion characteristics of alkali activated mortar bars due to 

the alkali aggregate reaction consist of a time lag which is not shown in expansion curves 

of OPC based mortar bars. Thus, it is essential to adopt a controlled test set up to study 

alkali aggregate reaction in geopolymer mortar. 

Basalt is a natural nonreactive aggregate supplied by Boral Australia for structural 

applications. The XRF and XRD analysis results provided in section 3.2.3.1 are consistent 

with its good field records. Thus, mortar bar expansion characteristics of basalt aggregate 

were used to establish the base limits to compare and analyse the expansion behaviours 

of the three reactive aggregates considered in this study. 

Four mixes including three geopolymer mixes with fly ash to slag ratio 9 (Mix 2), 

4 (Mix 3) and 1 (Mix 4) and standard OPC mix (Mix 1) as in AS 1141.60.1 have been 
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used. Section 3.3.1.3 contains all details of the respective mix designs. Mortar test consist 

of three parts; 

1. Expansion readings of mortar bars up to 150 days 

2. Cube strength variation up to 28 days 

3. SEM/EDS analysis at 21 days and 150 days 

5.2 Result and analysis 

5.2.1 Expansion test 

Figure 5-1 presents the expansion characteristics of mortar bars cast with basalt 

aggregate over 150 days. Four mix designs as described in section 3.3.1.3 were used in 

this study. The data points in the expansion curves were derived by averaging the mortar 

bar expansions at respective ages. The error bars in Figure 5-1 indicate that the standard 

deviation of mortar bar expansions of each data point is very low. 

0.1% after 21 days is the minimum expansion limit specified in AS 1141.60.1 in 

order to categorize the aggregate as alkali reactive (AS1141.60.1 2014).  Testing time of 

the AMBT has to be extended in order to encounter the initial time lag in geopolymer 

mortar mixes.  

Table 5-1 : Average expansion of mortar bars with basalt at 10, 21 and 150 days 

 

Average expansion 

10 days 21 days  100 days 150 days 

Mix 1 0.0107 % 0.0572 % 0.1892% 0.2247 % 

Mix 2 0.0102 % 0.0250 % 0.0991% 0.1805 % 

Mix 3 0.0012 % 0.0206 % 0.1242% 0.1921 % 

Mix 4 -0.0024 % 0.0354 % 0.1483% 0.2009 % 
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Figure 5-1 : Expansion characteristics of mix 1-4 over 150 days when exposed to 

accelerated curing conditions. 0.1% (red line) is the minimum expansion limit for 

reactivity stipulated in AS 1141.60. 

Table 5-1 summarises the average mortar bar expansion after 10 days, 21 days 

100 days and 150 days of mix 1-4. Mix 1, the standard OPC mix, has shown the highest 

average expansion throughout the testing period reaching 0.0107% after 10 days and 

0.0572% after 21 days. However, the average expansion of Mix 1 did not reach the 0.1% 

expansion limit stipulated in AS 1141.60.1 with in the period of 21 days and hence basalt 

aggregate shall be categorised as nonreactive aggregate in OPC concrete (AS1141.60.1 
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2014). Thus, the accelerated mortar bar test results of basalt aggregate consent with its 

field records and chemical and mineralogical analysis results based on XRF and XRD 

analysis (see section 3.2.3.1). 

Geopolymer mixes (mix 2-4) also did not show any significant short-term 

expansions. In fact, mix 3 (FA/GGBFS =4) and mix 4 (FA/GGBFS =1) have shown 

negative expansion (shrinkage) up to 7 and 10 days respectively before exhibiting positive 

expansions. Thus, characteristic curves of mortar bars overlapped each other during the 

initial 21 days of the testing period before settling in their respective positions as shown 

in Figure 5-1. 

Mortar bars of Mix 1 (OPC mix) have shown the highest final average expansion 

(0.2247%) which indicates that based on AMBT results, OPC system is more vulnerable 

to alkali aggregate reaction compared to the geopolymer systems used in this study. 

Among the geopolymer mixes, Mix 4 (FA/GGBFS = 1) has shown the highest final 

average expansion reaching 0.2009% after 150 days while Mix 3 (FA/GGBFS = 4) and 

Mix 2 (FA/GGBFS = 9) achieved 0.1921% and 0.1805% final expansions respectively. 

Thus, it can be concluded that the final average expansions of geopolymer mortar bars 

increase with the GGBFS content in the system which consent with the works of 

Bakharev et al. (2001a), Shi, C et al. (2015) and Shi, Z et al. (2015). 

Expansion curves typically follow a sigmoidal shape (S-shape) which consist of 

three phases; initial phase with very low or zero expansion, secondary phase with high 

expansion and a final phase where expansion has stabilized. However, gradient and the 

time period of each phase depends on the properties of the mix. It seems that the 

expansion curves of Figure 5-1 are all following the same characteristic sigmoidal shape.  

Mix 1 has 10 days of initial phase followed up by the secondary phase which 

almost continued throughout the rest of testing time. However, the expansion rate has 
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clearly slowed down at the end indicating the forthcoming of the final phase. Mix 2-4 

ceased their initial phase and entered to the secondary phase after 7 days, 10 days and 14 

days respectively as shown in Figure 5-1. This shows that the initial time lag (phase 1) of 

expansion curves of geopolymer mixes is only marginally increasing with GGBFS 

content in the mix for non-reactive aggregate. Furthermore, none of the geopolymer 

mixes has shown a significant decrease in expansion rate during the testing period, though 

it is expected to stabilize after some time due to the completion of alkali silica reaction. 

5.2.2 Compressive strength variation 

 

Figure 5-2 : Compressive strength variation of mix 1-4 over 29 days of casting 

Figure 5-2 shows the compressive strength development of mixes 1-4 over 29 days 

based on the 50mm x 50mm x 50mm cube crushing values. Mixes 1, 2 and 3 has shown 

similar initial strengths (approximately 48 ~ 49 MPa) while mix 4 has achieved the higher 

initial strength of 71.33 MPa. The strength gain of mix 1-4 during the last 7 days (22-29 
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days after casting) are 0.71%, 2.28%, 4.76% and 6.61% respectively which indicates that 

all mixes have almost achieved their maximum strengths by 29 days. The compressive 

strength of mixes 2 to 4 after 29 days of casting (28 days of testing) suggest that GGBFS 

content has a positive influence on the compressive strength of geopolymer mortar when 

all the other parameters of the mix design are maintained identical. 

5.2.3 Scanning Electron Microscope (SEM) Analysis  

Backscatter SEM/EDS analysis was carried on representative mortar bar samples 

extracted at 21 days and 150 days to identify the gel formation and its chemical 

composition. 

OPC mortar samples (mix 1) have shown a ASR gel formation at both stages; 21 

days and 150 days while ASR gel was identified only at 150 days in geopolymer mortar 

samples (mix 2-4). Even though ASR gel was identified inside the aggregate as well as at 

the aggregate binder interface, SEM/EDS analysis targeted only the ASR gel formed 

inside the aggregate in order to simplify the analysis without interfering with the 

chemistry of the geopolymer binder. Table 5-2 summarizes the average elemental atomic 

percentages of ASR gel of Mixes 1 to 4 calculated from the backscatter EDS line profiles. 

Each gel composition presents in Table 5-2 is an average value of roughly 250 points 

representing ASR gel formed inside the aggregate.  Figure 5-3 to 5-7 are the backscatter 

EDS line profile graphs which show ASR gel formation in mix 1 at 21 days and mix 1, 

mix 2, mix 3 and mix 4 at 150 days respectively. 

Figure 5-8 is the ternary diagrams plotted from the data in Table 5-2 in order to 

identify the variations in chemical compositions of ASR gels with respect to the mix and 

testing time.  ASR gels in all mixes mainly consist of Sodium (Na), Calcium (Ca), Silicon 

(Si) and Aluminium (Al) ions along with Oxygen (O) which is omitted from the EDS line 

profiles.  
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Table 5-2 : Summary of SEM /EDS analysis on ASR gel located in mix 1-4 

Mix 

No. 
 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

1 
21 days 2.84 0.27 7.41 1.50 20.03 8.06 0.16 0.44 0.40 

150 days 8.92 1.06 5.19 1.68 14.89 7.21 0.67 0.46 0.48 

2 
21 days - - - - - - - - - 

150 days 7.03 1.85 0.54 0.14 18.80 9.12 0.47 0.04 0.49 

3 
21 days - - - - - - - - - 

150 days 7.35 2.35 2.31 0.74 18.76 8.16 0.52 0.16 0.43 

4 
21 days - - - - - - - - - 

150 days 9.65 0.23 3.18 0.07 16.65 8.83 0.59 0.20 0.53 

 

Figure 5-3 : Alkali silica gel identified in the aggregate of mix 1 at 21 days 

 

Figure 5-4 : Alkali silica gel identified in the aggregate of mix 1 at 150 days 
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Figure 5-5 : Alkali silica gel identified in the aggregate of mix 2 at 150 days 

 

Figure 5-6 : Alkali silica gel identified in the aggregate of mix 3 at 150 days 

 

Figure 5-7 : Alkali silica gel identified in the aggregate of mix 4 at 150 days 

 

0 10 20

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

c
e
n

ta
g

e
 (

%
)

Na M g K Ca Si

Al

0 4 8 12

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

c
e
n

ta
g

e
 (

%
)

Na M g K Ca Si

Al

0 4 8 12

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

c
e
n

ta
g

e
 (

%
)

Na M g K Ca Si

Al



112 

 

  

Figure 5-8 : ASR gel composition interpreted in a ternary diagram
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 Alkali silica gel in Mix 1-4 mainly consists of calcium (Ca), sodium (Na), silicon 

(Si) and aluminium (Al) with little amount of magnesium (Mg) and potassium (K). Based 

on the previous studies, (Na+K)/Si ratio and Ca/Si ratio of alkali silica gel typically lies 

in the range of 0.15~0.3 and 0.10~0.3 respectively (Leemann et al. 2016; Leemann & 

Lura 2013; Leemann & Merz 2013; Thaulow et al. 1996). EDS analysis results of ASR 

gel in OPC mortar (Mix 1) presented in Table 5-2 illustrate that (Na+K)/Si and Ca/Si 

ratios of ASR gel at 21 days are 0.156 and 0.444 whereas at 150 days those ratios become 

0.670 and 0.461. It should be noted that all the above values except (Na+K)/Si ratio at 21 

days are out of the range defined by various researchers earlier. Furthermore, Figure 5-8 

and Table 5-2 clearly indicates that ASR gel formed in OPC system is rich in calcium 

compared to the ASR gel formed in geopolymer. It is quite understandable given the fact 

that OPC system contains larger amount of calcium compared to geopolymer systems. 

But ASR gel formed in Mix 1 also indicates a significant increase in Na over Ca with the 

time which may be due to the infinite supply of sodium ions provided by 1M NaOH 

solution (see Figure 5-8b and Table 5-2).  

No ASR gel formation identified in geopolymer mixes at 21 days. But all have 

shown significant gel formation at the end of the test which consent with the expansion 

results present in Figure 5-1. (Na+K)/Si ratios of Mix 2-4 are 0.47, 0.52 and 0.59 

respectively which are out of the above range reported in previous studies. However, 

Ca/Si ratios of Mix 3 and Mix 4 falls within the range, even though Mix 2 has shown very 

low Ca content in ASR gel.  

Aluminium (Al) has also become a significant element in ASR gel. The Al/Si ratio 

of the ASR gel found in Mix 1-4 lies in the range of 0.40-0.53. Geopolymer matrix 

contains significant amount of aluminium endowed from fly ash and GGBFS which 

typically results in aluminium rich ASR gel in geopolymer mortar. However, since OPC 
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contains very low aluminium content (see Table 3-1), aluminium rich ASR gel in OPC 

specimens indicate that aggregate could have also provided significant amount of 

aluminium to the reaction. This agrees with chemical details of basalt aggregate provided 

in section 3.2.3.1 and the SEM/EDS analysis results shown in Figure 5-3 to 5-7.  

Figure 5-9 is the backscatter SEM images of mix 1-4 at 21 days and 150 days taken 

at 100 magnifications. It is quite clear that there is an increase in crack propagations over 

the time which may be due to the stress caused by ASR gel formation. Mix 1 (OPC mix) 

has shown the lowest crack propagation though it has corresponded to the highest 

expansion while all geopolymer mixes have shown higher distress compared to OPC mix 

despite of their lower expansion. Mix 2 has shown the highest microcrack formation 

followed by Mix 3 and Mix 4 which indicates that microcrack formation is inversely 

related to the GGBFS content in the mix. 
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Figure 5-9 : Micro crack propagation in mix 1-4; (a) SEM image of mix 1 at 21 days, (b) 

SEM image of mix 1 at 150 days,  (c) SEM image of mix 2 at 21 days,  (d) SEM image 

of mix 2 at 150 days,  (e) SEM image of mix 3 at 21 days,  (f) SEM image of mix 3 at 

150 days,  (g) SEM image of mix 4 at 21 days,  (h) SEM image of mix 4 at 150 days, 
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5.2.3.1 Formation of magnisium iorn compound 

 

Figure 5-10 : SEM/EDS line profile of new product form inside the cracks of aggregate 

in mix 4 at 150 days 

Table 5-3 : Average chemical composition of the compound 

Element Na Mg K Ca Si Al Fe 

Atomic percentage 

(%) 

4.75 8.51 1.28 0.96 17.77 5.52 6.88 

Significant amount of cracks filled with a chemical compound as shown in Table 

5-3 were identified in all the specimens (mix 1-4). Figure 5-10 is a backscatter EDS line 

profile of the chemical compound formed inside aggregate crack in mix 4 at 150 days.  

Apart from the typical ions identified in ASR gel such as sodium, calcium, potassium, 

silicon and aluminium, significant amount of magnesium and iron were present in these 

products. Even though aggregate do not show much iron (Fe) and magnesium (Mg) traces 

it should be noted that both XRD and XRF analysis have indicated significant amount of 

these two elements in basalt aggregate (refer section 3.2.3.1). 
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5.2.4 Mortar bar images 

Figure 5-12 shows the optical images of mortar bars of mix 1-4 after test completion 

(150 days). Even though no visible cracks were observed on either mortar specimens, 

surface of the mortar bars of Mix 2 have shown some surface distortions The continuous 

exposure to the 1M NaOH solution might results in surface deterioration which might 

cause aggregate at the surface to fallout due to weakening in bond structure as seen in 

Figure 5-12 

 
Figure 5-11 : Mortar bar images of mix 1-4 after the test (150 days); (a) Mix 1 at 150 

days, (b) Mix 2 at 150 days, (c) Mix 3 at 150 days, (d) Mix 4 at 150 days 

 

Figure 5-12 : surface holes identified in mix 2 
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5.3 Discussion 

Based on the field records, the basalt aggregate used is categorized as a non-reactive 

aggregate in OPC system and has been successfully used in structural applications for a 

long time. Chemical analysis results (XRF and XRD analysis) as shown in section 3.2.3.1 

also showed the non-reactive nature of basalt aggregate. This is further supported by the 

standard accelerated mortar bar test (AS 1141.60.1) results shown in Figure 5-1 where 

mortar bars made of standard OPC mix (mix 1) have shown way below expansion values 

at 10 days (0.0107%) and 21 days (0.0572%) lower than to the minimum expansion limit 

stipulated in the standards of 0.1% (AS1141.60.1 2014).  

Expansion of OPC mortar bars ultimately reached 0.1% after approximately 36 

days and reach 0.2247% after 150 days. However, the rate of expansion dropped 

significantly towards the end (150 days) hinting a possible stabilization phase which is 

most probably due to a lack of silicon ions for the reaction. Expansion curve of Mix 1 

initially showed a time lag of approximately 4 days. This short delay in expansion might 

be the time required for the ASR gel to form in enough quantity to generate significant 

pressure on the cement paste to initiate the expansion. No deformations or cracks 

appeared in the OPC mortar bars (see Figure 5-11a) and only minor micro cracks were 

observed in SEM images taken at a magnification of 100 (see Figure 5-9a and 5-9b) 

For geopolymer mixes (Mix 2-4), the initial time lag was approximately 7, 10 and 

14 days respectively. As mentioned before this low expansion period is the initial time 

that required to generate enough ASR gel to exceed the threshold pressure of the mortar. 

The duration the initial phase depends on two factors; 

1. Amount of ASR gel formation 

2. Resistive threshold pressure of mortar reflected by the initial strength 

development 
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Mix 1 (OPC) has the highest amount of free Ca in the system (based on Table 3-

1 and Table 3-6) and corresponds to the lowest initial compressive strength (see Figure 

5-2) which explain the lowest initial time lag in Mix 1 among the four mixes. 

Since Ca content in geopolymer mixes is proportional to the GGBFS content, Mix 

4 (Fly ash/GGBFS = 1) has the highest Ca content, followed by Mix 3 (Fly ash/GGBFS 

= 4) and Mix 2 (Fly ash/GGBFS = 9) respectively. Thus, based on the theory presented 

later in section 6.3.1, The highest ASR gel formation occurs in mix 4 mortar bars, 

followed by Mix 3 and Mix 2 respectively. However, Figure 5-2 reveals that the 

compressive strength at a given time is decreasing from Mix 4 to Mix 2. Since the 

compressive strength is proportional to the resistive threshold pressure of mortar it can be 

concluded that Mix 4 has the highest resistive pressure followed up by Mix 3 and Mix 2. 

Mortar with higher resistive pressure requires higher ASR gel formation to show any 

physical distresses (expansion) which can explain why Mix 4 to have the highest time lag 

followed up by Mix 3 and Mix 2. 

Among geopolymer mixes, Mix 4 has shown the highest final expansion, 0.2009% 

while Mix 3 and Mix 2 obtained expansions of 0.1921% and 0.1805% respectively. This 

agrees with the ASR mechanism described later in section 6.3.1 which emphasize that 

ASR gel formation in geopolymer mortar increases with the increase in calcium (Ca) 

content in the mix. SEM/EDS analysis results are also in consistent with the expansion 

results shown in Figure 5-1. In order to assess the long-term expansion in geopolymer 

mortar, this study has suggested to extend 21 days of testing period stipulated in AMBT 

to 100 days. Furthermore, minimum expansion limit is also revised to 0.2% to account 

for the extended testing time. The modified limit categorises basalt as a nonreactive 

aggregate which consent with its chemical analysis results and field records. However, it 
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should be noted that more testing is required before adapting these modifications to 

identify the reactiveness of geopolymer mixes. 

 No ASR gel formation was identified in geopolymer mixes at 21 days which have 

shown very low expansions. However, OPC mortar has shown a minor gel formation. All 

the mixes have shown significant gel formation at 150 days. The ASR gel mainly consist 

of sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), aluminium (Al) and 

silica (Si). High Al content in ASR gel of Mix 1 (see Table 5-2, Figure 5-3 and Figure 5-

4) reveals that aggregate itself has supplied ions other than Si for the reaction. Even 

though the exact mechanism is unclear many researchers (Chappex & Scrivener 2012; 

Hünger 2007; Rajabipour et al. 2015; Shafaatian 2012) have reported the detrimental 

effect of Al towards ASR which is further explains in section 2.3.4.5. Even though 

Rajabipour et al. (2015) mentioned a probable reduction in expansiveness of ASR gel due 

to the incorporation of Al ions, no specific study has been carried out to assess the 

swelling properties of aluminium rich ASR gel. However, Al ions in ASR gel might led 

to formation if crosslinks as in geopolymerization which might reduce the expansiveness 

of gel first by changing the gel synthesis and then by reducing the water binding capacity 

(Van Deventer et al. 2007). 

 Even though there is a clear gel formation identified in all the mixes at 150 days 

through the SEM/EDS analysis, the composition of the gel seems to be out of the ranges 

((Na+K)/Si ratio 0.15~0.3 and Ca/Si ratio 0.1~0.3) reported in previous studies by various 

researchers (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; 

Thaulow et al. 1996). In addition, EDS results present in Table 5-3 clearly indicates that 

the gel formed lack of in silica (Si content is less than 20% in all mixes) which may be 

the reason to have higher composition ratios. Both Rajabipour et al. (2015) and Chappex 

and Scrivener (2012) described that Al ions in the system might reduce the Si dissolution 
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of aggregate which results in low Si content in ASR gel. Even though there are no 

evidence due to lack of specific studies, expansiveness of ASR gel with low Si content 

might be lower than that of typical ASR gel which explains the expansion results are 

presented in Figure 5-1. 

No visible cracks appeared on any mortar bars as shown in Figure 5-11. However, 

microcracks propagation with the time was observed in Mix 2-4 as shown in Figure 5-9 

which indicates the increase in distresses over the time due to ASR gel formation. 

Microcrack propagation in Mix 1 was insignificant and hardly reassembled the 

characteristic crack propagations due to ASR which indicates that the cracks in Figure 5-

9(g) and (h) were most probably not ASR related. It should be noted that there can be 

crack propagations in specimens due to various other reasons which were not related to 

ASR such as thermal effect, crack propagation during sample preparation, distresses due 

to other durability issue, excessive drying etc. Geopolymer mortar bars have shown more 

micro-crack formation despite their low expansion compared to OPC mortar bars. This 

could be due to the quasi brittle behaviour of zeolitic structure of geopolymer mortar as 

stated by several researchers based on the stress strain relationship (Fernandez-Jimenez 

et al. 2006; Noushini et al. 2016; Pan et al. 2011). Among geopolymer mixes, Mix 2 has 

shown the highest micro crack propagation followed up by Mix 3 and Mix 4. It should be 

noted that high strength gain increases the elastic limit of the binder which allows it to 

absorb higher stress without showing any distress. Thus, compressive strength of the 

mortar is inversely proportional to crack propagation as illustrated by the SEM analysis 

results presented in Figure 5-9. In addition, cracks help ASR gel pressure to dissipate 

without causing any further distresses on the mortar. Therefore, high microcrack 

propagation in Mix 2 might limit the expansion of mortar bars despite of ASR gel 

formation inside the matrix. 
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Apart from the Al rich ASR gel which was discussed above, another type of gel 

was also identified inside the aggregate. This new substance consists of significant 

amount of iron (Fe) and magnesium (Mg) along with typical ions such as sodium (Na), 

potassium (K), aluminium (Al) and Silica (Si) as shown in Table 5-3. No current study 

has assessed the expansiveness of this product. However, formation of this gel inside the 

cracks of aggregate in several locations suggest the need to assess its expansive 

properties. 

5.4 Summary 

This Chapter analyses the probable alkali silica reaction in natural nonreactive 

aggregate when used in geopolymer under the severe exposure conditions of AMBT. 

Basalt aggregate, a widely used aggregate in construction purposes with clear history is 

selected to represent the natural nonreactive category. Standard accelerated mortar bar 

test (AS 1141.60.1) results and chemical analysis (XRF and XRD) results confirmed the 

non-reactiveness of basalt aggregate with respect to OPC.  

Geopolymer mortar with basalt aggregate haven’t shown any excessive expansions. 

In fact, expansions of geopolymer mixes are lesser than that of OPC mix throughout the 

testing time. However, all mixes have shown a significant amount of gel formation at 150 

days, and OPC mortar specimens have shown a gel formation even at 21 days. EDS 

analysis revealed considerable amount of aluminium (Al) in the ASR gel in all mixes 

including OPC mix which might causes the nonreactive behaviour of basalt aggregate.  

Despite the low expansions, geopolymer mixes have shown significantly higher 

microcrack formation compared OPC which fortified the quasi brittle behaviour of the 

stress strained relationship of geopolymer. Thus, the existing expansion limits shall be 

modified before adopting respective tests in geopolymer. 
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In addition, product with sodium, magnesium, aluminium, iron and silica was 

frequently identified inside the aggregate during the microstructural analysis. Effect of 

magnesium and iron on the expansiveness of ASR gel should be investigated thoroughly.  
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 Alkali silica reaction in natural 

reactive aggregate 

6.1 Overview 

Alkali silica reaction typically takes years to exhibit the initial symptoms, and even 

if identified, it is virtually impossible to mitigate it under the field circumstances (HB79 

2015; Hobbs 1988). In fact, even the laboratory tests take more than a year to draw a 

definitive conclusion on the alkali silica reaction of a mix. Thus, minimising the risk at 

the designing stage by manipulating the alkali sources and reactive silica sources are the 

most common approaches to mitigate the ASR in structures (HB79 2015). Hence 

assessing the ASR with natural reactive aggregate provides an insight into the behaviour 

of geopolymer binders in extreme conditions with natural aggregate. In addition, 

evaluation of abandoned aggregate allows the utilisation of available resources since 

natural aggregate stocks are diminishing rapidly due to the high consumption. 

Natural reactive aggregate for this study were supplied by Boral, Australia from 

their quarry in Culcairn, NSW and thus labelled as Culcairn during this study. 

Mineralogical data of the aggregate (XRD and XRF analysis results) revealed the 

presence of andesine which is classified as a reactive mineral (Diamond 1976).  Thus, it 

is expected to have severe alkali silica reaction with culcairn aggregate. 

Apart from the three major geopolymer mixes; Mix 2 (fly ash/GGBFS = 9), Mix 

3 (fly ash/GGBFS = 4) and Mix 4 (fly ash/GGBFS = 1), two subsidiary mixes; Mix 2a 

(fly ash/GGBFS = 9) and Mix 4a (fly ash/GGBFS = 1) were used in this study along with 

Mix 1 the standard accelerated mortar bar test as in AS 1141.60.1 (refer section 3.3.1.3 

for further mix design details). In addition, three curing solutions; 0.003M NaOH, 1M 

NaOH saturated with Ca(OH)2 and water were used along with 1M NaOH solution for 

This chapter is related to Journal paper: D. Mahanama, P. De Silva, T. Kim, A. Castel, M.S.H. Khan 

2018, ‘Evaluating the Effect of GGBFS in Alkali Silica Reaction in Geopolymer Mortar with 

Accelerated Mortar Bar Test’, Journal of Materials in Civil Engineering (ASCE). (under review) 
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the three major geopolymer mixes. Test setups with 1M NaOH curing solution consist of 

6 mortar bars; 5 for continuous expansion measurements and one to be extracted at 21 

days while all the other test setups consist of 3 mortar bars for expansion measurements 

up until 150 days. Periodical compressive strength measurements (at 1 day, 8 days, 22 

days and 29 days) were taken for mixes exposed to 1M NaOH solutions and 29-day (28 

days after curing) compressive strengths were measured for all the other test setups (refer 

section 3.3.1.3).  

6.2 Result and analysis 

6.2.1 Effect of GGBFS content 

6.2.1.1 Expansion test 

Figure 6-1 presents the expansion variation of mortar bars exposed to 1M NaOH 

solution at 80 0C for 150 days. It should be noted that each data point of Figure 6-1 derived 

by averaging at least 5 expansion measurements. Standard errors of the data points are 

substantially low as shown in the graph which indicates that the variation of average 

expansions reassembles the actual expansion variations of the mortar bars. 0.1% is the 

minimum expansion limit stipulated in AS 1141.60.1 which incorporated with a 

significant risk of alkali silica reaction. (AS1141.60.1 2014).  

Table 6-1 summarises the average mortar bar expansions of Mix 1-4 at 10, 21 and 

150 days. Average mortar bar expansion of Mix 1 (standard OPC mix as in AS 1141.60.1) 

reached 0.1157% by 10 days and 0.3664% by 21 days which categorised the Culcairn 

aggregate among highly alkali silica reactive aggregates as it exceeded the 0.1% 

expansion limit within 10 days (AS1141.60.1 2014). This is in agreement with the 

supplier’s recommendations and the preliminary test results (XRD and XRF analysis) as 

in section 3.2.3.3. The initial expansions (10 days and 21 days) of geopolymer mortar 
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bars (Mix 2-4) are significantly lower. In fact, none has reached the 0.1% limit during the 

initial 21 days which implies a substantially lower risk of alkali silica reaction in 

geopolymer mortar compared to OPC based on AS 1141.60.1 (AS1141.60.1 2014). 

 

Figure 6-1 : Expansion characteristics of mix 1-4 over 150 days when exposed to 

accelerated curing conditions. 0.1% (red line) is the minimum expansion limit for 

reactivity stipulated in AS 1141.60.1. 
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Table 6-1 : Average expansion of mortar bars at 10, 21 and 150 days 

 
Average expansion 

10 days 21 days  150 days 

Mix 1 0.1757 % 0.3664 % 1.1287 % 

Mix 2 -0.0013 % 0.0077 % 0.1105 % 

Mix 3 -0.0016 % 0.0142 % 0.2720 % 

Mix 4 -0.0116 % -0.0048 % 0.7032% 

OPC mortar bars (Mix 1) showed the largest final average expansion, 1.1287% 

which indicates that under the accelerated conditions OPC mortar is more vulnerable to 

ASR compared to geopolymer mortar. However, despite showing a drop in increment 

rate, expansions of mortar bars increase throughout the testing time (150 days) signifying 

the continuation of ASR. In accelerated mortar bar test degree of ASR solely depends on 

the Si dissolution capability of aggregate since system contains ample amounts of other 

necessary components; alkali, calcium and water (HB79 2015; Hobbs 1988). Thus, it can 

be concluded that the system may contain significant Si content for the reaction during 

the testing period. Meanwhile, none of the geopolymer mixes has managed to reach the 

0.1% expansion limit within 21 days and thus can be ranked among the low-risk category. 

Among the geopolymer mixes, Mix 3 (Fly ash/GGBFS =4) has encountered the highest 

risk of ASR at 21 days with an expansion of 0.0142% followed up by Mix 2 (Fly 

ash/GGBFS =9) and Mix 4 (Fly ash/GGBFS =1) with 0.0077% and -0.0048% expansions 

respectively. However, this early trend changes over the time as Mix 4 out passed other 

two mixes to reach 0.7032% expansion at 150 days while Mix 2 and Mix 3 were settling 

to 0.1105% and 0.2720% respectively. The final expansions of geopolymer mixes consent 

with the existing studies which highlighted the importance of GGBFS content on the ASR 
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(Bakharev et al. 2001a; Shi, C et al. 2015; Shi, Z et al. 2015). This is further fortified by 

the research findings of Fernández-Jiménez and Puertas (2002) who stated that short-term 

testing might not reflect the ASR in alkali-activated materials. 

It seems like the expansion curves in Figure 6-1 follow a sigmoidal shape (S 

shape); initial phase with low expansion, intermediate phase with rapid expansion and 

final phase with stabilised expansion. However, it should be noted that even though there 

are three distinct phases visible in the expansion curves, it is hard to separate them as the 

curve developed smoothly over the testing period. Mix 1 has shown the shortest initial 

phase (approximately 4 days) followed up with the largest expansion development among 

all the mixes. Expansion gain of Mix 1 dropped exponentially throughout the intermediate 

phase hinting of a probable stabilisation at some point. Expansion behaviour of Mix 2 and 

3 reassembles the typical S shape curve of ASR. The initial phases of Mix 2 and 3 ceased 

after approximately 21 and 14 days, and their expansion curves stabilised after 77 and 

119 days as shown in Figure 6-1. Expansion curve of Mix 4 only consists of two phases; 

an initial low expansion period which continued for approximately 28 days followed up 

with a continuous expansion gain throughout the testing period. 

6.2.1.2 Compressive strength variation 

The compressive strength development of mixes 1-4 over 28 days in 1M NaOH 

solution (29 days of casting) is shown in Figure 6-2.  Strength measurements were based 

on the crushing values of 50mm x 50mm x 50mm mortar cubes exposed to accelerated 

curing condition (1M NaOH at 80 0C) along with mortar bars. At least 3 cubes were 

crushed at 1 day, 8 days, 22 days and 29 days after casting to determine the average 

compressive strength variation over the time. Low standard errors of the data points as 

shown in Figure 6-2 illustrate that the average variation may represent the actual 

compressive strength variation of Mix 1-4. 
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Figure 6-2 : Compressive strength variation of mix 1-4 over 29 days of casting 

 Mixes 1, 2 and 3 correspond to approximately similar initial strengths which are 

ranging from 44.1 MPa – 48.3 MPa, while Mix 4 has gained comparatively high initial 

strength of 77.1 MPa. Mixes 1 to 3 attained more than 92% of their 29-day strengths 

during the initial 8 days while the compressive strength of Mix 4 increased up to 22 days. 

Compressive strengths of Mixes 2 to 4 indicated that the increase in GGBFS content of 

the mix has a positive impact on the compressive strength of geopolymer mortar as 

suggested by many researchers earlier (Deb et al., 2014, Diaz et al., 2010). It should be 

noted that the high compressive strength in Mix 4 (116.2 MPa) indicates considerably 

high elastic modulus and yield stress in Mix 4 compared to other three mixes which might 

affect to the expansion development of mortar bars as discussed extensively in section 

6.3. 
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6.2.1.3 Scanning Electron Microscope (SEM) Analysis   

Mortar specimens extracted during the testing (at 21 days and 150 days) were 

microscopically analysed with a scanning electron microscope to identify the microcrack 

formation and ASR gel formation inside the mortar. In addition, Energy-dispersive X-ray 

spectroscopy (EDS) equipped with a backscatter detector was used to determine the 

chemical composition ASR gel identified during the SEM analysis.  

All the mortar specimens except Mix 2 at 21 days have shown significant ASR gel 

formation. As illustrated in Figure 6-3, ASR gel was identified inside the aggregate 

(Figure 6-4 to 6-10), at the aggregate binder interface (Figure 6-11) and inside the binder 

(Figure 6-12). However, Figure 6-11 and 6-12 clearly showed that both geopolymer 

binder and ASR gel consist of similar elements but in different proportions which makes 

it hard to identify the gel boundaries inside geopolymer mortar. Thus, during this study, 

the microstructural analysis was focused on the ASR gel formed inside the aggregate. In 

order to make the minor variations more visible, oxygen (O) is omitted from the EDS line 

profiles (see Figure 6-4 to 6-12) as it is a common element in all products. 
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Figure 6-3 : ASR cracks identified in different locations of Mix 4 at 150 days 

 
Figure 6-4 : ASR gel identified inside aggregate of Mix 1 at 21 days 
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Figure 6-5 : ASR gel identified inside aggregate of Mix 1 at 150 days 

 
Figure 6-6 : ASR gel identified inside aggregate of Mix 2 at 150 days 

 
Figure 6-7 : ASR gel identified inside aggregate of Mix 3 at 21 days 
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Figure 6-8 : ASR gel identified inside aggregate of Mix 3 at 150 days 

 
Figure 6-9 : ASR gel identified inside aggregate of Mix 4 at 21 days 

 
Figure 6-10 : ASR gel identified inside aggregate of Mix 4 at 150 days 
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Figure 6-11 : ASR gel identified in the aggregate binder interface of Mix 4 at 150 days 

 
Figure 6-12 : ASR gel identified inside the binder of Mix 4 at 150 days 

Elemental atomic percentages of ASR gel formed in Mix 1-4 are summarised in 

Table 6-2. Except in Mix 3 at 21 days which corresponds to very low ASR gel formation, 

all the other gel compositions in Table 6-2 are derived by averaging at least 250 data 

points of ASR gel located inside the aggregate. Elemental data in Table 6-2 is presented 

in a ternary diagram in Figure 6-13 to identify the correlation among major elements in 

ASR gel and their variations with respect to the curing time. Variation of Ca/Si ratio with 

Na+K/Si ratio is plotted in Figure 6-14 to identify the variations in the elemental 
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compositions suggested by different researchers based on their studies on OPC binder 

systems (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; Thaulow 

et al. 1996). Thus, Figure 6-14 allows comparing the experimental data with the published 

works more effectively. 

Table 6-2 : Summary of SEM /EDS analysis on ASR gel located in Mix 1-4 

Mix 

No. 
 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

1 
21 days 4.67 0.19 4.81 0.04 30.44 0.13 0.16 0.158 0.004 

150 days 7.40 0.62 5.67 0.11 29.89 0.25 0.27 0.19 0.008 

2 
21 days - - - - - - - - - 

150 days 4.63 0.19 0.12 0.29 31.80 3.91 0.15 0.004 0.123 

3 
21 days 4.22 0.26 1.44 0.59 29.20 3.65 0.15 0.049 0.125 

150 days 4.66 0.99 0.36 0.09 32.26 3.43 0.18 0.01 0.106 

4 
21 days 1.25 0.25 4.05 0.30 33.36 1.73 0.05 0.122 0.052 

150 days 5.68 0.13 2.21 0.30 30.30 3.36 0.19 0.073 0.111 

(Na+K) 
Si 

Ca 
Si 

Al 
Si 
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Figure 6-13 : ASR gel composition interpreted in a ternary diagram
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Figure 6-14 : Variation in Na+K/Si vs. Ca/Si (atomic ratio) of ASR gels at 21 days and 150 

days from Mix 1-4; shaded area is the alkali silica gel compositions developed base on 

Thaulow et al. (1996), Leemann et al. (2016), Leemann and Lura (2013) and Leemann and 

Merz (2013) 

ASR gel in OPC typically consists of sodium (Na), potassium (K), calcium (Ca), silicon 

(Si) and oxygen (O) as illustrated in Figure 6-4, Figure 6-5 and Table 6-2. Based on the 

previous works by Leemann et al. (2016), Leemann and Lura (2013), Leemann and Merz 

(2013) and Thaulow et al. (1996) the Na+K/Si and Ca/Si ratios lie in the range of 0.15~0.30 

and 0.10~0.30 respectively. Figure 6-14 reveals that the ASR gel compositions of Mix 1 at 21 

days and 150 days lie within the above range. In addition, it can be clearly identified that the 

Na+K/Si and Ca/Si ratios of ASR gel in Mix 1 are increasing with the time. However, given 

the fact that OPC might contain ample amount of free Ca and 1M NaOH solution act as an 

infinite source of Na it is expected to have Na and Ca-rich ASR gel in OPC mortar with the 
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time. It should be noted that the virtually infinite source of Na may contribute to a higher Na 

increment compared to Ca over the time as seen in Table 6-2. 

None of the geopolymer mixes lies inside the reactive region (shaded area in Figure 6-

14) which was defined based on the published studies. However, except the ASR gel identified 

in Mix 4 at 21 days, all the other ASR gels in geopolymer mixes remain in the defined range 

of Na+K/Si ratio. This seems quite obvious given the fact that all the specimens have virtually 

infinite sources of Na (1M NaOH solution) and Si (reactive silicious aggregate). Mix 4 has 

relatively low porosity compared to other mixes due to the high GGBFS content which might 

result in low ion transportation rate (Luna-Galiano et al. 2016; Provis et al. 2012). Thus, Na 

ions might take some times to reach the reaction sites and result in Ca-rich gel formation 

initially as shown in Figure 6-9. Ca/Si ratio of ASR gel increases with the GGBFS content and 

decreases with the time as shown in Figure 6-14.  It is obvious that among geopolymer mixes, 

Mix 4 may contain the highest free Ca content followed up by Mix 3 and Mix 2 since GGBFS 

is the main Ca source in geopolymer mixes. ASR gel compositions in geopolymer mixes 

reflected this as ASR gel in Mix 4 shows the highest Ca content followed up by Mix 3 and Mix 

2. However, over the time, free Ca content wear off result in the formation of Na rich ASR gel 

as exhibited in Figure 6-14.  

Table 6-2 and EDS line profiles of ASR gel in Mix 2-4 (Figure 6-6 to 6-12) emphasise 

that aluminium (Al) also become a significant element in ASR gel formed in geopolymer 

mortar. In fact, the Al/Si ratio of ASR gel in geopolymer varied from 0.05 to 0.125 while OPC 

mixes have shown much lower ratios; 0.004 and 0.008 as shown in Table 6-2. Mix 4 initially 

(at 21 days) showed relatively low Al content (Al/Si = 0.052) compared to other geopolymer 

cases (0.1<Al/Si<0.125) which might be due to its low ion transportation capability as 

described above. It should be noted that ASR gel in contact with geopolymer binder may 
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consist of higher Al/Si ratios (0.184 and 0.211 based on Figure 6-11 and 6-12) compared to the 

ASR gel located inside aggregate (0.110 based on Figure 6-10). 

In Figure 6-15, backscatter SEM images taken at a fixed magnification (100) is used to 

optically analyse the distress development in Mix 1-4 over the time. All mixes have shown 

clear stress development over the time which might be due to the ASR gel formation.  

Mix 1 has shown a significant crack formation even at 21 days which evolved with time 

as exhibits in Figure 6-15b. However, despite showing severe crack propagation inside the 

aggregate, OPC binder hasn’t displayed any noticeable crack formation as illustrated in Figure 

6-15a and 6-15b. None of the geopolymer mixes (Mix 2-4) has shown a significant crack 

formation at 21 days. It should be noted that deformities present in Figure 6-15c are the 

resultants of partially formed geopolymer binders which seems to rectify with the time due to 

the continuation of the geopolymerization process. In geopolymer mixes, it is clear that 

microcracks were not restricted to the aggregate as observed in OPC. In fact, Figure 6-15 shows 

that geopolymer binders exhibited severe crack propagation compared to the aggregate. These 

observations along with the higher distress visible in Mix 4 compared to Mix 1 can be explained 

as the effect of the quasi-brittle behaviour of geopolymer binders (Fernandez-Jimenez et al. 

2006; Noushini et al. 2016; Pan et al. 2011). In addition, cracks in binder facilitate the ASR gel 

dispersion without generating intensive internal stresses inside mortar which might result in 

low expansion development as observed in Figure 6-1.  The higher distresses visible in Mix 4 

is due to the combined effect of Ca and the intrinsic properties of the binder which will further 

discuss in Section 6.3.  



140 

 

 
Figure 6-15 : Micro crack propagation in mix 1-4; (a) SEM image of mix 1 at 21 days, (b) 

SEM image of mix 1 at 150 days (c) SEM image of mix 2 at 21 days,  (d) SEM image of mix 

2 at 150 days,  (e) SEM image of mix 3 at 21 days,  (f) SEM image of mix 3 at 150 days,  (g) 

SEM image of mix 4 at 21 days,  (h) SEM image of mix 4 at 150 days, 
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6.2.1.4 Mortar bar images 

Mortar bar images of Mix 1-4 after 150 days are shown in Figure 6-16. All the mixes 

except Mix 2 have displayed visible cracks on the surface. Mix 4 has shown the severest crack 

formation followed up by Mix 1 and Mix 2 respectively. Despite showing higher mortar bar 

expansions, Mix 1 attributed to milder crack formation compared to Mix 4 might be due to the 

distinctive intrinsic mechanical properties of Mix 1 and Mix 4 (Fernandez-Jimenez et al. 2006; 

Noushini et al. 2016; Pan et al. 2011). It should be noted that cracks formed in mortar bars are 

identified similar to the characteristic map cracking in ASR affected structures which fortified 

the occurrence of ASR inside the mortar bars (HB79 2015).  

 

Figure 6-16 : Mortar bar images of mix 1-4 after the test (150 days); (a) Mix 1 at 150 days, 

(b) Mix 2 at 150 days, (c) Mix 3 at 150 days, (d) Mix 4 at 150 days 

6.2.2 Effect of mix design 

Effect of mechanical properties of the geopolymer mixes on the ASR is evaluated by 

comparing the behaviour of main mixes with subsidiary mixes design to achieve lower 

compressive strengths since compressive strength is commonly used as a representative 

parameter of mechanical properties of mortar. In fact, it is well established that the elastic 

modulus, yield stress and flexural strength have shown positive correlations to the compressive 

strength in undamaged concrete specimens (Gunasekara 2016; Phoo-ngernkham et al. 2013; 
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Ryno 2014). Mix designs of Mix 2 and Mix 4 were modified to achieve lower final strengths 

while maintaining the probable risk of ASR equal or lower than their originals. Table 3-6 

illustrates the comprehensive mix design details of the main mixes (Mix 2 and Mix 4) and 

subsidiary mixes (Mix 2a and Mix 4a) used in this study. It should be noted that subsidiary 

mixes contain a lower amount of fly ash, GGBFS, NaOH, Na2SiO3 and higher amount of 

aggregate and water compared to the main mixes which might reduce their alkali silica 

reactivity. Higher aggregate contents in subsidiary mixes may not interfere to the final outcome 

as even main mixes contain an adequate amount of reactive silica for the continuation of ASR 

for 150 days.  

6.2.2.1 Expansion test 

Figure 6-17a is the average expansion variation of mortar bars of Mix 2 and Mix 2a, 

and Figure 6-17b is the average expansion variation of mortar bars of Mix 4 and Mix 4a. 

Substantially low standard errors at data points exhibited in Figure 6-17 reveal that average 

expansion variation shall represent the individual expansion behaviours of mortar bars. 0.1% 

minimum expansion limit stipulated in AS 1141.60.1 is shown in the graphs in a red horizontal 

line for the comparison purposes.  

Average mortar bar expansions at 10, 21 and 150 days are summarised in Table 6-3. 

None of the mixes exceeded the 0.1% minimum expansion limit during the initial 21 days. 

Furthermore, it should be noted that subsidiary mixes (Mix 2a and Mix 4a) showed much 

higher initial expansions (10 days and 21 days) compared to their counterparts. However, 

despite showing negative expansion at 21 days, Mix 4 displays the highest final expansion 

while Mix 4a only managed to achieve approximately 50% of it as shown in Table 6-3. Mix 2 

and Mix 2a showed approximately similar final expansions, even though Mix 2 managed 

approximately 11.6% of the 21-day expansion of Mix 2a. 
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Figure 6-17 : Expansion behaviour of main mixes and subsidiary mixes when exposed to accelerated curing conditions. 0.1% (red line) is the 

minimum expansion limit for reactivity stipulated in AS 1141.60.1. 
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Table 6-3 : Average expansion of mortar bars at 10, 21 and 150 days 

 
Average expansion 

10 days 21 days  150 days 

Mix 2 -0.0013 % 0.0077 % 0.1105 % 

Mix 2a 0.0351 % 0.0665 % 0.1182 % 

Mix 4 -0.0116 % -0.0048 % 0.7032 % 

Mix 4a 0.0310 % 0.0406 % 0.3565 % 

Mix 2 has gone through a negative expansion period for 21 days before starting to 

increase as illustrated in Figure 6-17a. The expansion increment drastically dropped at around 

77 days after attaining 87% of its final expansion (0.0962), subsequently results in a relatively 

flattened curve during the rest of the testing period. Meanwhile, Mix 2a has initialised the 

expansion development straight away and reach a relatively stabilised point after achieving 

81% of its final expansion at around 40 days. However, it should be noted that even though 

Mix 2 and Mix 2a behave differently, both managed to achieve almost similar final expansions; 

0.1105% and 0.1182%. 

Expansion curve of Mix 4 also displays an initial time lag of approximately 28 days 

before starting to increase exponentially and reach 0.7032% after 150 days. In the meantime, 

mortar bars of Mix 4a start to show almost linear expansion development from the beginning 

without going through low expansion period and reach 0.3565% by 150 days. Even though 

Mix 4 commences from the behind due the time lag, the rapid expansion gain allows it to 

achieve almost twice expansion compared to Mix 4a at the end of testing. Thus, it can be 

concluded that although the mechanical properties of the Mix affect the expansion behaviour, 
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both Mix 2 and Mix 4 displayed their ASR potential over the time. This also highlighted the 

importance of prolonged testing time in identifying ASR of geopolymer mixes. 

6.2.2.2 Compressive strength variation 

Compressive strength variation of main mixes (Mix 2 and Mix 4) and subsidiary mixes 

(Mix 2a and Mix 4a) over 29 days are shown in Figure 6-18. Compressive strengths were 

calculated based on the crushing values of 50mm x 50mm x 50mm mortar cubes casted along 

with the mortar bars and exposed to similar curing conditions (1M NaOH at 80 0C). At least 

three cubes were crushed for single strength measurement, and standard errors of the data as 

shown in Figure 6-18 reveal that averaged values may represent the actual compressive 

strengths. It should be noted that compressive strength shall depict the mechanical properties 

of undamaged mortar such as elastic modulus, yield stress, flexural strength, etc. (Gunasekara 

2016; Phoo-ngernkham et al. 2013; Ryno 2014).  

 

Figure 6-18 : Compressive strength variation of mixes over 29 days after casting 
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Mix 2, Mix 2a and Mix 4a have shown almost similar initial strengths 47.7 MPa, 43.6 

MPa and 45.3 MPa respectively while Mix 4 displayed 77.1 MPa. Compressive strengths of 

all mixes increased during the initial 29 days of casting except in Mix 2a which displays 

strength loss after 8 days most probably due to the internal crack development caused by ASR. 

It seems like Mix 2, Mix 4 and Mix 4a almost achieved the peak strengths by 29 days as their 

strength gains become substantially lower with the time as illustrated in Figure 6-18. Many 

researchers demonstrated that the stress-strain behaviour of undamaged geopolymer mortar has 

a positive relationship with the compressive strength (Chitrala et al. 2018; Gunasekara 2016). 

Thus, higher compressive strengths of main mixes (Mix 2 and Mix 4) compared to subsidiary 

mixes (Mix 2a and Mix 4a) may result in higher yield stresses and elastic modules which 

indicates superior mechanical resistance in mortar towards ASR gel pressure development in 

main mixes with respect to their subsidiary mixes in the early stages. 

6.2.2.3 Scanning Electron Microscope (SEM) Analysis   

Scanning electron microscope analysis was performed on the representative mortar bar 

samples extracted at 21 days and 150 days to identify the stress development in specimens and 

reinforce the involvement of ASR on the distresses in mortar bars. In addition, backscatter EDS 

analysis was performed to identify the chemical composition of ASR gel. 

ASR gel formation was identified in all geopolymer mortar specimens except in Mix 2 

at 21 days. Even though the microstructural analysis was targeted on the ASR gel formed inside 

the aggregate due to the ease of identification, it should be noted that ASR gel can also be 

found at the aggregate binder interface and inside binder as presented in Figure 6-3. Figure 6-

6 (Mix 2 at 150 days), Figure 6-9 (Mix 4 at 21 days) and Figure 6-10 (Mix 4 at 150 days) are 

the EDS line profiles of ASR gel identified in main mixes and Figure 6-19 to 6-22 are the EDS 

line profiles correspond to subsidiary mixes. In order to make the variations of minor elements 
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more visible oxygen (O) was omitted as it is a common element in all substances of the present 

in the targeted profile. 

 
Figure 6-19 : ASR gel identified inside aggregate of mix 2a at 21 days 

 

Figure 6-20 : ASR gel identified inside aggregate of mix 2a at 150 days 
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Figure 6-21 : ASR gel identified inside aggregate of mix 4a at 21 days 

 
Figure 6-22 : ASR gel identified inside aggregate of mix 4a at 150 days 

Elemental atomic percentages of ASR gel located in geopolymer mixes (Mix 2, Mix 2a, 

Mix 4 and Mix 4a) were summarised in Table 6-4. It should be noted that at least 250 data 

points were considered when calculating the average values. Na+K/Si ratio, Ca/Si ratio and the 

Al/Si ratio was calculated to identify any trends in ASR gel compositions. Figure 6-23 contains 

the tertiary diagrams plotted based on the data in Table 6-4 which graphically illustrates the 

ASR gel compositions of corresponding mixes. 

Table 6-4 : Summary of SEM /EDS analysis on ASR gel in geopolymer mixes 
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Mix 

No. 
 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

2 
21 days - - - - - - - - - 

150 days 4.63 0.19 0.12 0.29 31.80 3.91 0.15 0.004 0.123 

2a 
21 days 3.41 0.78 1.04 0.54 33.76 4.60 0.12 0.031 0.137 

150 days 6.40 0.47 0.42 0.29 34.58 3.54 0.19 0.018 0.104 

4 
21 days 1.25 0.25 4.05 0.30 33.36 1.73 0.05 0.122 0.052 

150 days 5.68 0.13 2.21 0.30 30.30 3.36 0.19 0.073 0.111 

4a 
21 days 2.85 0.95 3.15 0.90 31.25 4.41 0.12 0.101 0.141 

150 days 5.73 0.96 2.02 0.89 33.26 5.02 0.20 0.061 0.151 

Al 
Si 

(Na+K) 
Si 

Ca 
Si 
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Figure 6-23 : ASR gel composition interpreted in a ternary diagram 
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ASR gel located in all the specimens contains a significant amount of aluminium (Al) in 

addition to the typical gel elements; alkalis (Na and K), calcium (Ca), silicon (Si) and oxygen 

(O) as shown in Table 6-4 and Figure 6-23 which consent with the ASR gel compositions 

identified throughout this study (Leemann et al. 2016; Leemann & Lura 2013; Leemann & 

Merz 2013; Thaulow et al. 1996). ASR gel in all mixes have initially shown lower alkali content 

with their (Na+K)/Si ratio lied below the 0.15; the lower limit of the range for ASR gel defined 

based on existing studies. However, the alkali to silica ratio of ASR gel located in 150 days old 

samples lies perfectly inside the defined region for ASR; 0.15<(Na+K)/Si<0.3 as shown in 

Table 6-4 (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; Thaulow et 

al. 1996). The increment of  Na content in ASR gel is quite obvious given the fact that mortar 

specimens were exposed to virtually infinite alkali source (1M NaOH) throughout the testing 

time. 

Mixes with high GGBFS content (Mix 4 and Mix 4a) exhibited Ca rich ASR gel 

formation compared to the other two mixes (Mix 2 and Mix 2a). In fact, both Mix 4 and Mix 

4a have shown high Ca contents at 21 days ( Ca/Si ratio is greater than 0.1) and settled at more 

or less similar compositions at the end as presented in Table 6-4. It should be noted that ASR 

gel located in Mix 4 at 21 days have shown high Ca content accompanied by substantially low 

Na content which might indicate the formation of CSH before ASR gel due to its low saturation 

energy as illustrated by many researchers (Hou et al. 2004; Kim, Taehwan & Olek, Jan 2014; 

Kim, Taehwan  & Olek, Jan 2014).  

Figure 6-24 contains the backscatter SEM images of main mixes (Mix 2 and Mix 4) and 

their subsidiary mixes (Mix 2a and Mix 4a) at 21 days and 150 days. The magnifications of the 

SEM images were fixed at 100 to simplify the distress analysis. 
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Figure 6-24 : Micro crack propagation of mixes over the time; (a) SEM image of mix 2 at 21 

days, (b) SEM image of mix 2 at 150 days (c) SEM image of mix 2a at 21 days,  (d) SEM 

image of mix 2a at 150 days,  (e) SEM image of mix 4 at 21 days,  (f) SEM image of mix 4 at 

150 days,  (g) SEM image of mix 4a at 21 days,  (h) SEM image of mix 4a at 150 days. 
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 Subsidiary mixes (Mix 2a and Mix 4a) have shown considerably higher crack formation 

at 21 days compared to the main mixes (Mix 2 and Mix 4). It should be noted that the 

deformities present in Mix 2 at 21 days (Figure 6-24a) are unreacted or partially reacted sites 

in the binder and it seems like they were healing over the time most probably due to the 

continuous geopolymerization process. Mix 2a has clearly displayed severe distresses at 21 

days compared to Mix 4a which might be due to its lower mechanical properties as discussed 

in section 6.2.2.2.  

All the mixes have shown an increase in distresses with the time. In fact, ASR induced 

cracks can be identified inside the binder, at aggregate binder interface and inside the aggregate 

in all mixes at the end of the test (150 days). However even though all mixes have shown 

significantly higher cracks inside the binder, SEM images at 150 days clearly indicate 

substantially lower distress inside aggregate in Mix 2 and Mix 2a compared to Mix 4 and Mix 

4a. Furthermore, despite having almost no cracks at 21 days, Mix 4 managed to exhibit the 

severest crack propagation at the end of the testing period (150 days) as seen in Figure 6-24f. 

6.2.2.4 Mortar bar images 

Figure 6-25 exhibits the surface conditions of the mortar bars of Mix 2, Mix 2a, Mix 4 

and Mix 4a after the test. No crack formation was observed in Mix 2 while a minor crack 

formation was identified in Mix 2a as shown in Figure 6-25a and 6-25b. Mix 4 and Mix 4a 

displayed the characteristic map cracking of ASR (HB79 2015). In fact, Mix 4 has shown the 

severest crack formation followed up by Mix 4a and Mix 2a respectively which aligns with the 

expansion results in section 6.2.2.1. 
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Figure 6-25 : Mortar bar images of main mixes and their subsidiary mixes; (a) Mix 2 at 150 

days, (b) Mix 2a at 150 days, (c) Mix 4 at 150 days, (d) Mix 4a at 150 days 

6.2.3 Effect of curing solution 

6.2.3.1 Expansion test 

Figure 6-26 presents the average expansion variation of geopolymer mortar bar (Mix 

2-4) exposed to four different curing conditions; I 1M NaOH solution; II 0.003M NaOH 

solution; III 1M NaOH solution saturated with Ca(OH)2; IV water. At least three mortar bars 

expansion measurements were used during the study. Substantially low standard errors in 

Figure 6-26 suggested that the average variation may represent the individual expansion 

development of mortar bars. All mortar specimens were exposed to an elevated temperature to 

further accelerate the reaction and prolonged testing time (150 days) was adapted to identify 

any late booms in the expansion behaviours. Table 6-5 summarises the average expansions at 

10, 21 and 150 days of each mix. 
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Figure 6-26 : Expansion characteristics of Mix 2-4 over 150 days when exposed to different curing conditions. 0.1% (red line) is the minimum 

expansion limit for reactivity stipulated in AS 1141.60.1. 
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Table 6-5 : Average expansion of mortar bars at 10, 21, 29 and 150 days 

 Curing 

Condition 

Average Expansion (%) 

10 days 21 days 29 days 150 days 

Mix 2 

I -0.0013 0.0077 0.0128 0.1105 

II -0.0025 -0.0002 0.0015 0.0070 

III 0.0118 0.0258 0.0384 1.1080 

IV -0.0012 -0.0015 -0.0018 -0.0139 

Mix 3 

I -0.0016 0.0142 0.0276 0.2737 

II -0.0077 -0.0022 -0.0046 0.0078 

III 0.0420 0.0778 0.1011 1.1944 

IV -0.0422 -0.0483 -0.0347 -0.0311 

Mix 4 

I -0.0116 -0.0048 0.0013 0.7032 

II -0.0014 -0.0013 -0.0062 0.0123 

III 0.0064 0.0205 0.0292 0.0725 

IV -0.0034 -0.0078 -0.0042 -0.0152 

Curing condition IV corresponds to the lowest expansions in all three mixes. In fact, all 

the mixes have shown a negative expansion throughout the test. None of the mixes exhibited 

an expansion gain which indicates no significant ASR gel formation inside the mortar. It should 

be noted that alkali leaching in the geopolymer specimens might reduce the free alkali content 

in the system and thus, curtail the reaction (L. Ly 2007). 

Curing condition II showed the second lowest expansion development among all. 

Expansion curves of mortar bars exposed to curing condition II (0.003M NaOH) started with 

negative expansions but managed to achieve positive expansion by the end of the test. 0.003M 

NaOH solution has approximately similar alkali content compared to geopolymer which 

controlled alkali transportation in either direction. Thus, the ASR expansion occurred in the 

mortar bars are most probably due to the free alkalis available in the mortar itself. Table 6-5 

reveals that the Mix 2-4 only managed to achieve 7%, 7.8% and 12.3% of the minimum 

expansion limit for deleterious ASR stipulated in AS 1141.60.1 (0.1%), even after 150 days 
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which signifies that risk of deleterious ASR in geopolymer mixes without external alkalis is 

negligible. 

Expansion behaviour of mortar bars exposed to curing condition I is analysed 

extensively in section 6.2.3.1. In general, Mix 4 has shown the highest final expansion followed 

up by Mix 3 and Mix 2 respectively. All mortar bars have shown an initial time lag, and then 

expansion gain continuously increased in Mix 4 while the other two mixes have stabilised after 

some time. 

In curing condition III, Ca2+ was also supplied by the solution along with Na+ ions. 

Thus, all the mixes have an ample amount of Ca for the reaction. Figure 6-26 illustrated that 

geopolymer mortar bars exposed to curing condition III do not show any time lags as in mortar 

bars exposed to curing condition I. Expansion curves of both Mix 2 and Mix 3 have shown a 

similar behaviour; initial increment followed up by a stabilizing phase and then an exponential 

increment at the end to reach; 1.1080% and 1.1944% respectively. In Mix 2 and Mix 3, 

expansions correspond to the curing condition III are the highest except in the middle region 

(approximately 60 days) where expansions of mortar bars of curing condition I have taken the 

lead as shown in Figure 6-26. Mix 4 has shown a slightly different behaviour since it doesn’t 

show a stabilisation period in the middle of exponential growth towards the end like other 

geopolymer mixes. In Mix 4, mortar bars of curing condition III have shown an expansion 

development straightaway as in other two mixes. However, despite having a time lag of 

approximately 28 days, curing condition I have managed to out pass curing condition III 

approximately within 45 days as seen in Figure 6-26. 
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6.2.3.2 Compressive strength variation 

Figure 6-27 displays the compressive strengths of Mix 2-4 at 29 days of casting (28 days 

in curing). At least three mortar cubes were crushed and averaged to obtain the 29-day 

compressive strength. Comparatively low standard errors in Figure 6-27 suggest that average 

compressive strengths may represent the actual values. 

 

Figure 6-27 : the 29-day compressive strength of Mix 2-4 exposed to different curing 

conditions 

Despite the curing condition, Mix 4 has shown the highest compressive strengths 

followed up by Mix 3 and Mix 2. However, there is a noticeable deviation with the type of 

curing condition which most probably due to ASR crack formation in a mortar. Curing 

condition III (1M NaOH saturated with Ca(OH)2) corresponds to the lowest strength followed 

up by curing condition I (1M NaOH), II (0.003M NaOH) and IV (water) which consent with 

the expansion results in Figure 6-26. 
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6.2.3.3 Scanning Electron Microscope (SEM) Analysis   

Microstructural analysis was performed at the end of the test to identify the ASR gel 

formation and microcrack propagations in mortar bars exposed to different curing conditions. 

In addition, backscattered EDS analysis was used to identify the chemical compositions of 

ASR gel identified during the SEM analysis. 

Curing condition II and IV haven’t shown a noticeable gel formation during the 

microstructural analysis which consent with their almost zero expansion developments. All the 

geopolymer mixes (Mix 2-4) exposed to curing condition I have shown a significant gel 

formation at 150 days (see Figure 6-6, Figure 6-8 and Figure 6-10) and extensively analysed 

in section 6.2.1.3 and thus not be repeated in this section. Figure 6-28 to 6-32 are the EDS line 

profiles of ASR gel located in mortar specimens exposed to curing condition III. Mix 2 and 

Mix 3 have shown gel formations in all regions; inside aggregate, at aggregate binder interface 

and inside the geopolymer binders while Mix 4 have shown a distinctive gel formation only 

inside the aggregate. Figure 6-28, 6-30 and 6-32 are the gels located inside aggregate and 

Figure 6-29, and 6-31 are the gels located at the aggregate binder interface of Mix 2-4 

respectively. 

 
Figure 6-28 : ASR gel identified inside aggregate of Mix 2 exposed to curing condition III for 

150 days 
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Figure 6-29 : ASR gel identified at aggregate binder interface of Mix 2 exposed to curing 

condition III for 150 days 

 
Figure 6-30 : ASR gel identified inside aggregate of Mix 3 exposed to curing condition III for 

150 days 

 
Figure 6-31 : ASR gel identified at aggregate binder interface of Mix 3 exposed to curing 

condition III for 150 days 

0 5 10 15

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

ce
n
ta

g
e 

(%
)

Na Mg K Ca Si

Al

Geopolymer
Binder

ASR gel Aggregate

0 5 10 15 20 25 30 35

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

ce
n
ta

g
e 

(%
)

Na Mg K Ca Si

Al

Aggregate ASR gel Aggregate

0 5 10 15 20 25 30 35

0

10

20

30

40

50

Length (m)

A
to

m
ic

 p
re

ce
n
ta

g
e 

(%
)

Na Mg K Ca Si

Al

Aggregate ASR gel Geopolymer
Binder



161 

 

 
Figure 6-32 : ASR gel identified at aggregate binder interface of Mix 4 exposed to curing 

condition III for 150 days 

Table 6-6 summarises the elemental atomic percentages of ASR gel identified on mortar 

bars exposed curing condition III. At least 250 data points of ASR gel identified during the 

SEM/EDS analysis were averaged to obtain the elemental compositions in Table 6-6.  

Table 6-6 : Summary of SEM /EDS analysis on ASR gel located in mix 2-4 exposed to 

curing condition III for 150 days 

Mix 

No. 
Location 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

2 

Inside 

aggregate 
8.19 0.24 2.50 0.14 31.73 1.32 0.27 0.079 0.042 

At 

boundary 
7.06 0.42 3.47 0.18 32.13 4.01 0.23 0.108 0.125 

3 

Inside 

aggregate 
4.28 0.67 2.84 0.30 31.12 1.86 0.16 0.087 0.057 

At 

boundary 
6.89 1.24 3.50 0.97 32.61 4.69 0.25 0.107 0.144 

4 

Inside 

aggregate 
5.21 0.49 6.35 0.10 26.68 3.39 0.21 0.238 0.127 

At 

boundary 
- - - - - - - - - 
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Alkali silica gel in geopolymer mortar exposed to curing condition III typically consists 

of sodium (Na), potassium (K), calcium (Ca), aluminium (Al) and silicon (Si) as illustrated in 

EDS line profiles (Figure 6-28 to 6-32) and Table 6-6. Even though it seems like ASR gels 

correspond to curing condition I and III have almost similar elemental compositions, there is a 

distinctive rise in Ca content of ASR gels in curing condition III which might be due to the 

availability of external Ca via curing solution. ASR gels in Mix 2 and Mix 3 exposed to curing 

condition III have almost similar Ca contents as shown in Table 6-6. Gels located inside 

aggregate have slightly lesser Ca content (Ca/Si<0.1) compared to the gels at the boundary 

(Ca/Si>0.1) which most probably due to the limited amount of Ca inside aggregate. Alkalis 

(Na+K) to silica ratios of gels correspond to curing condition III lies inside the 0.15~0.3 range 

and Ca/Si ratios fluctuate at the lower boundary of the 0.10~0.3 range defined based on the 

literature in Mix 2 and Mix 3 while mix 4 have shown a fairly high Ca content (Ca/Si = 0.234) 

even inside aggregate (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; 

Thaulow et al. 1996). EDS line profiles at aggregate boundaries (Figure 6-29 and 6-31) have 

shown a Ca accumulation at the binder gel interface which aligns with the ASR mechanism 

described in section 6.3.1. High Ca content in gels of Mix 4 might explain the low expansions 

of respective mortar bars since the Ca reduces the swelling properties of the ASR gel despite 

playing a major role in expansion development as discussed in section 6.3.1. Gels correspond 

to curing condition III have shown approximately similar Al compositions to curing condition 

I. it should be noted that gels inside aggregate consist of lower Al contents compared to gels at 

the boundary. 

Backscatter SEM images of mortar specimens exposed to curing condition I, II, III and 

IV are displayed in Figure 6-33 and 6-34. All images were taken at 100 magnification to 

simplify the distress analysis. 
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Figure 6-33 : Micro crack propagation of Mix 2-4 at 150 days exposed to Curing condition I (1M NaOH at 80 0C) and Curing condition II 

(0.003M NaOH at 80 0C) 
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Figure 6-34 : Micro crack propagation of Mix 2-4 at 150 days exposed to Curing condition III (1M NaOH saturated with Ca(OH)2 at 80 0C) and 

Curing condition IV (Water at 80 0C) 



165 

 

Curing condition II and IV haven’t shown a significant microcrack formation due to 

ASR in any of the geopolymer mixes even though there are few cracks inside the binder which 

most probably developed during the sample preparation process. It is clear that mortar 

specimens exposed to curing condition II and IV consist of fairly high unreacted areas 

compared to curing condition I and III which indicates the continuation of the 

geopolymerization process when the external alkalis are available.  

Despite showing lower expansions compared to Mix 2 and Mix 3 exposed to curing 

condition III, Mix 4 with curing condition IV has shown the severest microcrack formation 

which might fall largely due to the quasi-brittle nature of geopolymer with high GGBFS 

contents (Gunasekara 2016; Noushini et al. 2016). Mortar bars exposed to curing condition III 

corresponds to the highest distresses in Mix 2 and Mix 3 which consent with the expansion 

results. However, it should be noted that in geopolymers, binders are more susceptible to crack 

formations compared to aggregate in all the mixes.  

6.2.3.4 Mortar bar images 

Surface images of mortar bars exposed to different curing conditions are shown in Figure 

7-17. In curing condition I, the clear crack formation can be identified in Mix 3 and Mix 4 

while in curing condition III, Mix 2 and Mix 3 have shown the crack formations. It should be 

noted that all cracks are similar to the characteristic map cracks identified in ASR affected 

structures (HB79 2015). Mix 4 has shown the severest surface crack formation which consent 

with the SEM images present in Figure 6-33. 
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Figure 6-35 : Mortar bar images of mix 1-4 after the test (150 days); (a) Mix 1 at 150 days, 

(b) Mix 2 at 150 days, (c) Mix 3 at 150 days, (d) Mix 4 at 150 days 

6.3 Discussion 

6.3.1 Alkali silica reaction mechanism in geopolymer mortar 

Despite being identified in the 1940s, the exact reaction mechanism of ASR is not yet 

established. However, there are many theories developed to explain the expansion behaviour 

of ASR in OPC systems. Thus, based on the existing literature, the ASR mechanism is 

developed for the geopolymer mortar that can explain the experimental results obtained during 

this study. Figure 6-36 is a schematic diagram of the proposed ASR mechanism in geopolymer 

mortar. 
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Figure 6-36 : Alkali silica reaction mechanism in geopolymer mortar  (developed based on Hou et al. (2004),Kim and Olek (2014) and Ichikawa 

and Miura (2007))
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ASR initiates with the Si dissolution where SiO2 in aggregate reacts with the hydroxyl 

ions (OH-) in the solution which results in aqueous siliceous products (Kim, Taehwan  & Olek, 

Jan 2014). The continuous Si dissolution from the aggregate leads to rise in Si ion concentration 

in the proximity of aggregate. Since calcium silica hydrates (CSH) have low saturation point 

compared to ASR gel as depicted by numerous researchers, CSH formed at the vicinity of the 

aggregate before ASR gel (Hou et al. 2005; Hou et al. 2004; Kim, Taehwan & Olek, Jan 2014; 

Kim, Taehwan  & Olek, Jan 2014; Leemann et al. 2011). Then, CSH act as a barrier to entrap 

ions inside the localised areas of aggregate as shown in Figure 6-36. This results in a rapid 

increase in Si concentrations and thus formation of ASR gel rapidly compared to other 

locations. In addition, CSH barriers would restrict the ASR gel diffusion into the binder and 

thus amplify the gel pressure development inside mortar causing severe distress developments. 

However, it should be noted that, in highly alkaline systems, there can be an ASR gel formation 

and stress development eventually even without CSH formations due to the availability of 

enough Si ions and alkalis for the continuous reaction. 

6.3.2 Effect GGBFS content 

ASR expansion in mortar bars may be influenced by various factors including; i) 

characteristics of reactive silica phases, ii) distribution of reactive silica phases in the aggregate, 

iii) alkali concentration, iv) silica ion concentration, v) calcium ion concentration, vi) moisture 

content, vii) exposure condition, viii) physical and mechanical properties of mortar bars 

(Fournier & Bérubé 2000; Hobbs 1988). Since all mortar bars had same reactive aggregate and 

exposed to an identical testing condition (1M NaOH solution at 80 °C), the effect of factors; i), 

ii), iii), vi), and vii) on ASR expansion in mortar bars would be identical in all four mixes. In 

addition, the dissolution rates of silica seem to be more or less similar in all mixes since 

immersion in 1M NaOH solution might result in high but approximately constant pore solution 



169 

 

alkalinity (pH ≈ 14) in Mix 1-4. It is, therefore, reasonable to assume that the difference in 

expansion observed in Figure 6-1 would be mainly due to the combination of calcium 

concentration and the physical and mechanical properties of mortar bars. 

Expansion curve of Mix 1 (OPC mortar) in Figure 6-1 follows the typical S-shape 

expansion behaviour of OPC mortar bars with highly reactive aggregates (Fournier & Bérubé 

2000; Hobbs 1988). The initial low expansion period is most probably due to the mechanical 

resistance of the binder since ASR gel formed almost instantly in Mix 1 as it contains high free 

Ca content. In addition, Figure 6-14 reveals that both Na and Ca contents of ASR gel in Mix 1 

increases with the time which indicates the availability of sufficient sodium and calcium 

contents for the ASR up until the end. Thus, the decrease in expansion rate seems to be caused 

by the lack of reactive silica phases.  

As described by many researchers (Gaboriaud et al. 1999; Ichikawa & Miura 2007; 

Leemann et al. 2011; Struble & Diamond 1981; Wang & Gillott 1991), expansion induced by 

sodium base ASR gel is significantly lower than that of sodium-calcium base gel.  ASR gels in 

geopolymer mixes consistently showed a lower Ca content compared to the OPC mix though 

alkali contents in ASR gels were more or less identical. This might explain the lower expansion 

exhibited by geopolymer mixes compared to OPC mix even after 150 days of reaction.  

In geopolymer mortars, calcium mainly comes from GGBFS which implies that Mix 4 has 

the highest Ca content followed up by Mix 3 and Mix 2 respectively. The low calcium contents 

in Mix 2 and Mix 3 might not be enough to form CSH in sufficient quantities to create the 

barriers required to achieve the Si concentration necessary to trigger ASR gel formation as 

described in section 6.3.1. Thus, much longer time is required for Si concentration to reach the 

saturation point of ASR gels (Hou et al. 2004; Kim, Taehwan & Olek, Jan 2014; Kim, Taehwan  

& Olek, Jan 2014). SEM analysis also agrees with the above conclusions since no ASR gels 

were located in Mix 2 and comparatively fewer gel sites were located in Mix 3 at 21 days. In 
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addition, low Ca/Si ratios in ASR gels located in Mix 2 and Mix 3 support the insufficient Ca 

content in these geopolymer mixes (see Table 6-2 and Figure 6-14). Meanwhile, among 

geopolymer mixes, it is expected to have the highest degree of ASR in Mix 4 which might lead 

to immediate expansion development based on the above mechanism due to its high Ca content. 

Even though Mix 4 attributed to the highest final expansion, a substantial initial delay was 

observed in the characteristic expansion curve as shown in Figure 6-1. However, SEM/EDS 

analysis of Mix 4 at 21 days identified a significant amount of gel formation (see Table 6-2 and 

Figure 6-9) despite showing no expansion. The initial time lag in expansion curves depend on 

several factors; the rate of ASR pressure generation, resistive threshold pressure of mortar,  and 

the magnitude of shrinkage. Even though the rate of ASR pressure generation is higher in Mix 

4 due to the high Ca content, it also has a higher resistive pressure as indicated by the high 

compressive strengths (see Figure 6-2) which might result in a time lag in expansion curve 

(Gunasekara 2016). 

All mortar bars have shown significant distress at 150 days while Mix 1 has shown a 

noticeable crack formation even at 21 days. However, it can be identified that the amount of 

cracks formed inside mortar is greater than that of aggregate in geopolymer mixes while OPC 

hasn’t shown a noticeable crack formation inside the binder despite showing severe cracks in 

aggregate (see Figure 6-15). In fact, even in geopolymers, the amount of cracks formed inside 

the aggregate lowered with the initial Ca content which further reinforce the crack formation 

mechanism in section 6.3.1. In addition, the formation of cracks inside binder creates a 

dispersion path for low viscous ASR gel (Na based gel) which eventually reduces the internal 

pressure development and thus the expansions as in Mix 2 and Mix 3.  
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6.3.3 Effect of mix design 

Two subsidiary mixes; Mix 2a and Mix 4a were designed to achieve lower mechanical 

properties compared to the main mixes; Mix 2 and Mix 4. Subsidiary mixes have managed 

only 72.3% and 69.4% of the maximum strengths of their respective main mixes which 

indicates noticeably lower mechanical properties in Mix 2a and Mix 4a (Gunasekara 2016). 

Even though based on section 6.3.1, it is expected to have larger initial time lags in Mix 2a and 

Mix 4a due to their low Ca contents compared to the respective main mixes, the lower 

mechanical properties have endorsed almost zero-time lag in expansion curves of both 

subsidiary mixes. However, the effect of low Ca content showed up in Mix 4a as it only 

managed to achieve 50% of the final expansion of Mix 4. Mix 2 and Mix 2a have shown almost 

similar final expansions as both have substantially low Ca contents. This is further reinforced 

by the SEM/EDS analysis results as ASR gels located in Mix 4 have shown higher Ca contents 

compared to ASR gels in Mix 4a. Mix 2 and Mix 2a have shown much lower Ca contents as 

expected. Mix 4 has shown the severest distress followed up by Mix 4a, Mix 2a and Mix 2 

which consent with the expansion results. Mix 2 and Mix 2a have severe crack formations 

inside the binder despite showing no substantial distresses in aggregate which might be due to 

the low Ca content as described in section 6.3.1. Mix 4a also shows comparatively higher crack 

formation inside the binder as expected due to its lower Ca contents.  

6.3.4 Effect of curing conditions 

Curing condition clearly has a significant influence on the ASR in geopolymer mortar. 

Despite having a high initial alkali content, it is clear that geopolymer may not possess any 

greater thread of ASR compared to OPC since geopolymer mixes exposed to both water and 

0.003M NaOH haven’t shown any compelling expansions even after 150 days. In fact, 

geopolymer has shown comparatively lower expansions even when exposed to 1M NaOH 

solution indicating a lower risk of ASR compared to OPC.  
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Mortar bars exposed to curing condition III (1M NaOH saturated with Ca(OH)2) have 

exhibited significantly higher expansions in Mix 2 and Mix 3 which reveals that the low 

expansions observed in Mix 2 and Mix 3 exposed to curing condition I is due to the lack of Ca 

for the reaction which consent with the mechanism present in section 6.3.1. SEM/EDS analysis 

results of ASR gels at the aggregate binder interface (see Figure 6-29 and Figure 6-31) further 

justify the above ASR mechanism as clear Ca accumulations can be spotted at the ASR gel 

boundaries. Furthermore, SEM images have shown higher distresses in aggregate of Mix 2 and 

Mix 3 exposed to curing condition III compared to curing condition I as predicted by the 

proposed mechanism. 

In addition, higher expansions observed in Mix 2 and Mix 3 when exposed to curing 

condition III reveals that the external Ca supply might able to trigger a deleterious alkali silica 

reaction in geopolymer binders. Thus, aggregates with Ca possess a significantly high ASR 

risk when used with geopolymer binders as they might supply Ca to the system.  

6.3.5 Role of Aluminium  

As described by several researchers, earlier aluminium may have several indirect 

influences on the ASR; reducing the Si dissolution, reduce free Ca content by the formation of 

CASH,  reduce permeability etc. (Rajabipour et al. 2015). In addition, throughout this study, 

Al has become a consistent constituent of ASR gel which indicates Al might reduce the 

swelling properties of ASR gel. As in geopolimerization process, Al has the ability to form 

crosslinks which might reduce the swelling properties of the gel; first by restricting the swelling 

behaviour with more bonds and then by restricting the attachment of water ions. However, the 

role of aluminium needs to be analysed extensively before concluding its effects on the ASR 

in geopolymer mortar. 
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6.3.6 Validation of standard expansion test methods 

Expansion results in Figure 6-1 indicate that geopolymer binder requires a significantly 

larger period of time for expansion to start compared to OPC system. Thus, accelerated test 

results obtained according to existing standard can probably lead to erroneous conclusions on 

the ASR susceptibility of geopolymer binders as their specified testing period may not be 

sufficient to detect any substantial expansion.  

The mortar bar images of Mix 4 (fly ash/GGBFS = 1) and Mix 1 (OPC mix) suggest that 

the crack widths are lower in Mix 1 despite showing a higher expansion. This could be due to 

the quasi-brittle behaviour of the zeolitic structure of geopolymer mortar compared to OPC 

mortar, which was reported by several researchers (Fernandez-Jimenez et al. 2006; Noushini 

et al. 2016; Pan et al. 2011). Thus, geopolymer mortar tends to show severe distresses compared 

to OPC mortar once the internal stresses exceed the threshold limit of mortar which means that 

the expansion limits stipulated in existing standard test might have to be revised for geopolymer 

mixes 

6.4 Summary 

This Chapter focused on the probable alkali silica reaction in geopolymer mortar with 

natural reactive aggregate. Analysis on ASR is primarily based on the accelerated mortar bar 

test results and the SEM/EDS analysis results of representative samples. Aggregate quarried 

from Culcairn, Australia were used in this study to represent the natural reactive aggregate 

category. Standard accelerated mortar bar test (AS 1141.60.1) results and chemical analysis 

(XRF and XRD) results confirmed the alkali silica reactivity of Culcairn aggregate with OPC.  

Expansion results suggest that Geopolymer mixes have lower ASR potential compared 

to the standard OPC mix (Mix 1). Furthermore, test results clearly demonstrated that the risk 

of ASR in geopolymer mixes increase with the GGBFS content (Ca content) in the mix. In fact, 
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providing the very harsh conditions in AMBT, it can be safely assumed that the risk of ASR in 

geopolymer mortar with GGBFS content less than 61.5 kg/m3 is very low. However, it should 

be noted that, even with significantly higher ASR expansions observed in other two 

geopolymer mixes (Mix 3 and Mix 4), it is still inappropriate to draw conclusions on their 

reactivity because of the severe curing conditions in AMBT.  

SEM/EDS analysis on the representative samples at 150 days further confirmed the 

occurrence of ASR in mixes.  Geopolymer mixes showed low Ca and high Al ASR gel 

formations compared to OPC that aggravate with time which might explains the lower 

expansions (as describe in Section 6.3.1 and 6.3.5) observed in geopolymer specimens. In 

addition, the pattern of gel formation identified at 21 days (no gel formation in Mix 2, minor 

formation in Mix 3 and significantly high formation in Mix 1 and Mix 4) aligned with the ASR 

mechanism described in Section 6.3.1. In fact, excessive expansions in Mix 2 and Mix 3 when 

exposed to curing condition III and the Ca rich ASR gel ring formed at the aggregate binder 

interface closed to binder fortified the vital role in Ca in ASR. 

Geopolymer mixes have shown an initial time lag in expansion development which is 

due to the combined effect of high mechanical properties (depicted by high strength gain), and 

low Ca content in the mix. The effect of mechanical properties on the expansion curve is 

analysed further in Section 6.3.3. and effect of Ca is discussed in Section 6.3.4. In addition, 

test results of curing condition II revealed that the internal alkalis alone won’t cause any severe 

ASR in geopolymer mortar. Therefore, aggregates classified as nonreactive with OPC can be 

used with geopolymer without having any additional risk. Furthermore, the test results suggest 

that geopolymer mortar exhibits quasi- brittle behaviour in stress-strain relationship which 

clearly indicated the need of modification in expansion limits of any expansion tests before 

adopting them in the geopolymer mortar.
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 Alkali aggregate reaction in 

manufactured reactive aggregate  

7.1 Overview 

Aggregate is the most quarrying product in the world based on the statistical data 

published by the National Institute for Occupational Safety and Health (CDC). The 

numbers are expected to grow exponentially due to the increasing demand for concrete 

which is the primary consumer of aggregate (Neves 2016; Saha & Sarker 2017). It is well 

established that excessive aggregate mining has led to many socio-economic and 

environmental issues which urge researchers to develop alternatives to natural aggregate 

(Langer & Arbogast 2002).  

Being a by-product of nickel refining process, ferronickel slag is a potential 

substitute for natural aggregate in concrete (Katsiotis et al. 2015; Saha & Sarker 2016). 

In addition, the disposal crisis due to the expanding industrial waste generation has also 

braced the utilisation of industrial by-products effectively (Katsiotis et al. 2015).  

However, even though air-cooled ferronickel slag aggregate performed satisfactorily 

against alkali silica reaction, experimental studies show that water cooled (rapidly cooled) 

ferronickel slag aggregate have shown excessive expansion when used in OPC mixes 

(Choi & Choi 2015; Saha & Sarker 2016). It is believed that the amorphous silica particles 

formed during the rapid cooling process may provide significant amount of Si into the 

system which results in excessive distress due to ASR gel formations (Choi & Choi 2015; 

Saha & Sarker 2016).  

Societe Le Nickel (SLN) has supplied rapidly cooled ferronickel slag aggregate for 

this study which was manufactured at their nickel refining plant in New Caledonia. XRF 
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analysis (refer Table 3-4) reveals that aggregate mainly consists of silicon (Si), 

magnesium (Mg) and iron (Fe). XRD analysis (see Figure 3-11) indicates the formation 

of magnesium iron silicates (forsterite) which is the most stable phase among two 

common chemical phases in ferronickel slag aggregate: forsterite and enstatite (Choi & 

Choi 2015). Even though there is a lot of Mg in the system, the formation of brucite 

(Mg(OH)2) is restrained by the forsterite phases (Choi & Choi 2015). Si dissolution test 

results for ferronickel slag consent with the availability of amorphous silica in the system 

as both ferronickel slag and fused silica (pure amorphous silica) have shown almost 

similar Si dissolutions (see Figure 4-2). The SEM images also confirm the availability of 

spherical shape amorphous silica among aggregate as shown in Figure 3-12. Thus, it is 

expected to have deleterious alkali silica reaction in mortar specimens cast with 

ferronickel slag aggregate. 

Four mortar mixes, one OPC mix (based on AS 1141.60.1) and three geopolymer 

mixes with fly ash to GGBFS ratio 9, 4 and 1 (see 3.3.1.3 for mix design details) were 

used to identify the alkali aggregate reaction in mortar with ferronickel slag aggregate.  

For each mix design, at least six mortar bar specimens were casted, 5 for continuous 

expansion measurements up to 150 days and one to be extracted at 21 days to perform 

microstructural analysis. 12 mortar cubes were cast for compressive strength 

measurement at different times up to 29 days. All the mortar specimens were exposed to 

similar testing conditions as described in section 3.3.1.  
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7.2 Result and analysis 

7.2.1 Expansion test 

The average expansions of mortar bars with ferronickel slag aggregate over 150 

days is presented in Figure 7-1. Error bars at each data points shows the standard deviation 

from the mean value. It should be noted that all standard deviations presented in Figure 

7-1 are very low. The red horizontal line at 0.1% represents the minimum expansion limit 

specified in AS 1441.60.1 to be categorized as alkali silica reactive. Prolonged testing 

period (150 days) was adopted for the expansion testings to identify any late booms in 

the expansion curves which was often observed in geopolymer systems (Fernández-

Jiménez & Puertas 2002). 

Table 7-1 showcases the average mortar bar expansions of mix 1-4 at 10, 21 and 

150 days. Mix 1, the standard OPC mix has shown the highest average final expansion of 

1.2256% followed by Mix 3, Mix 2 and Mix 4 respectively. The average mortar bar 

expansion of Mix 1 exceed the 0.1% limit within 10 days reaching 0.3128% and the 0.3% 

limit within 21 days reaching 0.8204% which categorised the ferronickel slag aggregate 

among highly reactive aggregates based on AS 1141.60.1 (AS1141.60.1 2014). This is in 

agreement with the literature (Choi & Choi 2015; Saha & Sarker 2016), preliminary test 

results (XRD and XRF analysis) shown in section 3.2.3.3 and Si dissolution test results 

present in section 4.3.1 which endorse the presence of amorphous silica in water-cooled 

ferronickel slag aggregate. Geopolymer mortar bars (Mix 2-4) have shown significantly 

lower expansions compared to Mix 1. In fact, none has reached the 0.1% limit even at 21 

days which suggests a significantly lower risk of alkali silica reaction in geopolymer 

mortar compared to OPC mortar. 
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Table 7-1 : Average expansion of mortar bars at 10, 21 and 150 days 

 
Average expansion 

10 days 21 days 150 days 

Mix 1 0.3128 % 0.8204 % 1.2256 % 

Mix 2 0.0101 % 0.0312 % 0.2021 % 

Mix 3 0.0265 % 0.0712 % 0.2555 % 

Mix 4 -0.0176 % -0.0024 % 0.1594 % 

 

Figure 7-1 : Expansion characteristics of mix 1-4 over 150 days when exposed to 

accelerated curing conditions. 0.1% (red line) is the minimum expansion limit for 

reactivity stipulated in AS 1141.60.1. 
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Expansion curve of Mix 1 follows a sigmoidal shape (S shape); initial phase with 

low expansion, intermediate phase with rapid expansion and final phase with stabilised 

expansion. It should be noted that even though there are three distinct phases visible in 

the expansion curve of Mix 1, it is difficult to separate them as the curve developed 

smoothly over the testing period. Mortar bars of Mix 1 have achieved more than 98% of 

the final expansion during the first half (75 days) of the testing period and then entered to 

an almost stabilised final phase. 

Geopolymer mixes (Mix 2-4) have shown significantly lower expansion 

compared to the OPC mix as Mix 2-4 have only reached 16.5%, 20.8% and 13.0% of the 

final expansion of Mix 1 respectively. Both Mix 2 and Mix 3 initially went through a 

similar negative expansion period ( about 5 days) before exhibiting a positive expansion. 

Meanwhile, expansion curve of Mix 4 displays a prolonged negative expansion period 

(approximately 25 days) compared to other two mixes. Mix 3 displayed a slightly higher 

initial expansion compared to the Mix 2 but the expansion curves of Mix 2 and Mix 3 

becme almost similar approximately after 20 days. Mix 4 has also shown a similar 

expansion increment to Mix 2 and 3 after the initial time lag which illustrates that 

expansion of Mix 4 always lags behind the other mixes. However, none of the geopolymer 

mixes (Mix 2-4) has shown a decrease in expansion rate which indicates that all 

components for ASR are still available in the systems eventhough expansion gain is very 

low. 

7.2.2 Compressive strength variation 

Figure 7-2 displays the compressive strength variation of mixes 1-4 over 29 days 

after casting (28 days in NaOH solution). 50mm x 50mm x 50mm mortar cubes were cast 

along with the mortar bars and exposed to a similar curing conditions (1M NaOH at 80 

0C) before testing them at 1 day, 8 days, 22 days and 29 days to determine the 
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corresponding compressive strengths. At least three mortar cubes were crushed and the 

averaged to deduce each compressive strengths. Standard error calculated for each data 

point based on the standard deviation is also present in Figure 7-2. It should be noted that 

the standard errors shown in Figure 7-2 are very low compared to the corresponding 

compressive strengths. 

 

Figure 7-2 : Compressive strength variation of mix 1-4 over 29 days after casting 

Mix 1, the OPC mix has shown the lowest initial compressive strength among four 

mixes while Mix 4 exhibits the highest initial strength followed by Mix 3 and Mix 2 

respectively as illustrated in Figure 7-2. The initial strength of the geopolymer mortar 

mixes increases with the GGBFS content in the mix design as suggested by many 

researchers earlier (Deb et al., 2014, Diaz et al., 2010). All the mixes except Mix 4 have 

shown a reduction in compressive strengths over the time. However, the magnitude of 

strength reduction varies from one mix to another. Mix 2 has shown the highest reduction 
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of 44.7% followed by Mix 1 with 30.3% and Mix 3 with 10.6% strength losses over 28 

days. Strength reductions observed in Mix 1-3 might be the result of crack formations due 

to ASR (see Figure 7-16). The compressive strength of Mix 4 increases with time to reach 

116 MPa after 29 days of casting which allows it to have considerably high elastic 

modulus and yield stress compared to other three mixes (Gunasekara 2016; Phoo-

ngernkham et al. 2013). It should be noted that the compressive strength may depict the 

mechanical performance of mortar specimens at early stage before the formation of 

cracks. 

7.2.3 Scanning Electron Microscope (SEM) Analysis   

Microstructural analysis with scanning electron microscope was performed to 

identify microcracks and ASR gel formation inside the mortar specimens extracted at 21 

days and 150 days. Furthermore, Energy-dispersive X-ray spectroscopy (EDS) with 

backscatter detector was used to determine the chemical composition of ASR gel 

identified during the SEM analysis.  

All mixes (Mix 1-4) have shown significant ASR gel formation at both 21 days and 

150 days. ASR gel was identified inside the aggregate, at the aggregate binder interface 

and inside the binder as shown in Figure 7-3. However, during the microstructural 

analysis, priority was given to the ASR gel formed inside the aggregate to avoid any 

interference between geopolymer binder and ASR gel as clearly visible in Figure 7-12 

and 7-13. Figure7-4 to 7-11 are backscatter EDS line profiles of ASR gel identified inside 

the aggregate of Mix 1-4 respectively. Figure 7-12 and Figure 7-13 are backscatter EDS 

line profiles of ASR gel located at the aggregate binder interface and inside binder 

respectively of Mix 3 at 150 days. Being a common element in all products, oxygen (O) 

is omitted from the EDS line profiles (see Figure 7-4 to 7-13). 
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Figure 7-3 : ASR cracks identified in different locations of Mix 3 at 150 days 

 
Figure 7-4 : ASR gel identified inside aggregate of mix 1 at 21 days 
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Figure 7-5 : ASR gel identified inside aggregate of mix 1 at 150 days 

 
Figure 7-6 : ASR gel identified inside aggregate of mix 2 at 21 days 

 
Figure 7-7 : ASR gel identified inside aggregate of mix 2 at 150 days 
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Figure 7-8 : ASR gel identified inside aggregate of mix 3 at 21 days 

 
Figure 7-9 : ASR gel identified inside aggregate of mix 3 at 150 days 

 
Figure 7-10 : ASR gel identified inside aggregate of mix 4 at 21 days 
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Figure 7-11 : ASR gel identified inside aggregate of mix 4 at 150 days 

 
Figure 7-12 : ASR gel identified in aggregate binder interface of Mix 3 at 150 days 

 
Figure 7-13 : ASR gel identified inside the binder of Mix 3 at 150 days 
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Table 7-2 summarises the elemental atomic percentages of ASR gel identified in 

Mix 1-4. Approximately 250 data points of ASR gel formed inside aggregate were 

averaged to obtain the elemental compositions shown below in Table 7-2. Figure 7-14 

contains the ternary diagrams plotted from the data in Table 7-2 in order to identify the 

correlation between elements in ASR gel and their variation with respect to the mix and 

exposure time. Figure 7-15 shows the variation of Ca/Si ratio with Na+K/Si ratio over the 

time in Mix 1-4. This graphical representation of the atomic composition of ASR gels 

allow an easy comparison with published works. Indeed, the shaded area shown in Figure 

7-15 corresponds to the ASR compositions published in the literature (Leemann et al. 

2016; Leemann & Lura 2013; Leemann & Merz 2013; Thaulow et al. 1996).  

Table 7-2 : Summary of SEM /EDS analysis on ASR gel located in mix 1-4 

Mix 

No. 
 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

1 
21 days 4.24 0.14 6.99 7.36 17.90 0.87 0.25 0.39 0.048 

150 days 8.71 0.45 5.52 1.84 21.90 1.21 0.42 0.25 0.055 

2 
21 days 8.60 1.31 1.50 2.85 21.48 6.18 0.46 0.07 0.288 

150 days 6.97 1.32 0.68 4.35 19.53 6.20 0.42 0.03 0.317 

3 
21 days 8.48 1.10 1.35 4.29 21.15 6.32 0.45 0.06 0.299 

150 days 9.24 0.68 0.42 3.53 18.96 5.36 0.52 0.02 0.283 

4 
21 days 7.38 0.61 2.07 9.35 17.46 3.97 0.46 0.12 0.227 

150 days 8.07 0.35 2.81 4.93 17.64 5.77 0.48 0.16 0.327 

(Na+K) 
Si 

Ca 
Si 

Al 
Si 



187 

 

 

Figure 7-14 : ASR gel composition interpreted in a ternary diagram 
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Figure 7-15 : Variation in Na+K/Si vs. Ca/Si (atomic ratio) of ASR gels at 21 days and 

150 days from Mix 1-4; shaded area is the alkali silica gel compositions developed base 

on Thaulow et al. (1996), Leemann et al. (2016), Leemann and Lura (2013) and 

Leemann and Merz (2013) 

Alkali silica gel in OPC typically consists of calcium (Ca), sodium (Na), Potassium 

(K) and silicon (Si) with (Na+K)/Si and Ca/Si ratios in the range of 0.15~0.3 and 0.10~0.3 

respectively (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; 

Thaulow et al. 1996). However, in geopolymer binders, aluminium (Al) also becomes a 

significant element as observed throughout this study. Table 7-2 indicates a high 

magnesium (Mg) content in ASR gel located inside the ferronickel slag aggregate. But 

EDS line profiles (Figure 7-4 to 7-11) reveals that Mg accumulates only at the gel 

boundaries which might be due to the high Mg content in ferronickel slag aggregate. This 

was further reinforced by the EDS line profile of ASR gel inside the binder (Figure 7-13) 
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which indicates a  substantially low Mg content compared to Na and Si. Thus, Mg is not 

considered in the composition analysis in Figure 7-14 and 7-15. 

Based on Figure 7-15 it is clear that none of the mixes has shown ASR gel 

composition within the above range reported by various researchers. ASR gel in Mix 1 

consist of high Ca content despite having (Na+K)/Si ratio within the defined region. Over 

the time, the Na content of ASR gel in Mix 1 increases to exceed the upper limit while 

Ca/Si ratio falls into the expected range. This is quite understandable given the fact that 

OPC mortar specimens have an infinite supply of Na and high but still a limited amount 

of free Ca compared to free Na. All geopolymer mixes have shown very high (Na+K)/Si 

ratios (ranging from 0.42~0.52) which might also be due to the infinite supply of Na 

offered by the 1M NaOH solution. Mix 2 and 3 have shown very low Ca/Si ratios due to 

substantially low GGBFS contents while Ca/Si ratios of ASR gel in Mix 4 at 21 days and 

150 days lie in the above defined range (>0.1) since Mix 4 has considerably high Ca 

content compared to other two geopolymer mixes. Tertiary diagrams in Figure 7-14 also 

indicates a similar outcome. 

Aluminium (Al) becomes a significant element in ASR gel formed in geopolymer 

mortar with Al/Si ratio ranging from 0.227 to 0.327. ASR gel in OPC specimens showed 

considerably lower Al/Si ratios (0.048~0.055) compared to the above range. This might 

be due to the availability of substantial amount of free Al in geopolymer systems 

compared to OPC since both fly ash, and GGBFS may provide Al to the system. 

Backscatter SEM images of mortar specimens correspond to Mix 1-4 at 21 days 

and 150 days are shown in Figure 7-16. The magnification of the SEM images was fixed 

at 100 to simplify the distress analysis. 
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Figure 7-16 : Micro crack propagation in mix 1-4; (a) SEM image of mix 1 at 21 days, 

(b) SEM image of mix 1 at 150 days (c) SEM image of mix 2 at 21 days,  (d) SEM 

image of mix 2 at 150 days,  (e) SEM image of mix 3 at 21 days,  (f) SEM image of mix 
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3 at 150 days,  (g) SEM image of mix 4 at 21 days,  (h) SEM image of mix 4 at 150 

days, 

 All specimens except Mix 4 at 21 days have shown distresses particularly in the 

aggregate. Furthermore, all mixes have shown clear microcrack development over the 

time which might be due to the formation of ASR gel. Mix 1 (OPC mix) has shown the 

highest distress among all. However, microcrack propagations in OPC specimens were 

limited to aggregate. Mix 3 has shown the highest microcrack formation inside aggregate 

among geopolymer mixes which consent with the expansion results. Even though Mix 2 

has shown lots of microcracks in the binder, there were not many crack formations inside 

the aggregate. Mix 4 has demonstrated clear stress development in the mortar as well as 

inside the aggregate at 150 days despite having no significant crack developments at 

21days. It should be noted that all mixes except Mix 4 have shown significant crack 

formation even at 21 days which explains the early strength losses observed in Mix 1-3 

(see Figure 7-2). 

7.2.4 Mortar bar images 

Mortar bar images of Mix 1-4 after the test are shown in Figure 7-17. Mix 1 and 

Mix 3 has displayed the characteristic map cracking identified in ASR affected structures 

(HB79 2015). Mix 1 shows the severest crack formation followed by Mix 3 which consent 

with the expansion results. No crack formation was identified in mortar bars of Mix 2 and 

Mix 4 even though mortar bar surfaces of Mix 2 is clearly deteriorated due to surface 

scaling.  
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Figure 7-17 : Mortar bar images of mix 1-4 after the test (150 days); (a) Mix 1 at 150 

days, (b) Mix 2 at 150 days, (c) Mix 3 at 150 days, (d) Mix 4 at 150 days 

7.3 Discussion 

Ferronickel slag aggregate used in this study was identified as highly alkali silica 

reactive due to the availability of amorphous silica particles in the system. The chemical 

analysis results in section 4.3.1 confirmed the high Si dissolution capability of ferronickel 

slag aggregate since it offers almost similar amount of Si ions to the system as fused silica 

which is considered as a pure amorphous silica source. Spherical shaped amorphous silica 

particles in ferronickel slag aggregate was identified during the SEM analysis on the 

aggregate (see Figure 3-13). 

Expansion test results of Mix 1 which followed the standard accelerated mortar bar 

test specified in AS 1141.60.1, fortified the high alkali silica reactivity of ferronickel slag 

aggregate as the average mortar bar expansion of Mix 1 exceeded 0.1% reaching 0.3128% 

within the initial 10 days  (AS1141.60.1 2014). Expansion curve of Mix 1 in Figure 7-1 

reassembles the characteristic sigmoidal curve (S shape) of ASR with three distinctive 

phases; Initial phase with low expansions, intermediate phase with rapid expansion gain 

and stabilising phase. Initial phase typically depends on two factors: 

1. ASR gel pressure development 

2. Yield stress of the binder 



193 

 

In accelerated mortar bar test, ASR gel formation mostly depends on Si dissolution 

rate of aggregate as the system contains ample amount of all the other requisitions. 

Therefore, due to the high Si dissolution capability of ferronickel aggregate, ASR gel 

formed almost instantly in Mix 1. In addition, due to the high Ca content in the system, 

Ca rich ASR gel may also form which acts as a rigid layer facilitating ASR gel 

accumulation in localized areas and thus, amplifying the stresses inside the mortar 

(Ichikawa & Miura 2007). SEM/EDS analysis results presented in Figure 7-17a and 

Figure 7-17b confirmed this pressure development mechanism since severe crack 

propagation could be identified in aggregate while no distresses were visible inside the 

OPC binder. Yield stress is an intrinsic property of the binder which controls the 

expansion development in mortar bars. Based on the stress-strain relationship of mortar, 

the expansion development is low until the internal stress exceeds the yield stress. But 

once the yield stress is exceeded, the expansion increases exponentially with the stress 

gain which characterises the intermediate phase. The expansion gain dropped 

substantially towards the end indicating a stabilisation phase most probably due to the 

lack of Si for the reaction. 

All geopolymer mixes have shown significantly low expansions compared to the 

OPC mix as shown in Figure 7-1. In fact, none of the geopolymer mixes has reached the 

0.1% expansion limit during the initial 21 days and thus categorized ferronickel slag 

aggregate as non-reactive based on AS1141.60.1 (AS1141.60.1 2014). Mix 3 (Fly 

ash/GGBFS = 4) has shown the highest final expansion; 0.2555% followed up by Mix 2 

(Fly ash/GGBFS = 9) and Mix 4 (Fly ash/GGBFS = 1) with 0.2021% and 0.1594% 

expansion respectively. Expansion curves of Mix 2 and Mix 3 consist of approximately 

similar negative expansion periods; 5 days whereas Mix 4 associated with a prolonged 

negative expansion period of 25 days. Despite having slightly higher initial expansion 
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development in Mix 3, expansion curves of all three mixes seems to increase at 

approximately similar rate without having any exponential expansion increments. 

Therefore it is possible to deduce that none of the geopolymer mixes has entered the 

intermediate phase as observed in OPC mix.  

The initial negative expansion period in geopolymer expansion curves depend on 

several factors; resistive threshold pressure of mortar, the rate of ASR pressure generation 

and magnitude of autogeneous shrinkage. Threshold resistive pressure is governed by the 

compressive strength of mortar which indicates that Mix 4 may have the highest resistive 

pressure followed up by Mix 3 and Mix 2. It should be noted that the resistive threshold 

pressure of Mix 3 and Mix 2 might be similar as depicted by their similar compressive 

strengths. ASR pressure development depends on the Ca content in the system based on 

the theory presented in section 6.3.1. However, due to the high Si dissolution rate of 

ferronickel slag aggregate, gel pressure development might be more or less similar in all 

three mixes. Zheng (2009) stated that the autogeneous shrinkage of geopolymer mortar 

increases with the GGBFS content in the mix design. Thus, despite generating higher gel 

pressure due to higher Ca content, high resistive threshold pressure combined with high 

shrinkage enforced Mix 4 to have a prolonged negative expansion period (see Figure 7-

1). Mix 2 and Mix 3 have shown a high early expansion gain before settling down with 

more or less similar expansion increment. Mix 3 has shown the higher expansion 

increment among the two mixes which might be due to the higher Ca content in the system 

since Ca amplify the ASR gel pressure by constraining them as discussed further in 

section 6.3.1. However limited amount of Ca in the system holds the mechanism 

prematurely which might result in a drop in expansion rate. Having significantly higher 

Ca content in the system due to the high GGBFS content, Mix 4 is expected to show much 

higher expansion increment compare to other two mixes after its initial time lag. 
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However, Mix 4 also compromise with high initial elastic modulus (uncracked) due to 

high GGBFS content in the mix design (Phoo-ngernkham et al. 2013; Ryno 2014). This 

is further justisfied by the significantly higher initial compressive strength development  

shown in Figure 7-2 (Gunasekara, 2016, Phoo-ngernkham et al., 2013). Thus, based on 

the stress-strain relationship, Mix 4 tends to display lower initial expansion increment 

even with higher stress development due to ASR. 

The chemical composition of ASR gel in geopolymer mortar mainly consists of 

alkalis (Na and K), silicon (Si), calcium (Ca) and aluminium (Al). It should be noted that 

despite having a significant amount of magnesium (Mg), Mg is omitted in the analysis as 

EDS line profiles clearly show that Mg only present at the gel boundaries which might 

be  due to the high Mg content in aggregate. In fact, ASR gel formed inside the binder 

shows considerably low Mg content compared to the gel formed inside aggregate (see 

Figures 7-6 to 7-13).  

Figure 7-15 indicates that none of the ASR gels analysed lies within the usual ASR 

gel composition range in OPC system: 0.15<(Na+K)/Si<0.3 and 0.1<Ca/Si<0.3 derived 

based on past works (Leemann et al. 2016; Leemann & Lura 2013; Leemann & Merz 

2013; Thaulow et al. 1996). In fact, 7 out of 8 (Na+K)/Si ratios of ASR gel (except Mix 

1 at 21 days) have shown much higher values ranging of from 0.42 to 0.52 as illustrated 

in Table 7-1. Furthermore, despite having ample amount of Na in the system (Na+K)/Si 

ratio of ASR gel has not shown a significant increment from 21 days to 150 days. Even 

though it is not clear with geopolymer mixes due to their low overall expansions, OPC 

mix has shown that the increae in (Na+K)/Si ratio might result in lower expansion as the 

expansion increment dropped drastically from 21 days to 150 days while (Na+K)/Si ratio 

increased from 0.25 to 0.42. Low expansion development with high (Na+K)/Si ratio of 

ASR gel might be due to either or both of below reasons since (Na+K)/Si ratio deemed 
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nondetrimental on the free swelling capacity of ASR gel (Gholizadeh-Vayghan & 

Rajabipour 2017; Struble & Diamond 1981);  

1. Formation of low viscous gel (Struble & Diamond 1981) 

2. Termination of ASR due to lack of free Si 

ASR gel composition in geopolymer is almost similar to that of the geopolymer 

binder apart from the high sodium (Na) content in ASR gel as visible in Figure 7-12 and 

7-13. In fact, Van Deventer et al. (2007) explained that early age geopolymer gels; 

aluminosilicate oligomers and aluminosilicate amorphous gel later transformed into the 

zeolitic nanocrystalline phases of geopolymer which might allow ASR gel to blend with 

existing geopolymer binder limiting the stress development inside the mortar. 

Furthermore, the formation of a low viscous gel with high (Na+K)/Si ratios as observed 

in this study enables more efficient gel dispersion into the mortar. GGBFS content has a 

significant impact on the degree of gel dispersion in geopolymer binders;  

1. Reduces the porosity of binder (Luna-Galiano et al. 2016; Provis et al. 2012) 

2. Facilitate the CSH formation by supplying Ca to the system which acts as a 

rigid layer confining the low viscous ASR gel as described in section 6.3.1 

Thus, based on above mechanism, it is expected to develop higher stresses in Mix 4 (Fly 

ash/GGBFS = 1) followed by Mix 3 (Fly ash/GGBFS = 4) and Mix 2 (Fly ash/GGBFS = 

9). However, higher elastic modulus of Mix 4 due to higher GGBFS content might explain 

the lower expansion development compared to other two mixes  (Phoo-ngernkham et al. 

2013; Ryno 2014).  Incorporation of Al in ASR gel might result in a cross-linked network 

with a dense bond structure as in geopolymer binders which substantially reduces the 

water binding capacity of ASR gel which is one of the governing factors in the swelling 

mechanism of ASR gel (Bernal & Provis 2014; HB79 2015).  It should be noted that ASR 

gel in Mix 4 corresponds to the highest Al content with a final Al/Si ratio of 0.327 
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followed by Mix 2, Mix 3 and Mix 1 with 0.317, 0.283 and 0.055 respectively, which 

corelates well with the reduction in final expansion of the mortar bars. Therefore, it can 

be deduced that Al ions reduce the expansiveness of ASR gel which may cause low 

expansions in Geopolymer mortars. 

Mortar bars of Mix 1 and 3 have exhibited the characteristic map cracking of ASR 

on the surface as shown in Figure 7-17 (HB79 2015). Even though Mix 2 and Mix 4 have 

not shown any crack formation, surface of the Mix 2 seems deteriorated with scaling of 

mortar. Aggregate in Mix 1 exhibit severe microcracks formation which might explain 

the decrease in strength of mortar as illustrated in Figure 7-2. However, binder of the Mix 

1 has not shown any noticeable distress despite showing significant expansion increment 

compared to other mixes which consent with the crack formation mechanism described 

in section 6.3.1. Mix 2 clearly indicates severe microcracks propagation even at 21 days 

which led to a significant initial strength drop (31.8% within 21 days) as reflected by the 

compressive strength reduction over the time. Mix 3 has shown severe distress in both 

aggregate and binder which is consisting with the expansion and strength results. Inspite 

of having the lowest expansion development, Mix 4 has shown distresses inside both 

binder and aggregate as shown in Figure 7-16. 

Ferronickel slag aggregate is a manufactured aggregate which consist of amorphous 

silica due to their rapid cooling process. Being true to its expected reactive nature, 

ferronickel slag has displayed excessive expansions with OPC mortar. However, 

ferronickel slag aggregate has performed satisfactorily with geopolymer binders even 

with severe curing conditions in AMBT. But since accelerated mortar bar test is not a 

conclusive test, the performance of ferronickel slag aggregate in geopolymer concrete 

must be further tested with concrete prism test before adopting it in construction purposes. 
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7.4 Summary 

Use of industrial waste in a productive manner is one of the prime goals in modern 

world. By product of Nickel refining process, ferronickel slag aggregate is classified as 

alkali silica reactive with OPC (depicted by standard AMBT results, microstructural 

analysis with SEM and chemical analysis) and thus cannot be used in construction works.  

This Chapter analyses the feasibility of ferronickel slag aggregate in geopolymer with 

respect to ASR. 

Geopolymer mixes have shown considerably lower expansion development 

compared to OPC. Even though all three mixes managed to exceed the 0.1% limit 

eventually, due to the severe exposure conditions adopted in tests, none of the geopolymer 

mixes can be classified as ASR susceptible because of the progressions in their expansion 

curves. However, despite showing lower expansion developments, ASR gel formations 

were identified in all geopolymer mixes at both 21 and 150 days indicating the occurrence 

of ASR from the beginning. EDS analysis identified low Ca and high Al contents in ASR 

gel located in geopolymer mixes compared to the OPC mix which might affect the stress 

development due to gel formation. Based on the earlier studies, it is believed that Ca has 

a positive impact on expansion development whereas Al has detrimental influences on 

the swelling capacity of ASR gel. 

On the other hand, all mixes except Mix 4 have shown compressive strength 

reduction during the initial 29 days which most probably due to the microcrack formation 

inside mortar. SEM analysis exhibited significantly high microcrack development in 

geopolymer which might be due its characteristic quasi-brittle behaviour. ASR gel might 

disperse into theses cracks causing low internal stresses and thus low expansion 

developments. However, it should be noted that the formation of Ca rich ASR gel in OPC 
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(CSH) might able to control this gel dispersion based on the reaction rim theory which 

caused the high expansion development in Mix 1.
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 Alkali aggregate reaction in fused silica 

 

8.1 Overview 

Si dissolution rate of aggregate is one of the governing factors of alkali aggregate 

reaction in any binder system (Fournier & Bérubé 2000). In fact, based on the 

mechanisms described in section 2.3.3.1, Si dissolution is the initiation process of alkali 

silica reaction. Si ion releasing capability of aggregate depends on many parameters 

including; chemical composition and internal bond structure of aggregate, surface area of 

aggregate, alkalinity of pore solution, presence of certain ions such as aluminium, 

temperature and pressure etc (Fournier & Bérubé 2000; Hobbs 1988; Rajabipour et al. 

2015). Among all, chemical composition and internal bond structure are the main 

parameters for aggregate reactivity classification since they only depend on the origin of 

aggregate. It is obvious that aggregates with higher Si content and weaker bond structure 

may lead to higher Si dissolution which would lead to higher alkali silica reaction. Internal 

bond structure of aggregate varies from well-ordered three-dimensional crystalline 

lattices such as quartz to amorphous phases with no particular order (Hobbs 1988). Fused 

silica is a glassy material made of amorphous silicon dioxide (refer section 3.2.3.4). 

Hence, Si dissolution of fused silica shall be higher than that of natural aggregates under 

similar conditions which was confirmed by the dissolution tests in section 4.3.1. 

Therefore, using fused silica allows assessing the performance of geopolymer mortar 

against ASR with highly reactive aggregates which would be the worst-case scenario of 

alkali silica reaction in geopolymer mortar. Furthermore, the use of fused silica as 
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aggregate allows assessing the role of the binder on ASR gel formation as fused silica 

only provides Si ions for the reaction.  

Fused silica is a manufactured translucent material supplied by Sila Australia. XRD 

and XRF analysis confirmed that fused silica is made of amorphous silicon dioxide with 

more than 98% of purity (refer section 3.2.3.4). Si dissolution test in section 4.3.1 

consents with the high Si dissolution capability of fused silica over natural aggregates. 

Therefore, it is expected to observe significantly higher alkali silica reaction in 

geopolymer mortar cast with fused silica. 

Four mortar mixes were considered: OPC mix as in AS 1141.60.1 (Mix 1) along 

with three geopolymer mixes with fly ash to slag ratio of 9 (Mix 2), 4 (Mix 3) and 1 (Mix 

4). Section 3.3.1.3 contains all details of the respective mix designs. At least five mortar 

bars were cast from each mix for the expansion measurements along with another mortar 

bar for SEM/EDS analysis which is carried out at 21 days. 12 mortar cubes were cast and 

exposed to similar conditions along with the mortar bars to determine the compressive 

strength variation up to 29 days after casting (28 days of exposure). 

8.2 Result and analysis 

8.2.1 Expansion test 

Figure 8-1 shows the expansions of mortar mixes 1-4 cast with fused silica over 

150 days. Expansion curves were developed by averaging at least five expansion values 

at each data point. Error bars in Figure 8-1 illustrates that the standard deviations of 

mortar bar expansions at each data point is insignificant. 0.1% is the minimum expansion 

limit specified in AS 1141.60.1 in order to categorize the aggregate as alkali reactive 

(AS1141.60.1 2014).  Testing time of the standard AMBT is extended to identify any 

delay in the expansion due to alkai silica reaction. 
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Table 8-1 summarizes the average mortar bar expansions of mix 1-4 after 10 days, 

21 days 100 days and 150 days. The standard OPC mix (Mix 1) has shown the highest 

average expansions, reaching 1.2924% after 10 days and 1.8072% after 21 days which 

categorizes fused silica among highly reactive aggregates (AS1141.60.1 2014). In fact, 

expansions of Mix 1 mortar bars were beyond the measurable limit of the comparator 

after 21 days which enforces the test to be terminated. This is consistent with the expected 

expansion behaviour of fused silica based on its chemical composition and internal bond 

structure (refer section 3.2.3.4). Geopolymer mortar bars (Mix 2-4) have shown 

significantly lower expansions at 10 days and 21 days. In fact, only Mix 3 exceeded the 

0.1% lower limit, but still categorized among slowly reactive aggregates since it hasn’t 

reached 0.3% by 21 days (AS1141.60.1 2014). Thus, even fused silica is categorised as 

non-reactive when used in geopolymer based on the standard accelerated mortar bar test 

which further implies that there may not be any risk of ASR in geopolymer binders. 

Table 8-1 : Average expansion of mortar bars at 10, 21, 100 and 150 days 

 
Average expansion 

10 days 21 days 100 days 150 days 

Mix 1 1.2924 % 1.8072 % - - 

Mix 2 0.0474 % 0.0806 % 0.2395% 0.2910 % 

Mix 3 0.0987 % 0.1445 % 0.2614% 0.3432 % 

Mix 4 0.0294 % 0.0546 % 0.1775% 1.4023 % 

 



203 

 

 

Figure 8-1 : Expansion characteristics of mix 1-4 over 150 days when exposed to 

accelerated curing conditions. 0.1% (red line) is the minimum expansion limit for 

reactivity stipulated in AS 1141.60.1. 

Mortar bars of Mix 1 has shown the highest final expansion; 1.8072% even though 

the test ended after 21 days as the expansions exceeded the measurable limit. In 

geopolymer mixes (Mix 2-4), Mix 4 (FA/GGBFS =1) has shown the highest final 

expansion; 1.4023% primarily due to a delayed strong expansion that started 

approximately at 120 days.  
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Expansion curve of Mix 1 shows a rapid increment to reach 1.8072% by 21 days 

without showing any initial time lag. However, the slope of the curve seems decreased 

towards the end hinting of a stabilization phase at some point. 

Geopolymer mixes (mix 2-4) also haven’t shown any time lag which was 

experienced with natural aggregates in Chapter 5 and 6. Mix 3 has shown the highest 

expansion followed up by Mix 2 and Mix 4 up until approximately 120 days. At 120 days, 

only the expansion curve of Mix 4 shows an exponential growth out passing the other two 

geopolymer mixes  

Expansion curve of Mix 2 develops smoothly to reach 0.2910% expansion by 150 

days. However, it can be noticed that the growth slightly decelerated over the time hinting 

a probable stabilization phase. Expansion curve of Mix 3 clearly shows two distinguish 

segments. Initial phase with comparatively high growth rate ends approximately after 17 

days achieving about 20% of the total expansion (0.0711%). The second phase which is 

linear and smoother continued up until the end (150 days) to reach 0.3432% expansion. 

Expansion curve of Mix 4 showed a similar characteristic to Mix 2 but with a lower 

magnitude to reach 0.2165% after approximately 120 days, the lowest among all mixes 

at that stage. However, the exponential expansion development after 120 days led to 

1.4023% at 150 days which is second only to Mix 1 (OPC mix). Nevertheless, final 

expansion results (at 150 days) of geopolymer mortar bars follow a similar trend as 

observed in other aggregates during this study; expansion due to alkali silica reaction 

increases with the GGBFS content in the initial mix. 
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8.2.2 Compressive strength variation 

Figure 8-2 shows the compressive strength variation of mixes 1-4 over 29 days after 

casting (28 days of exposure). 50mm x 50mm x 50mm cubes were cast and exposed to 

same conditions along with mortar bars before crushing them at specific intervals (1 day, 

8 days, 22 days and 29 days after casting) to determine the initial compressive strength 

variation.  

Mixes 1 and 2 have shown approximately a similar strength after one day: 37.7 

MPa and 36.8 MPa respectively. Mix 4 has achieved the highest initial strength of 62.5 

MPa followed by Mix 3 with 44.5 MPa. Compressive strengths of geopolymer mixes 

after one day increase with the increase in GGBFS content which has been reported by 

many researchers earlier (Deb et al. 2014; Diaz et al. 2010).   Figure 8-2 clearly indicates 

that the compressive strength of all four mixes dropped over the time. Mix 3 has shown 

the largest strength reduction (76.6%) after 29 days compared to the 67.4% and 65.9% 

strength reductions for the other two geopolymer mixes: Mix 2 and Mix 3. It should be 

noted that Mix 3 have shown significantly higher expansion compared to the other two 

geopolymer mixes. Thus, the strength reduction observed in Mix 1-4 might be due to the 

formation of alkali silica gel inside the matrix and degradation of the Interfacial Transition 

Zone (ITZ) and the loss of bonding between the aggregate and the binder due to the 

excessive dissolution of the aggregate. 
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Figure 8-2 : Compressive strength variation of mix 1-4 over 29 days after casting 

8.2.3 Scanning Electron Microscope (SEM) Analysis  

Representative mortar samples extracted at 21 days and 150 days were studied 

microscopically with SEM analysis to identify any microcracks and ASR gel formation. 

Furthermore, backscattered EDS analysis was implemented to determine the chemical 

composition of ASR gel in each sample. 

All mixes except Mix 1 have shown ASR gel formation at both stages; 21 days and 

150 days. for Mix 1 (OPC mix), SEM/EDS analysis was carried out only at 21 days as 

testing was ceased after 21 days because the expansion exceeded the measurable limits. 

ASR gel was identified inside the aggregate, at the aggregate binder interface and inside 

the binder as shown in Figure 8-3 for Mix 3 after 150 days. Figure 8-4 to Figure 8-10 are 

the backscatter EDS line profiles of ASR gel identified inside the aggregate of Mix 1-4. 

Figure 8-11 and Figure 8-12 are backscatter EDS line profiles of ASR gel identified at 

the aggregate binder interface and inside the binder respectively for Mix 3 at 150 days. It 
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is clear that ASR gel and geopolymer both consist of similar elements; sodium (Na), 

calcium (Ca), aluminium (Al) and silicon (Si) along with oxygen (O) which is omitted 

from line profile graphs. Thus, it is more accurate to analyse the ASR gel formed inside 

aggregate compared to the other two locations (Figure 8-4 to Figure 8-10). 

 

Figure 8-3 : ASR cracks identified at different locations of Mix 3 at 150 days 

 
Figure 8-4 : ASR gel identified inside aggregate of mix 1 at 21 days 
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Figure 8-5 : ASR gel identified inside aggregate of mix 2 at 21 days 

 
Figure 8-6 : ASR gel identified inside aggregate of mix 2 at 150 days 

 
Figure 8-7 : ASR gel identified inside aggregate of mix 3 at 21 days 
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Figure 8-8 : ASR gel identified inside aggregate of mix 3 at 150 days 

 
Figure 8-9 : ASR gel identified inside aggregate of mix 4 at 21 days 

 
Figure 8-10 : ASR gel identified inside aggregate of mix 4 at 150 days 
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Figure 8-11 : ASR gel identified in aggregate mortar interface of Mix 3 at 150 days 

 
Figure 8-12 : ASR gel identified inside mortar of Mix 3 at 150 days 

Average elemental atomic percentages of ASR gel identified in Mixes 1 to 4 are 

summarized in Table 8-2. Elemental compositions were calculated by averaging 

approximately 250 data points of ASR gel formed inside the aggregate. Figure 8-13 is the 

variation of Ca/Si ratio versus Na+K/Si ratio over the time in Mix 1-4. Figure 8-14 

contains the ternary diagrams plotted from the data in Table 5-2 in order to identify the 

correlation between elements identified in ASR gel and their variation with respect to the 
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Table 8-2 : Summary of SEM /EDS analysis of ASR gel located inside aggregate of mix 

1-4 

Mix 

No. 
 

Average atomic percentage (%) Ratios 

Na K Ca Mg Si Al    

1 
21 days 8.63 0.30 3.62 0.04 28.64 0.09 0.31 0.13 0.003 

150 days - - - - - - - - - 

2 
21 days 3.67 0.55 1.89 0.23 30.71 3.59 0.14 0.04 0.117 

150 days 4.18 0.18 1.71 0.15 33.95 1.27 0.13 0.05 0.037 

3 
21 days 4.35 0.22 2.56 0.27 32.84 1.26 0.14 0.09 0.038 

150 days 4.81 0.18 0.76 0.23 33.68 2.29 0.15 0.03 0.068 

4 
21 days 7.55 0.23 3.36 0.15 30.45 0.63 0.26 0.12 0.021 

150 days 8.19 0.16 4.16 0.10 29.31 0.53 0.28 0.15 0.018 

 
Figure 8-13 : Variation in Na+K/Si vs. Ca/Si (atomic ratio) of ASR gels at 21 days and 

150 days from Mix 1-4; shaded area is the alkali silica gel compositions developed base 

on Thaulow et al. (1996), Leemann et al. (2016), Leemann and Lura (2013) and 

Leemann and Merz (2013)

(Na+K) 
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(Ca+Mg) 
Si 

Al 
Si 



212 

 

 

Figure 8-14 : ASR gel composition interpreted in a ternary diagram
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Table 8-2 shows that alkali silica gel in mortar bars cast with fused silica mainly 

consists of calcium (Ca), sodium (Na), silicon (Si) and aluminium (Al) ions. Researchers 

who worked on ASR in OPC binders reported that (Na+K)/Si ratio and Ca/Si ratio of 

alkali silica gel typically lies in the range of 0.15~0.3 and 0.10~0.3 respectively (Leemann 

et al. 2016; Leemann & Lura 2013; Leemann & Merz 2013; Thaulow et al. 1996). 

Na+K/Si ratio of Mix 1 at 21 days is 0.31 which is slightly higher than the upper limit of 

the range defined above. However, Ca/Si ratio of ASR gel in Mix 1 lies inside the above 

range because OPC mortar contains a considerable amount of free Ca. (Na+K)/Si ratios 

of ASR gel in Mix 2 and 3 is below the lower limit of the above range except for Mix 3 

at 150 days which shows exactly 0.15. Table 8-2 clearly shows that the Si content is much 

higher in Mix 2 and Mix 3 compared to Mix 1 which might explain the low ratios. 

Furthermore, their Ca+Mg/Si ratios are also below the lower limit which might be due to 

the limited amount of free Ca available in the system. Mix 4 has shown the perfect ratios 

as both lies within the range irrespective of the exposure time. 

Figure 8-13 shows that the Na+K/Si ratio and Ca/Si ratio of Mix 2 do not change 

much over time which indicates that ample amounts of Si and Na are available in the 

system even at 150 days along with very low free Ca content. In Mix 3, Ca content clearly 

dropped over the time which suggest the formation of sodium silica gel instead of sodium 

calcium silica gel due to low free Ca content. Due to a higher GGBFS content, Mix 4 has 

higher Ca content in the system compared to the other two geopolymer mixes which 

results in the formation of Ca rich ASR gel. thus, it is clear that the Ca content in ASR 

gel is related to the initial GGBFS content in the mortar mix. 

Aluminium (Al) has also become a significant element in ASR gel formed in 

geopolymer mortar. The Al/Si ratio of the ASR gel in geopolymer lies in the range of 
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0.117-0.18 compared to 0.003 in ASR gel found in OPC mix. It should be noted that ASR 

gel in Mix 4 corresponds to the lowest Al/Si ration among geopolymer mixes as shown 

in Table 8-2. 

Figure 8-15 contains the backscatter SEM images of Mix 1-4 at 21 days and 150 

days. The magnification of the SEM images kept at 100 to compare the distresses in 

specimens. OPC mix (Mix 1) only consist of SEM image at 21 days as the was test 

terminated after that. Cracks filled with ASR gel can be clearly identified in all the 

specimens. However, none of the SEM images shows significant microcrack propagation 

inside the binder. Thus, it can be concluded that even though there is a clear evidence of 

alkali silica reaction in all the specimens, the gel pressure has been dissipated without 

inserting any stresses in geopolymer mixes. Furthermore, circular shaped carves filled 

with binder were observed in aggregate as shown in Figure 8-15. These are most likely 

to be voids generated while due to the dissolution of fused silica aggregate were then 

filled with ASR gel. 

 
Figure 8-15 : Circular carves identified in Mix 3 at 150 days 
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Figure 8-16 : Micro crack propagation in mix 1-4; (a) SEM image of mix 1 at 21 days, 

(c) SEM image of mix 2 at 21 days,  (d) SEM image of mix 2 at 150 days,  (e) SEM 

image of mix 3 at 21 days,  (f) SEM image of mix 3 at 150 days,  (g) SEM image of mix 

4 at 21 days,  (h) SEM image of mix 4 at 150 days, 
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8.2.4 Mortar bar images 

The images of mortar bars of Mix 1-4 after the test completion are shown in Figure 

8-17. Mix 1, Mix 3 and Mix 4 have shown the characteristic map cracking of the ASR on 

the surface. The surface of Mix 2 is clearly deteriorated even though it did not show any 

crack formation on the surface. This might be due to the removal of aggregate at the 

surface as a result of continuous exposure to the 1M NaOH solution. It should be noted 

that high Si dissolution from the aggregate might weaken the bond between aggregate 

and mortar which may result in aggregate fall outs. However, the stronger and densified 

bond structure of the other two geopolymer mixes due to their higher Ca contents allowed 

to hold the aggregate despite the ASR gel formation. 

 

Figure 8-17 : Mortar bar images of mix 1-4 after the test completion; (a) Mix 1 at 21 

days, (b) Mix 2 at 150 days, (c) Mix 3 at 150 days, (d) Mix 4 at 150 days 
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8.3 Discussion 

Fused silica is categorized as highly reactive aggregate due to its high Si dissolution 

capability which was confirmed by the chemical test results presented in section 4.3.1. 

This is clearly reflected as well by the expansion test results of Mix 1 (OPC mortar) shown 

in Figure 8-1. Indeed, the average expansion of OPC mortar bars reached 1.2924% after 

only 10 days and 1.8072% after 21 days exceeding by far the 0.1% and 0.3% limits 

stipulated in the Australian standard; AS1141.60.1 (Australia, 2014). Even though the 

rate of expansion slightly reduced after about 10 days, the test had to be terminated after 

21 days because the expansion of the mortar bars exceeded the measurable limit of the 

comparator.  

For accelerated mortar bar test using OPC based mortar, Si dissolution rate of 

aggregate governs the degree of ASR as the system contains a substantial amount of all 

other required components: alkalis, moisture and calcium ions. Based on the chemical 

test results in section 4.3.1, it is clear that fused silica supplies significantly higher Si 

content to the system than natural aggregates which can explain the higher ASR related 

expansion observed in Figure 8-1 compared to that observed using natural aggregates (see 

chapter 6). In addition, OPC paste provide a dense and rigid barrier around aggregate 

entrapping ASR gel which eventually amplifies the internal stresses generated on 

aggregate and paste by facilitating the gel pressure accumulation (Ichikawa and Miura, 

2007). After some time, cracks developed into the fused silica aggregate dissipating ASR 

gel pressure developed inside the reaction rim, explaining the decrease in expansion rate 

observed after about 10 days. The above mechanism is further confirmed by the 

microstructural analysis. Indeed, SEM/EDS analysis allowed observing some 

microcracks in the aggregate which were then filled with Ca rich ASR gel (see Figure 8-

4) while no microcracks were observed in the paste (see Figure 8-16a). Moreover, the 
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ASR gel formed in the vicinity of aggregate might act as a barrier for hydroxyl ions 

reducing the Si dissolution from fused silica which might contribute the reduction in 

expansion rate as well (see Figure 8-1). As observed using natural aggregate (chapter 6), 

Mix 1 mortar bars with fused silica also has not shown any time lag in expansion. This is 

due to the rapid formation ASR gel in the system as discussed above which eventually 

results in an immediate increment in expansion as seen in Figure 8-1.   

Geopolymer mixes (Mixes 2 to 4) have shown significantly lower expansion than 

OPC mix (see Figure 8-1). In fact, despite using highly reactive aggregate in the system, 

none of the geopolymer mixes has reached the 0.1% expansion limit within 10 days, and 

only Mix 3 exceeded this limit after 21 days (0.1445%) which classified fused silica in 

Mix 3 mortar as only slowly reactive based on the AS 1141.60.1 (Australia, 2014). Even 

though ASR gel formed at a very high rate, there are significant number of voids formed 

due to dissolution of aggregate which allows ASR gel to disperse without exerting any 

internal stresses. Indeed, in geopolymer, ASR gel rich with Al might also able to blend 

with existing paste which further reduces the stress development and thus the expansions. 

SEM images with circular shaped voids filled with geopolymer binder (Figure 8-15 and 

8-16) further proves this mechanism. Though Mix 1 also contains these voids, OPC binder 

itself might act as a rigid barrier which facilitate the ASR gel accumulation and thus, high 

internal stress development.  

A noticeable difference between the geopolymer AMBT results obtained on natural 

aggregate and fused silica is that mortar bar expansions of fused silica does not show any 

time lag as observed in natural aggregate (Culcairn). The high Si dissolution rate of fused 

silica seems to make the Si concentration reaching the saturation point of ASR almost 

instantly leading to an immediate expansion. This seems to confirm that the delay in 

expansion observed in geopolymer mortar using natural aggregate is mainly due to the 
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lack of calcium content preventing CSH to form in suitable quantity to create a barrier 

around aggregate. This barrier is required to achieve the Si concentration necessary to 

trigger ASR gel formation in a short period of time when the Si supply rate is slow (with 

natural aggregate).  

Except the time lag effect discussed above, the expansion curves observed using 

natural aggregate and fused silica are overall very similar: Mix 3 (Fly ash/GGBFS = 4) 

shows the highest expansion initially, followed by Mix 2 (Fly ash/GGBFS = 9) and Mix 

4 (Fly ash/GGBFS = 1) until Mix 4 shows a sudden huge expansion after about 120 days 

with an expansion rate similar to that of OPC Mix 1, reaching 1.4023% after 150 days. 

Even though formation of CSH is not necessary to reach the saturation point of ASR, Ca 

still plays a significant role in second part of the mechanism described in section 6.3.1 by 

facilitating the ASR gel accumulation in localized areas which eventually results in 

internal stress development and thus expansion. Mix 2 corresponds to the lowest GGBFS 

content among geopolymer mixes. Therefore, it is expected to have the lowest expansions 

in Mix 2 based on the mechanism described in section 6.3.1 which consent with the final 

expansions shown in Figure 8-1 and Table 8-1. SEM/EDS analysis further confirms the 

formation of low Ca ASR gel with high Al content at both stages, 21 days and 150 days 

(see Figure 8-5 and 8-6). However, Mix 4 which is expected to show the highest 

expansions among geopolymer mixes has shown the lowest expansions up until 120 days 

before incorporating a sudden expansion growth to out pass both Mix 2 and Mix 3. Figure 

8-13 reveals that ASR gel compositions of Mix 4 at 21 days and 150 days are almost 

similar and lies inside the reactive region defined by previous studies (Leemann et al. 

2016; Leemann & Lura 2013; Leemann & Merz 2013; Thaulow et al. 1996). Therefore, 

it can be deduced that the sudden expansion increment observed is more likely to be due 

to the variation mechanical characteristic of mortar. It should be noted that high GGBFS 
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content also results in high elasticity modulus in the paste (Gunasekara 2016; Phoo-

ngernkham et al. 2013; Ryno 2014). Thus, despite having higher internal stresses 

generated due to ASR, Mix 4 exhibited low expansions because of its high modulus of 

elasticity. However, once the internal stresses exceed the yield stress, the expansion gain 

becomes exponential as observed for Mix 4 in Figure 8-1. Mix 3 has shown a substantial 

expansion gain initially but dropped its expansion at about 17 days probably due to lack 

of free Ca in the system before continuing at a constant rate to reach 0.3432% after 150 

days. SEM/EDS analysis confirms the absence of calcium for the ASR gel formation as 

Ca/Si ratio of ASR gel clearly dropped from 0.09 to 0.03 during the testing period as 

illustrated in Figure 8-13.  

Mortar images of Figure 8-17 have shown characteristic map cracking in the surface 

of all mixes except Mix 2 which was severely deteriorated due to surface pop outs (HB79 

2015). However, even though Figure 8-16 has not shown any distresses in the binder, 

some large cracks filled with ASR gel was identified in geopolymer mixes during the 

SEM/EDS analysis as shown in Figure 8-12. These cracks along with cracks in aggregate 

might form failure paths inside mortar which substantially lowered the strength as 

illustrated in Figure 8-2. Even though OPC mix has only shown cracks inside aggregate, 

low strength of the binder combined with severe crack formations inside aggregate shown 

in Figure 8-4 might drop the compressive strength substantially during the initial 21 days. 

However, loss of bonding between the aggregate and binder and the degradation of the 

ITZ due to the excessive Si dissolution of the aggregates may significantly affect the 

overall strengths of mortar (Singh et al., 2015). This was confirmed by the microstructural 

analysis since void between aggregate and binder were clearly visible (see Figure 8-3, 8-

15 and 8-16). 
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SEM/EDS analysis clearly shows that aluminium (Al) has also become a significant 

constituent in ASR gel formed in geopolymer mortar (see Table 8-2). Incorporation of Al 

might encourage ASR to form crosslinks and form aluminosilicate oligomers and 

aluminosilicate amorphous gel which were later transformed into the zeolitic 

nanocrystalline phases of geopolymer as described by Van Deventer et al. (2007). The 

Formation of cross links might result in low water binding capacity which reduces the 

swelling properties of ASR gel (Bernal & Provis 2014). It should be noted that ASR gel 

formed in Mix 2 composed of the highest amount of Al followed up by Mix 3, Mix 4 and 

Mix 1 respectively which is the descending order of final expansions as shown in Figure 

8-1. Therefore, since the experimental results align with the above hypothesis on the role 

of aluminium, it can be concluded that Al might reduce the expansiveness of ASR gel. 

8.4 Summary 

Study of geopolymer mortar with highly reactive aggregate would illustrate the 

ASR in geopolymer under extreme cases. Chemically, amorphous silica source is the 

highest reactive aggregate that can be used to assess the ASR in geopolymer. XRF and 

XRD analysis proved that fused silica is almost pure (<98%) amorphous silica source 

which was fortified by the chemical dissolution test results and standard accelerated 

mortar bar test results. 

Even though geopolymer mixes have shown considerable expansion developments, 

the magnitude is substantially lesser compared to the OPC mortar which indicates low 

ASR potential in geopolymer mortar. However, despite showing lower expansions, all 

mixes have significantly high ASR gel formations at both 21 and 150 days. Hence, it can 

be concluded that the effective stress development inside geopolymer mortars due to the 

ASR is significantly lower compared to OPC. Low effective internal stresses in 

geopolymer might be due to the dispersion of ASR gel into the voids and formation of 
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ASR gel with low swelling capacity. SEM analysis confirmed the availability of voids 

around the aggregate due to the high decaying of aggregate which might facilitate the gel 

dispersion. EDS analysis revealed the formation of low Ca and high Al ASR gel in 

geopolymer compared to OPC which might reduce the swelling capacity of gel 

considerably. It should be noted that due to the high initial alkalinity in geopolymer, high 

Si dissolution might occur in aggregate causing the void formation as observed. However, 

these Si most probably contributed to the geopolymerization reaction without causing any 

ASR gel formations. Thus, amorphous Si sources such as fused silica is not suitable to 

assess the ASR in geopolymer mortar. 
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 Conclusions and Recommendations 

 

9.1 General 

OPC has been one of the highest consumable material in the world. However, the 

increase in environmental and socioeconomic issues due to high OPC consumption have 

urged the need for more sustainable and ecofriendly alternative. Geopolymer concrete is 

considered as the most reliable substitute to the OPC based concrete. This study assesses 

one of the grey areas in geopolymer binders, the alkali silica reaction in geopolymer 

mortar based on the accelerated mortar bar test results and SEM/EDS analysis results. In 

addition, recommendations for future works related to this study are briefly discussed at 

the end of this chapter. 

9.2 Chemical performance of reactive aggregate exposed to an alkali 

solution  

 Si dissolution of aggregate depends on the alkalinity of the base solution. 

Significantly higher Si dissolution is observed in higher hydroxyl ion 

concentrations. In addition, the Si dissolution of aggregate is more sensitive to the 

variation in hydroxyl ion concentration at higher alkalinities compared to the 

lower alkalinities. Since the pore solution alkalinity of geopolymer is generally 

considered lesser than that of OPC, Si ion dissolution shall be lesser in 

geopolymer compared to OPC and thus, the degree of ASR.  

 Si dissolution capability of aggregate depends on the internal bond structure of 

the aggregate. Aggregates with stronger internal bonds tend to supply lesser Si 
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ions when exposed to similar conditions. Thus, amorphous silica shall have the 

highest Si dissolution, and Si dissolution may drop with the degree of crystallinity. 

 Effect of crystallinity on the Si dissolution capability reduces drastically with the 

alkalinity of the base solution. It should be noted that all three aggregates have 

shown almost similar Si dissolution when exposed to 1M NaOH solutions. Thus, 

alkalinity of the exposure solution would reduce the reliability of the test results 

which might result in false identification of ASR in certain aggregates. 

 All three aggregates have shown almost similar dissolution behaviours with base 

solution pH but in different magnitudes. Aggregates have displayed an 

approximately linear development when the pH is higher than 11.5. Furthermore, 

Si concentration in the base solution is stabilised approximately after 50 days 

which indicates Si ion saturation within 50 days of exposure 

 Higher surface area per unit weight in smaller size fractions might result in 

substantially higher number of reaction locations in aggregate and thus higher Si 

dissolution rate compared to larger aggregates. Therefore, degree of ASR 

increases when the aggregate size is decreased. 

 Formation of spiky opaline products were observed in all three aggregates at 

higher alkalinities. Based on the formations in fused silica, it can be concluded 

that this product is sodium silica hydrates (a form of ASR gel). In addition, 

magnitude of this product formation depends on the Si dissolution rate of 

aggregate. 

9.3 Alkali silica reaction in geopolymer 

 All four aggregates have shown expansions induced by ASR over the time but in 

different magnitudes which indicates the occurrence of alkali silica reaction at 
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different rates.  As expected, fused silica corresponds to the highest expansion 

followed up by Ferronickel slag aggregate, Culcairn aggregate and Basalt. Since 

Basalt is categorised as non-reactive based on the service records and preliminary 

testings, expansion results of basalt aggregate illustrated the overestimation of 

reactiveness with accelerated mortar bar test which is highlighted by many 

researchers. 

9.3.1 Reaction Mechanism 

 

Figure 9-1: Alkali silica reaction mechanism in geopolymer mortar 

 ASR in geopolymer mixes increase with the Ca content in the mix (see Figure 9-

1). Since GGBFS is the main Ca source in geopolymer, it can be concluded that 

GGBFS content controls the ASR in geopolymer.  

 Geopolymer mortar with fly ash/GGBFS = 9 (GGBFS content 61.5 kg/m3) 

demonstrated ASR resistiveness irrespective of the aggregate. Significantly low 

expansions observed in extremely reactive aggregates such as fused silica would 

indicate the low risk of ASR in geopolymer mortar with fly ash/GGBFS = 9 

(GGBFS content 61.5 kg/m3). It should be noted that the severe exposure 
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conditions in AMBT might induce certain amount of expansion as observed in 

Mix 2 and Basalt aggregate. However, even though the other two geopolymer 

mixes (Mix 3 and Mix 4) have exceeded the 0.1% expansion limit eventually, it 

is still inappropriate to draw conclusions because of the severe curing conditions 

in AMBT. 

 All the geopolymer mixes have shown an initial time lag in expansion 

development which is most probably due to the combined effect of high 

mechanical properties (depicted by high strength gain), and low Ca content in the 

mix. Thus, the existing short-term expansion tests might not be able to identify 

the probable ASR in geopolymer mixes. 

 Test results of subsidiary mixes (Mix 2a and Mix 4a) suggest that the influence of 

mechanical properties (depicted by strength development) on the expansion gains. 

It can be clearly identified that the characteristic time lag in expansion curves of 

geopolymer decreases with the characteristic strength of mortar.  

 Geopolymer shows no significant ASR expansion over the time when exposed to 

0.03 M NaOH solution which has approximately similar alkalinity to geopolymer 

pore solution. It should be noted that similar alkalinity in immersed solution and 

inside geopolymer would maintain the pore solution alkalinity approximately 

constant throughout the test. Thus, the Si dissolution during the test would be 

approximately similar to the Si dissolution inside geopolymer under normal 

conditions while other acceleration modes incorporated in AMBT would increase 

the reaction. Experimental results of test set up exposed to 0.03M NaOH (both 

expansion results and SEM/EDS analysis) suggest that the high initial alkali 

content in geopolymer doesn’t increase its ASR potential and hence, aggregates 
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classified as nonreactive with OPC can be used with geopolymer without having 

any additional risk. 

 Mortar bars exposed to Curing Condition III exhibited clear boost in ASR 

compared to mortar bars exposed to Curing Condition I.  It should be noted that 

the introduction of Calcium increases the final expansions and decreases (almost 

eliminate) the characteristic time lag in the expansion curves of geopolymer. This 

strongly suggested the vital role of Ca in ASR mechanism in geopolymer. 

SEM/EDS analysis in mortar specimens exposed to Curing Condition III further 

endorses the above reaction mechanism as significant traces of Ca can be 

identified at the boundary of ASR gel. 

 Since externally supplied calcium (Ca) can induce ASR in geopolymer mortar, 

there is a serious ASR risk associated with aggregates that can supply Ca 

(limestone) to the system. Thus, all aggregates with significant Ca traces have to 

be reviewed before using with geopolymer. In fact, as encountered by few others 

earlier, alkali carbonate reaction (ACR) might be a more serious issue in 

geopolymer systems. In addition, activators contain calcium can also increases the 

risk of ASR in geopolymer systems. 

 Cracks filled with ASR gel were identified in all mixes at the end of the test (150 

days) which confirm the occurrence of ASR in mortar mixes. Mix 1 (OPC) and 

Mix 4 have shown a clear Ca rich gel formation when used with reactive aggregate 

even at 21 days which aligns with the above mechanism. Mix 2 haven’t shown 

any gel formation and Mix 3 have shown significantly lower gel formation with 

naturally reactive aggregate (Culcairn). However, all mixes have shown 

significant ASR gel formation with Ferronickel slag aggregate and fused silica at 

21 days which is expected due to the presence of amorphous silica in aggregates. 
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It should be noted that amorphous silica rapidly increases the Si concentration in 

the system even at low alkalinity conditions as demonstrated in Chapter 4 and 

thus, do not need CSH in the system to reach the saturation point of ASR. 

 ASR gel identified in geopolymer contained high aluminium content which might 

have a detrimental effect on its expansiveness as Al might propel the formation of 

crosslinks inside ASR gel as in geopolymerization reaction. This significantly 

reduces the water binding capacity and the swelling capacity of ASR gel which 

suggest that the distresses caused by the ASR gel in geopolymer is lower than that 

of OPC. 

 Despite showing lower final expansion compared to Mix 1 (OPC), geopolymer 

mortar specimens have shown severe distresses (micro crack formation) in SEM 

analysis. In fact, Mix 4 have shown severe crack formation compared to Mix 1 

(OPC) when used with natural reactive aggregate (Culcairn).  This is most 

probably due to the quasi-brittle behaviour of geopolymer mortar. Thus, the 

existing expansion limits in the AMBT have to be modified before adopting to the 

geopolymer mortar. 

 Pure amorphous silica sources (fused silica) are not suitable to assess the alkali 

silica reactivity of geopolymer because amorphous silica act as a silica source in 

geopolymerization reaction which forms cavities at the binder aggregate interface. 

So even though ASR gel formed at an alarming rate due to the high Si dissolution, 

most of them were dissipated into these cavities, minimizing the effective stress 

development inside geopolymer mortar as depicted by the respective expansion 

curves. 



229 

 

9.4 Recommendation for a modified accelerated mortar bar test 

1. Conventional initial curing with water (before zero reading) in accelerated mortar 

bar test might result in excessive alkali leaching which might affect adversely in 

final outcomes. However, keeping mortar bars at 80 0C without water led to 

excessive drying and crack formation. Therefore, keeping bars at 80 0C in 

humidify environment is recommended and incorporated in this study. In addition, 

mortar bars can be wrapped and sealed before exposed to 80 0C in order to reduce 

the water evaporation further. 

2. 21 days of testing period is not enough to identify the ASR in geopolymer since 

expansion curves of geopolymer has an initial time lag. Therefore, based on the 

experimental results of this study it is recommended to continue the test for at 

least 150 days. However, amount of data in this study is not enough to draw a 

conclusive recommendation on the test duration. 

3. Geopolymer mortar clearly showed a quasi-brittle behaviour compared to OPC 

which consent with the earlier studies. Therefore, the existing expansion limits 

have to modified before assessing the reactivity of geopolymer mortar. However, 

the test data of this study is not enough to define the new limits and required more 

focused analysis on expansion development and crack formation in geopolymer 

mortar due to ASR. 

9.5 Recommendations for future study 

1. Accelerated mortar bar test is not a definitive test due to the severe curing 

conditions and often displayed excessive expansions even in normal aggregates 

which were proven innocuous based on the field records. Thus, it is best to 
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confirm the ASR in geopolymer with a more accurate test with milder testing 

conditions such as concrete prism test. 

2. Effect of aluminium in the expansiveness of ASR gel shall be analysed further in 

a more controlled environment. Al rich ASR gel synthesis can be formed at the 

laboratory to compare the swelling properties with basic ASR gel. 

3. This study uses only four aggregates representing each aggregate category. Thus, 

this study shall be extended further with more reactive and nonreactive aggregates 

to further confirm the above conclusions. 

4. GGBFS is an important component in the practical adaptation of geopolymer as 

it allows the ambient curing of concrete. Thus, optimum GGBFS content in 

geopolymer concrete should be experimentally derived based on more 

experimental data with different GGBFS contents. In fact, it is possible to suggest 

different GGBFS limits based on the reactiveness of aggregate. 

5. Effect of external Ca on ASR in geopolymer should be thoroughly analysed to 

identify the optimum Ca content in a geopolymer mix. It is ideal to identify the 

limits based on all possible Ca source; aluminosilicate source, activator, 

aggregate, water, etc. 

6. Effect of using Ca rich aggregates (specially limestones) should be further 

analysed as externally supplied Ca can clearly trigger the ASR in geopolymer 

systems. In fact, finding the minimum Ca content in aggregate to cause deleterious 

ASR in geopolymer mortar is important before industrial adaptation of 

geopolymer. 

7. Expansion limits have to be modified before adopting existing testing protocols 

(designed for OPC) to assess geopolymer systems. It is important to provide 
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more safety margin in geopolymer due to its quasi-brittle behaviour compared to 

OPC binders.  
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