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Previous research has shown that using fine lightweight aggregate (FLWA) can 

be a promising strategy to mitigate alkali-silica reaction (ASR) in mortar and concrete. 

While several possible theories were proposed by researchers, discrepancies in testing 

methods, materials, and supporting evidence still exist. Therefore, this study was 

initiated. There are two primary focuses: (1) use current ASTM standards to evaluate 

the efficacy of ASR mitigation when FLWAs were used; (2) elucidate mechanisms by 

which FLWAs may mitigate ASR. This study assessed the efficacy of ASR mitigation 

when expanded clay, shale, and slate were used. ASTM test methods including ASTM 

C289, ASTM C1260 and ASTM C1293 were completed. The fine normal weight 

aggregates were replaced by the FLWAs at 25% and 50% by volume in concrete 

mixtures, and 25%, 50%, and 100% by volume in mortar mixtures. Results showed that 

ASTM C1260 and ASTM C1293 can be used to evaluate the mitigation efficacy when 

FLWAs were used. All three FLWAs were effective in reducing the ASR-induced 

expansion in ASTM C1260 and ASTM C1293, except the mortar mixture with 25% in 

ASTM C1260. The investigated FLWAs were especially effective for the concrete with 

a moderate reactive aggregate. For concrete with a highly reactive aggregate or very 

highly reactive aggregate, other mitigation strategies may need to be combined with 

FLWAs to effectively mitigate ASR.  



 

 

 

The pore solution analysis and scanning electron microscopy (SEM) analysis 

were completed to elucidate how expanded shale, clay, and slate can mitigate ASR. A 

reduction in alkalinity was observed when FLWA was incorporated, especially for 

expanded shale and expanded clay. A high aluminum content was also found in the 

pore solution of the concrete mixtures with 50% expanded shale and clay through the 

pore solution analysis. SEM analysis revealed that infilling reaction products formed 

in the pores of the FLWAs. From energy-dispersive X-ray (EDX) analysis, the 

chemical composition of the infilling reaction product was found to be close to C-A-S-

H, rather than ASR gel. The Ca/Si of the reaction product can vary from 0.8~1.1, which 

is lower than the Ca/Si of ASR gel in the paste, but higher than that of the ASR gel in 

aggregates. This finding also indicated that the FLWAs were pozzolanically active.  

Thermogravimetric analysis (TGA) and simulated pore solution testing were 

completed to further confirm the potential pozzolanic activity of the expanded shale, 

clay, and slate of three different sizes: 1.19~2.18 mm, 0.60~0.30 mm, and 0.15~0.30 

mm. The reduction of CH and increase of non-evaporable water in the mixtures showed 

that the expanded shale and clay of 0.15~0.30 mm and 0.30~0.60 mm, as well as the 

expanded slate of 0.15~0.30 mm, were pozzolanically active. Compared to the 

reference aggregate, FLWAs showed less dissolved silica content in the simulated pore 

solution at 38 °C at 84 days. The consumption of Si, Al, Na, and K in the simulated 

pore solution at 84 days indicated that pozzolanic activity occurred when FLWA is 

present. 
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1. GENERAL INTRODUCTION 

Alkali-silica reaction (ASR) has been a concern and threat to concrete durability and 

service life. The reaction can be hardly stopped once it occurs. Therefore, it is critical to prevent 

deleterious ASR when designing concrete. Traditional mitigation methods include using low-alkali 

cement, non-reactive aggregate, supplementary cementitious materials (SCMs) or lithium nitrates. 

However, these techniques may not be applicable due to the restraint of local resources and 

transportation costs. Therefore, alternative mitigation techniques are needed. Using fine lightweight 

aggregate (FLWA) is a potential way to reduce the expansion caused by ASR. But there is a lack of 

comprehensive study on the mechanisms by which FLWA may mitigate ASR.    

This dissertation contains a comprehensive study of elucidating the mechanisms by which 

three commercially used fine lightweight aggregates (FLWAs), the expanded shale, clay, and slate, 

can mitigate alkali-silica reaction (ASR) in concrete. This study aims to answer the following 

questions related to how FLWAs can be used as a potential technique for ASR mitigation: 

(1) Can current ASTM standards be used to evaluate the efficacy of ASR mitigation when 

FLWAs are used? 

(2) If the FLWAs can be used for ASR mitigation, how effective are they? What are the 

suggested replacement levels? 

(3) Are existing assumptions on the mitigation theory valid? 

(4) Do FLWAs show any pozzolanic activity when being used in concrete? 

(5) Do FLWAs affect the pore solution chemistry in concrete? 

(6) Do FLWAs show an impact on the microstructure of concrete? 

To answer these questions, a series of tests including ASTM C1260 (accelerated mortar bar 

test), ASTM C1293 (concrete prism test), ASTM C289 (potential alkali-silica reactivity test), pore 

solution analysis, scanning electron microscopy (SEM) analysis, thermogravimetric analysis 

(TGA), and simulated pore solution testing were completed.  

This dissertation is written and formatted by following the manuscript option described in 

Oregon State University Graduate School Thesis Guide 2015-2016. The dissertation includes a 

general introduction, a literature review, three manuscripts, and a general conclusion. This 

dissertation is organized as follows: 
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Chapter 1: General Introduction. This chapter provides a brief background of the research 

project and outlines the structure of the dissertation. 

Chapter 2: Literature Review. A literature review discussing the mechanism of ASR and 

traditional mitigation methods. In addition, commonly used methods for alkali-silica reactivity 

assessment as well as advanced techniques for ASR study are introduced. The use of FLWAs in 

concrete is also introduced in the literature review.   

Chapter 3: Manuscript 1. The title of this manuscript is Applicability of Current ASTM 

Standards on Evaluating the Use of Fine Lightweight Aggregate to Mitigate Alkali-silica Reaction. 

Evaluation of ASTM standards including ASTM C289, ASTM C1260, and ASTM C1293 are 

present. Mitigation efficacy of the expanded shale, clay and slate were also assessed by using the 

modified ASTM C1260 and ASTM C1293. The relationship between concrete mass change and 

expansion is also discussed in the manuscript. This paper will be submitted to Advances in Civil 

Engineering Materials.   

Chapter 4: Manuscript 2. The title of this manuscript is Mechanistic Study on Mitigation 

of Alkali-silica Reaction by Fine Lightweight Aggregate.  Pore solution and scanning electron 

microscopy (SEM) analysis were completed in this study to investigate the mechanisms by which 

the FLWAs can mitigate ASR. The content of Na, K, and Al, and alkalinity of the pore solution of 

the concrete at different ages were measured. The SEM analysis was used to observe the 

microstructure and identify the reaction products of the concrete with FLWAs. Assumptions 

proposed in previous studies were also reviewed in this manuscript. This paper will be submitted 

to Cement and Concrete Research. 

Chapter 5: Manuscript 3. The title of this manuscript is Pozzolanic Activity of Fine 

Lightweight Aggregates Used in Concrete. The expanded shale, clay, and slate of three different 

sizes were assessed for their pozzolanic activity in the mortar mixtures. The thermogravimetric 

analysis (TGA) examines the calcium hydroxide content, the non-evaporable water, and the H-

water in the mortar mixtures. The simulated pore solution test was used to evaluate the dissolution 

of the FLWAs in the simulated pore solution. This paper will be submitted to Cement and Concrete 

Composites.  

Chapter 6: General Conclusions. This chapter concludes the major findings from the three 

manuscripts. Recommendations, suggestions, and future work are also included in this chapter.      

Appendix A: Additional Manuscript 1. The title of this manuscript is The Efficacy of 

Calcined Clays on Mitigating Alkali-silica Reaction (ASR) in Mortar and Its Influence on 
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Microstructure. This paper was published in the Proceedings of the 1st International Conference on 

Calcined Clays for Sustainable Concrete held in Lausanne, Switzerland in 2015.  

Appendix B: Additional Manuscript 2. The title of this manuscript is Calcined Clays for 

ASR Mitigation: Mechanisms and Long-term Performance. This paper was published in the 

Proceedings of the 14th International Congress on Cement Chemistry held in Beijing, China in 2015.   
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2. LITERATURE REVIEW 

2.1. Alkali-silica Reaction 

2.1.1. Recognition of Alkali-silica Reaction 

Alkali-aggregate reaction (AAR) is the reaction between alkali hydroxides and certain 

types of aggregate, which can cause excessive expansion of concrete. AAR includes alkali-silica 

reaction (ASR) and alkali-carbonate reaction (ACR) [1]. In 1940, a deterioration caused by a 

reaction between cement and aggregate was first identified by Stanton [2]. This reaction was 

discovered through the investigation of the failures of Bradley pavement in Salinas Valley, CA. 

The failure was caused by excessive expansion of concrete slabs. The laboratory investigation 

found that aggregates containing a high content of shale and chert were mixed with a high-alkali 

content cement, which caused the deleterious expansion [2]. This discovery led to the thought that 

aggregates in concrete may react with minerals in cement and cause expansion of concrete and then 

further deterioration [2]. In subsequent research, the reaction was named as ASR, which indicated 

the nature of this reaction. Since then, researchers have been aware that the deterioration of portland 

cement concrete structure can be caused by alkali-silica reaction.   

Until 2000, ASR was reported by over 50 countries all over the world [3]. The discovery 

of ASR brought attention on aggregate and cement used in concrete, specifically the mineralogy of 

aggregates and alkali content of cement. This discovery also placed further importance on 

aggregate selection and mitigation measures for construction. The mechanism of expansion caused 

by ASR is still under investigation. It is believed that the expansion is as a result of the formation 

of a hygroscopic gel (more recently termed reaction product to be all encompassing) which can 

imbibe water and then expand. The gel is formed by the reaction between certain siliceous 

components in aggregates and the alkalis of the concrete pore solution.  The amount of gel varies 

among different types of aggregate.  

Concrete suffering from ASR can have features such as cracking, expansion, gel exudation, 

and pop-outs. However, none of these features can be used to confirm the occurrence of ASR [4]. 

Confirmation of ASR requires a combination of field inspection and laboratory evaluation. The 

development of cracking has been regarded as one of the most important indicators to identify the 

possibility of ASR in field concrete. The cracking develops in irregular polygons with arbitrary 

boundaries [4]. This type of cracking usually described as “map cracking” [4].  
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2.1.2. Reaction Chemistry 

Whenever cement contacts with water, hydration of cement particles starts. During the 

process of hydration, hydrates such as C-S-H, CH, AFt and AFm form, and then the aqueous phase 

become disconnected, which forms a porous structure. Any remaining fluid accommodated in the 

pores which is not involved in hydration is termed as pore solution. The nature of ASR in concrete 

is the reaction between reactive silica in aggregates and alkali dissolved from cement when pore 

solution functions as a transferring medium [5]. The dissolution of silica can be expressed by 

equation (1) [6]: 

𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂 → ≡ 𝑆𝑖 − 𝑂𝐻 ∙∙∙ 𝑂𝐻 − 𝑆𝑖 ≡  (1)  

In the first step, silica is dissolved by hydroxyl attack to form silanol groups on the surface 

[6]. Then in an alkaline environment, hydroxyl ions attack the silanol group to form the monomer 

as shown in equation (2) [7]: 

≡ 𝑆𝑖 − 𝑂𝐻 + 3𝑂𝐻− → 𝑆𝑖(𝑂𝐻)4 (2) 

The monomer subsequently reacts with an alkali metal, such as Na+ and K+, for ion 

exchange which also decreases the pH. This process can be described by equation (3) [7, 8]: 

𝑆𝑖(𝑂𝐻)4  +  𝑀+ → (𝑂𝐻)3 ≡ 𝑆𝑖 − 𝑂−  ∙∙∙  𝑀+ + 𝐻+  (3) 

Previous research also showed that the existence of Ca is critical to form expansive ASR 

gel. Therefore, this process can be described by equation (4) [7, 8]: 

2(𝑂𝐻)3 ≡ 𝑆𝑖 − 𝑂−  ∙∙∙  𝑀+ + 𝐶𝑎2+  →  (𝑂𝐻)3 ≡ 𝑆𝑖 − 𝑂 ⋯ 𝐶𝑎 ⋯  𝑂 − 𝑆𝑖 ≡ (𝑂𝐻)3 +

2𝑁𝑎+ (4) 

Accordingly, the pre-requisites of ASR occurrence are sufficient alkali content, reactive 

silica components in aggregates and adequate moisture. Figure 2.1 shows three essential 

components for the occurrence of ASR.  
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Figure 2.1 Three essential components for ASR occurrence (adopted from Shon [9]). 

As shown in Figure 2.1, all three components must exist at the same time. Eliminating any 

one of them, ASR can hardly occur. The existence of Ca helps with forming expansive ASR gel. 

More details will be discussed in section 2.1.3. In this section, these three components and their 

role in ASR will be discussed. The detailed reaction chemistry, gel composition and how these 

impact the ASR gel behavior will also be covered. 

2.1.2.1. Alkali  

The source of alkali  

In concrete, the primary source of alkalis is from cement. In portland cement, alkalis 

(sodium and potassium) are mainly from the argillaceous materials [4] [10]. Potassium could be 

present if mica or illitic clay is used in raw materials [4] [10]. If feldspar exists in the raw feed, 

sodium, potassium or both are expected in clinker [5]. The sodium and potassium in cement can be 

categorized into two types based on its solubility: water-soluble and water-insoluble. During 

manufacturing of cement, due to high vapor pressures at clinkering temperature, some of the alkalis 

are trapped in clinker and some form a coating on the surface of the clinker grains as alkali sulfates 

[5]. When mixing in concrete, alkali sulfates dissolve faster than the “trapped” alkalis and are 

converted to alkali hydroxides; the “trapped” alkalis will be available slowly with time [5].  Soluble 
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alkalis besides sulfates seldom exist in cement. The alkali content in cement can be described by 

equivalent sodium oxide content (Na2Oeq), which is expressed by equation (5) [5]:  

𝑁𝑎2𝑂𝑒𝑞 = 𝑁𝑎2𝑂 + 0.658 𝐾2𝑂 (5) 

In portland cement, the Na2Oeq can vary typically between 0.3% and 1.5% of the total 

cement content. Previous research indicated that using low-alkali content can be an option to 

mitigate ASR in concrete [11, 12]. The threshold alkali content was established in several countries. 

According to Canadian Standards Association (CSA), when the Na2Oeq is lower than 3.0 kg/m3, it 

is effective to prevent ASR for concrete with most reactive aggregate types and exposed to the most 

severe exposure conditions [11]. The guideline also provides a range of 1.8  to 3.0 kg/m3 to cope 

with a situation of different reaction conditions [11]. In New Zealand, the suggested alkali threshold 

is 2.5 kg/m3 for normal concrete [12]. The idea of alkali threshold was addressed in different studies 

in the previous literature. And a value of 0.30 N was reported by Kollek [13]. However, based on 

the research by Dunchesne, the threshold was reported to be 0.65 N [14]. These discrepancies could 

be due to the variability of material used in research. However, using low-alkali cement on its own 

may not be enough to suppress deleterious expansion; other mitigation are also suggested to achieve 

a better effect [15].   

 Previous research also indicated that not all alkalis will cause the expansion of concrete 

[16]. LiOH reacts with reactive silica in a different way and to a different extent, which shows 

inhibition effect on the reaction. The specific role of lithium in ASR mitigation will be discussed 

in 2.2.4. 

2.1.2.2. Reactive Silica  

In a 1944study done by Hanson, different forms of silica were selected to react with alkali 

of the same concentration and the percentage of dissolved silica was measured [17]. Results showed 

that the rate of dissolution varied significantly among different types of silica. Hanson also made 

the hypothesis that the expansion was caused by osmotic pressure initiated by drawing water into 

concrete [17]. Subsequently, in a study done by Powers, the hypothesis of expansion caused by 

osmotic pressure was confirmed [18]. Several decades later, based on the theory of surface 

chemistry, the double-layer theory was introduced to explain the expansion of ASR gel [8].  

As mentioned above, reactive silica is one of the major contributors to the occurrence of 

ASR. The use of aggregates in concrete is usually according to local availability due to the ease of 

transportation and low cost. The uncertain geological history and the complexity of mineralogy can 
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bring difficulties on analyzing the composition of aggregates. However, since there is a large 

proportion of silica in the earth crust, it can be expected that the majority of natural aggregates 

contain silica [5]. An aggregate free from silica is believed to be safe from ASR as the reaction will 

not occur. Selecting appropriate aggregates for a specific construction project is the first step for 

preventing ASR. Accordingly, Table 2.1 shows different types of aggregates which have been 

identified as reactive in previous research [3]. 

Table 2.1 Potentially alkali-reactive mineral phases and rocks [3] 

A. Alkali-silica reactive materials and rocks 

A-1. Alkali-reactive, poorly crystalline, or metastable silica minerals and volcanic or artificial glasses (classical alkali-

silica reaction) 

Reactants Opal, tridymite, cristobalite 

Acidic, intermediate, and basic volcanic glass 

Artificial glass (e.g., common glass, steel slag, pyrex), beekite 

Rocks Sedimentary rocks containing opal, such as shale, sandstone, silicified rock, some chert and 

flint, and diatomite 

Glassy to vitrophyric volcanic rocks: acidic, intermediate, and basic, such as rhyolite, dacite, 

latite, andesite and their tuff, perlite, obsidian, all varieties with a glassy groundmass, some 

basalt 

A-2. Alkali-reactive quartz-bearing rocks 

Reactants Chalcedony, cryptocrystalline, microcrystalline quartz 

Macrogranular quartz: with deformed crystal lattice, rich in inclusions, intensively fractured 

or granulated, with microcrystalline quartz at grain boundaries 

Rocks Chert, flint, quartz vein, quartzite, quartzarenite, quarzitic sandstone, siliceous limestone  

Volcanic rocks such as in A1, but with devitrified, cryptocrystalline to cryptocrystalline 

quartz, or significant amounts of moderately to highly strained quartz: 

Igneous: granite, granodiorite, charnockite 

Sedimentary: sandstone, greywacke, siltstone, shale, siliceous limestone, arenite, arkose 

Metamorphic: gneiss, quart-mica schist, quartzite, hornfel, phyllite, argillite, slate 

B. alkali-carbonate reactive rocks 

Reactants Dolomite (by dedolomitization) 

 Active clay minerals (illite) exposed after dedolomitization 

Rocks Argillaceous dolomitic limestone 

 Argillaceous calcitic dolostone 

 Calcitic dolostone 

 

Table 2.1 summarizes the commonly known alkali-silica reactive aggregates. Aggregates 

categorized as reactive were due to their mineralogical composition, microstructural texture, and 
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provenance based on petrography examination and lab performance tests [19]. Silica, as an 

amphoteric material, dissolves when the environment is highly acidic or alkaline and dissolves less 

around neutral pH environment [20]. Reactive silica can be categorized into two types: crystalline 

silica polymorphs and poorly ordered silica [5]. The crystalline silica polymorphs have a more open 

and less dense structure compared with the structure of non-reactive silica. For example, quartz, 

one of the primary forms of silica polymorph, is considered to be relatively stable due to its strong 

cross-linking and relatively high density.  However, not all crystalline silica performs similarly in 

the presence of alkali. Cristobalite and tridymite, forms of silica, which form at a higher temperature 

with less dense structures tend to be more reactive than quartz when alkalis are present [5]. In 

general, minerals such as microcrystalline, cryptocrystalline quartz, tridymite, cristobalite and 

amorphous silica were reported to be unstable in alkaline solution [21]. Thus, the high pH 

(12.5~13.5) of concrete pore solution will lead to the instability of these different forms of silica 

and further cause the reaction. 

In addition, silica with disordered framework also shows instability when alkalis are 

present. The disordered silica is not easily detected by X-ray Diffraction (XRD) due to their low 

degree of crystallinity. The accuracy of petrography is also highly dependent on operator’s 

experience and background knowledge on geology. Traditionally, rocks are classified into three 

types: igneous, sedimentary, and metamorphic. Basalt as a commonly used igneous rock in concrete 

that shows deleterious reactivity [22]. Basalt is reactive because its major phase, montmorillonite, 

generates soluble silica during the reaction with calcium in pore solution and forms expansive 

products [22]. A study completed by Velasco-Torres et al. showed that the expansion caused by 

granitic aggregates was due to the fast dissolution of microcrystalline silica and the presence of 

microcracks [23].   

Test methods for reactivity 

Besides petrography, other performance test methods such as accelerated mortar bar test 

and concrete prism test can be used to evaluate the reactivity of the aggregates. The Canadian 

Standards Association (CSA) has specifications to explain the result of these tests. As a standard 

practice to determine the reactivity of aggregates, CSA 23.2-27A provides step by step instructions 

on materials selection to reduce the potential risk of AAR [11]. Correspondingly, ASTM approved 

ASTM C1778 in 2014 to provide guidance in reducing the risk of AAR [24]. Accordingly, ASTM 

C1293 (CSA A 23.2-14A) and ASTM C1260 (CSA A23.2-25A) can be used as test methods to 

determine the ASR potential for aggregates. Expansion limits are 0.04% at one year for ASTM 
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C1293 and 0.10% at 14 days for ASTM C1260 respectively (0.15% according to CSA A 23.2- 

25A) [10] [25, 26]. However, conflicts may exist between two tests results, which means some 

aggregates may pass one test but fail in the other one. The explanation of test results will be 

discussed in 2.3.1. 

Aggregate size and shape 

Reactivity of aggregates is also dependent on their size and shape. The influence of 

aggregate particle size on ASR-induced expansion was reported in Stanton’s research in 1940 [2]. 

Stanton showed that the expansion increased as the surface area of reactive aggregate increased [2]. 

Diamond and Thaulow reported that opal aggregate can yield a faster and larger expansion when 

aggregate size was between 20-125 µm [27].  Zhang also showed that for siliceous aggregates, 

when the aggregate size was within the range 0.15-10 mm, the expansion increased with the 

decrease of aggregate size [28]. In addition, the research conducted by Ramyar showed that the size 

effect of reactive aggregates was more pronounced when crushed aggregates were used [29]. A 

previous study also indicated that when aggregates were fine enough, they were beneficial in 

limiting expansion since the aggregates can act as pozzolans in the system by providing a reactive 

source of silica [30]. Vivian et al. reported that when the aggregate size was small enough to pass 

the #300 sieve, it could help with limiting ASR expansion [30-32]. Cyr et al. showed that ground 

reactive aggregates showed effectiveness in reducing ASR expansion [31]. According to this 

research, the effectiveness of expansion reduction increased with the increase of replacement level 

through a high-temperature (up to 127°C) autoclave test [31]. Similar results were reported in 

Poyet’s and Rajabipour’s research that with additions of smaller size aggregates from the same 

source, the expansion was reduced [32, 33]. 

2.1.2.3. The role of water  

When ASR occurs, moisture plays an important role as an agent for alkali ions such as Na+ 

and K+ to transport, which facilitates the reaction [32]. In addition, moisture condition is necessary 

to ASR as the hygroscopic nature of the ASR gel. Water gets involved in the deterioration process 

as a reactant through being absorbed by ASR gel which then causes an expansion of concrete [32].  

Moisture and relative humidity 

Concrete structures under an environment with sufficient moisture are susceptible to ASR 

attacks, such as bridge piers, dams, sidewalks, retaining walls, etc. The effect of water and moisture 

conditions has been widely investigated. Research showed that relative humidity influences the 
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development of ASR, and a threshold of external relative humidity may exist to restrain the ASR 

process. Nilsson pointed out that ASR did not occur when external relative humidity dropped below 

80% [34]. In addition, Ludwig reported that the relative humidity threshold could vary between 

80% and 85% at 20°C [35]. Olafsson et al. showed that the threshold of relative humidity changed 

with the change of temperature [36]. The test conducted by Tomosowa et al. also showed that the 

external relative humidity had a significant impact on concrete swelling, and the specimens 

expanded with the increase of external relative humidity when it ranged from 75% to 100% [37]. 

Experiments conducted by Larive showed that water motion was not affected by the occurrence of 

ASR since reactive specimens did not absorb more water than non-reactive specimens [38]. 

Research also showed that the swelling stopped when relative humidity dropped, but it recovered 

when sufficient moisture was supplied [38]. This was also confirmed by Steffens through modeling 

and field case analysis. The swelling cannot occur when water supply was insufficient, and the gel 

still formed but lost its capacity to swell [39]. Deleterious reaction only occurs when the formed 

gel combines water [39].  Nilsson proposed that the threshold of relative humidity should be around 

90%, at which, the most severe damage or expansion was observed [34]. Nilsson also showed that 

as the decrease of ASR gel viscosity when the relative humidity increased to above 90% [34]. The 

gel became more flowing and could penetrate the cement matrix without causing expansion [34].  

However, this conclusion was obtained under the controlled wet-drying cycle [34]. In addition, 

tracking the internal relative humidity is critical in the field as the internal relative humidity can 

still remain above 80% when the external relative humidity drops below 80%.  

Pore solution in concrete  

Besides the external relative humidity, understanding the role of pore solution in concrete 

is also crucial to explain the reaction process and mechanisms of expansion. The internal moisture 

is important for the dissolution of cement particles, chemical reaction and formation of amorphous 

gel [39].  Pore solution has a complicated chemical composition. Therefore, the status of pore 

saturation, alkalinity of pore solution and moisture content can show impacts on the formation of 

ASR gel and its swelling properties. Researchers tested the moisture content of specimens to relate 

the pore solution inside concrete with the reaction. Larive showed that specimens with reactive 

aggregates showed expansion even if the specimens were well wrapped to prevent the migration of 

moisture [38]. Kurihara revealed that the expansion could be inhibited by controlling the moisture 

content in the mortar, and an internal moisture content around 7 to 8 wt% was effective [40]. 

Tomosawa proposed that the internal moisture content should be kept below 4 wt% to prevent the 

expansion caused by reaction [37].  
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2.1.2.4. Pessimum Effect 

Although alkalis are critical to trigger ASR, it does not mean the higher the alkali content 

is, the more severe the reaction will be. In ASR, the term “pessimum” can be used to describe either 

the aggregate content which causes the maximum expansion (pessimum proportion) or the alkali 

content which causes maximum expansion [4, 41].  Therefore, the aggregate content or the alkali 

content at the pessimum corresponds to the highest expansion. 

According to Stanton, the expansion created by reactive aggregates can reach a maximum 

value when the ideal amount of reactive aggregates is combined with an ideal amount of alkali 

(from portland cement) [2]. Figure 2.2 illustrates the concept of pessimum. There is no expansion 

observed in section A and D, and the expansion increases linearly with the increase of reactive 

silica proportion in section B and an opposite trend is shown in section C [42]. 

 

Figure 2.2. Illustration of pessimum (the figure is adopted from Hobb’s publication [42]). 

According to previous research, a possible explanation for this phenomenon is that due to 

the increase of reactive aggregates fraction, the available alkali is consumed during the continuation 

of the reaction. Another explanation could be a large quantity of reactive aggregate consumes alkali 

quickly in an alkali silicate reaction thus limiting available alkalis to further the reaction or resulting 

in damaging expansion [30]. However, a study showed that pessimum was observed when reactive 

silica content was below 2.5% by mass of the total aggregate [42]. A pessimum effect was found 
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when siliceous limestone aggregates were used for ASR research [43]. The study also found that a 

mixture with a combination of non-reactive aggregate and a reactive fine aggregate showed a higher 

expansion than a mixture with both reactive fine and coarse aggregate [43].  

On the other hand, due to the variances between in-situ and lab concrete, the behavior on 

pessimum can vary significantly. Gao reported that the pessimum can be affected by specimen size 

and aggregate particle size [44]. For specimens which were large enough, there were no pessimum 

effects observed. In addition, when the ratio of the size of specimen over aggregate was above 100, 

the pessimum effect was less observed [44]. 

2.1.3. Gel Chemistry  

2.1.3.1. Gel Formation 

As introduced above, the ASR gel forms when reactive silica reacts with alkalis in pore 

solution. Therefore, it is important to understand the mechanism of ASR gel formation. Research 

completed by Diamond showed that ASR attack was mainly due to the existence of hydroxide ions 

but not simply due to the existence of alkali cations in pore solution. However, the content of 

hydroxides was largely determined by the content of alkali cations [27].  

The mechanism of ASR gel formation and its composition is still under investigation. 

Among current theories and assumptions, the double-layer theory proposed by Prezzi, is one of the 

most discussed theories. According to this theory, once silica interacts with alkalis in pore solution, 

silica depolymerizes and attracts a layer of sodium and potassium onto the surface of negatively 

charged silicate group. A system composed of colloidal silicate particles will gather to form 

suspensions and further the gels. During this process, repulsive forces and Van Der Waals forces 

are a pair of forces determining the kinetics of gel formation. When particles are close enough, Van 

Der Waals force will be dominant to facilitate the agglomeration of ASR gel, and repulsive force 

dominates when particles are far apart [8]. Thomas also showed that the formation of ASR gel 

involving the recycling of alkali, which keeps the reaction going even at the later age [45]. 

2.1.3.2. Gel Composition 

According to the reaction process, the ASR gel is a product with K, Na, Ca, Si, Mg and 

H2O. However, the stoichiometry is still not fully understood. According to previous research, the 

molar ratio of (Na2O+K2O)/SiO2 ranges from 0.05 to 0.6, and (CaO+MgO)/SiO2 ranges from 0 to 

0.2 [46-48]. ASR gel composition can vary significantly depending on where the gel is formed [19, 
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46, 49]. Knudsen and Thaulow showed that the ASR gel residing in cracks far from the reaction 

site had about 20% CaO in it, whereas the ASR gel in aggregates showed a lower CaO content [46]. 

Diamond also reported that ASR gel had a variable Ca/Si due to its complicated reaction 

mechanisms [50]. Thomas reported that in a seven-year-old concrete, the ASR gel in the aggregates 

had a Ca/Si of 0.25 and the Ca/Si was observed to be up to 1.30 for the ASR gel within the paste 

[45].  

The role of Ca in ASR has been discussed for decades. It is believed that the presence of 

Ca will influence the expansion properties of ASR gel. But controversy exists on how Ca influences 

the expansive behavior of ASR gel.  

One theory purports that when Ca exists in the system, it creates a more expansive gel; for 

a system with little Ca, even if ASR occurred, little expansion can occur [45, 47, 51]. Hou et al. 

found that the gel formation process included multiple stages, which included the formation of C-

S-H gel and A-S-H gel. The expansive A-S-H gel was not be able to form unless the Ca in the 

system was consumed to generate C-S-H [47, 52]. Hou et al. also concluded that the formation of 

ASR gel was similar to the pozzolanic reaction [47]. Leemann et al. revealed that the presence of 

Ca accelerated the dissolution of Si [53]. According to this study, with an increase of portlandite, 

the percentage of Q4 sites (by NMR) showed a significant decrease, which means less unreacted 

silica was detected [53]. Furthermore, Thomas confirmed that the impact of Ca on expansion, and 

the study found that with the existence of Ca, the recycling of alkali was initiated which supported 

the continuation of the reaction. Leemann also reported that when Ca/Si ratio was between 0.2 and 

0.3, the expansion potential was expected to be the highest [53]. A study completed by Wang and 

Gillott reported that in the system with CH, alkali ions diffused faster than Ca2+ to form alkali-silica 

group then caused expansion [54]. Meanwhile, Wang concluded that the role of Ca in ASR was (1) 

providing OH- during the reaction to maintain high pH value; (2) exchanging with Na+ and K+ in 

ASR gel to release more alkali metal ions to form expansive ASR gel [54].  

Another theory was developed based on the double-layer theory, in which, Ca2+ replaced 

Na+ and K+ on the double layer, and less expansion was expected due to smaller pressure and 

smaller cation radius [8, 55]. Powers and Steinour reported that with the existence of Ca, a non-

expansive lime-alkali compound formed to separate the unreacted silica and alkali in the system to 

prevent further attack [56]. Based on this theory, the swelling properties depended on the amount 

of lime; the lower the Ca content was, the more expansive ASR gel was. Based on the double-layer 

theory, Monteiro et al. showed that the higher the CaO / Na2Oeq was, the more lowly-expansive 
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gels formed [55]. However, the conclusions were made based on the usage of supplementary 

cementitious materials (SCMs). Chatterji showed that the diffusion of ions dominated the reaction. 

In this process, Ca2+ controlled the rate which dissolved silica diffused away from aggregate grain 

and limited the intrusion of external ions such as Na+ and K+, therefore, controlled the reaction [57]. 

    

2.2. ASR Mitigation  

ASR can cause severe damage to concrete structures, and once the reaction initiates, it is 

usually very difficult if not impossible to stop the reaction. Therefore, developing strategies to 

mitigate ASR is critical. According to the three pre-requisites of ASR, current mitigation 

technologies involve reducing the alkali content and reactive silica, limiting or binding alkali in the 

system, altering the gel composition and controlling the external moisture. Therefore, commonly 

used mitigation methods include: using low alkali content cement, using non-reactive aggregate 

(non-reactive silica), incorporating supplementary cementitious materials (SCMs) and 

incorporating lithium salts. Among all the mitigation methods, the idea of using low-alkali content 

cement and non-reactive aggregate can be easily understood. These methods eliminate or reduce 

the amount of alkali or reactive silica in concrete, thus, preventing the occurrence of ASR. 

However, the availability of low-alkali cement and non-reactive aggregates are limited to most 

projects due to the constraint of local resources and transportation costs. In this case, other 

techniques such as replacing cement by SCMs or adding lithium nitrate as additives have been 

considered as alternatives for ASR mitigation. In this section, traditional ASR mitigation 

techniques are introduced. Specifically, current research on commonly used SCMs and their 

mechanisms to mitigate ASR will be discussed. Additionally, using lithium compounds to mitigate 

ASR will also be covered in this section.  

2.2.1. Non-reactive Aggregate 

Since ASR is the reaction between reactive silica in aggregate and available alkali in 

concrete, ASR can be eliminated by using non-reactive aggregates. However, there are three major 

concerns for using non-reactive aggregates to mitigate ASR. (1) Availability of aggregates: The 

availability of non-reactive aggregates is usually subjected to local geographical characterization 

and ease of transportation. (2) Verifying reactivity: Different experimental methods can be used to 

identify the reactivity of aggregates. Commonly used methods include the accelerated mortar bar 

test and concrete prism test. These tests can be used together to identify the reactivity of aggregates. 
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ASTM C1778 also includes a prescriptive way to evaluate the potential risk ASR with an aggregate 

source [24]. However, the applicability of current test methods is controversial. Detailed 

discussions on current experimental methods and their pros and cons will be discussed in section 

2.3.1. (3) Other properties of non-reactive aggregate: For structural construction, resistance on ASR 

is not the only issue of concern. Other properties such as hardness, surface area and bonding with 

cement paste will all have impacts on concrete performance. 

2.2.2. Low-alkali Content Cement 

Using cement with low-alkali content is one viable method to mitigate ASR. As most of 

the alkalis in concrete come from cement, cement with a low content of alkali could be effective in 

mitigating ASR. According to ASTM C150-16, equivalent alkalis of portland cement should be 

kept below 0.60% [58]. ASTM C1778 also provided the maximum alkali loading for concrete with 

different types of aggregates and subjected to various exposure conditions [24]. However, limiting 

alkali-content of the cement on its own may not be sufficient to suppress ASR-induced expansion 

in some cases. 

2.2.3. Supplementary Cementitious Materials (SCMs) 

SCMs including fly ash, granulated blast-furnace slag, silica fume and metakaolin are four 

commonly used SCMs to mitigate ASR. The general idea of using SCMs to mitigate ASR is 

because their ability to bind alkali in concrete when more C-S-H (or CH) are produced. 

Additionally, CH is consumed through pozzolanic activity thus reduces pore solution pH. However, 

the binding ability and mechanism of alkali binding process is different for each SCM.  

2.2.3.1. Fly Ash 

In 1981, Diamond showed that fly ash can reduce the alkalinity of pore solution. Since 

then, the use of fly ash to mitigate ASR has been widely studied [59]. Now fly ash is used as an 

effective material to mitigate ASR according to current lab results and field experiences. This 

mitigation method has been adopted by some countries to control disruptive expansion caused by 

ASR [11, 12, 60-62]. According to a study by Dunstan, pessimum effect was observed when the 

fly ash was used to partially replace the cement [63].  The ASTM C441 was used to assess the 

efficacy of the fly ash, and an increase in the expansion was observed when replacement level was 

below 5%. However, the expansion decreased when the replacement level exceeded 5% [63]. Based 

on a study conducted by Shehata et al., fly ash was reported to be effective in mitigating ASR. 

However, the mitigation efficacy varied due to the differences in the composition of fly ash [61]. 
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Previous studies also found that due to the presence of fly ash, a reduction in alkalinity of pore 

solution and a decrease of Ca/Si were observed [14, 64, 65]. Confirmed by Bleszynski et al., when 

cement was replaced by fly ash at a 40% level, expansion caused by ASR may be prevented [66]. 

In general, alkalinity reduction in concrete pore solution has been reported as one of the major 

mechanisms. Another explanation was the consumption of CH to form C-S-H, and alkalis were 

bound during this process. 

Fly ash composition 

Previous studies also found that the differences in the composition of fly ash had an impact 

on mitigation efficacy [61, 64, 66, 67]. These studies showed that the CaO content in fly ash can 

influence the mitigation efficacy. Dunstan reported that a mortar mixture with  fly ash containing 

a higher content of CaO showed a higher expansion compared to a mixture with a low-CaO fly ash 

at the same replacement level [63]. Shehata reported that a higher replacement level was required 

when the fly ash with a higher CaO content was used [64]. In addition, concrete with the fly ash 

containing a high CaO content was reported to show high alkalinity in pore solution [64]. 

Bleszynski et al. showed that calcium gels were more solid when compared to silica gels, which 

were more dispersible to alleviate the internal pressure [66]. Shehata also reported that 

(CaO+10×Na2Oeq)/SiO2 can be used to describe the concentration of OH-  in pore solution [64]. 

2.2.3.2. Silica Fume 

Silica fume has been widely used as an SCM in concrete to refine concrete microstructure 

and improve concrete strength. Due to its small particle size, high silica content and high surface 

area, silica fume has been used as an effective pozzolan in concrete mixtures [68]. In Iceland, silica 

fume has been used for nearly 40 years to control ASR in concrete [69]. Silica fume is effective in 

improving concrete durability such as decreasing water permeability, reducing chemical diffusion 

as well as improving resistance to corrosion. However, debates still exist on the efficacy of different 

types of silica fume and its long-term performance on ASR mitigation [70]. 

Previous research revealed that silica fume was effective in mitigating ASR due to its 

ability to bind available alkalis in pore solution and further limited the attack on amorphous silica 

[71]. According to the study of Boddy et al., undensified and slurried silica fume performed better 

than other types of silica fume [70]. In addition, if silica fume was used alone for ASR mitigation, 

4% replacement level were insufficient to control ASR, and silica fume was not able to control the 

expansion caused by highly reactive aggregates [70]. In the research conducted by Shehata and 

Thomas, it was observed that silica fume bound alkali rapidly; it was assumed that this reaction 
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mechanism was similar to ASR [72]. Shehata and Thomas also reported that the alkalis bound by 

silica fume returned to the system due to the exchange of alkalis and calcium when ASR gel formed 

[72]. On the other hand, dispersing silica fume particles in a mixture had an impact on its efficacy 

of ASR control. St John found that silica fume with high density was easily lumped and could be 

ASR reactive when the lump was larger than 30 µm [73]. Due to this issue, researchers showed 

concerns on using of silica fume alone to mitigate ASR in concrete.  

2.2.3.3. Ground Granulated Blast-Furnace Slag (GGBS)  

Compared to fly ash and silica fume, the replacement level for GGBS can range from 25% 

to 60% [74]. According to Thomas et al., GGBS showed an effect in limiting the ASR-caused 

expansion. However, the minimum replacement level is yet to be established due to the variance of 

cement and aggregate type [74]. According to CSA 23.2-27A., a minimum of 50% GGBS should 

be used when exceptional prevention is required, whereas 30% low CaO fly ash or 35% high CaO 

fly ash is required for the same situation [11]. Hester’s research showed that 50% GGBS was 

effective in limiting expansion caused by ASR in concrete [75]. Gifford et al. showed that activated 

slag cement was able to limit the expansion caused by ASR in concrete, however, for highly 

reactive aggregates, the expansion still exceeded the 0.04% [76]. In addition, Stark et al. showed 

that with GGBS, structure of the ASR gel was altered, which was less expansive, thus delayed the 

expansion [77]. A possible issue about using GGBS for ASR mitigation was its internal alkali 

content. However, Hester revealed that the alkali content in GGBS had little impact on triggering 

ASR in concrete [75].  

2.2.3.4. Metakaolin 

Metakaolin is another effective SCM to mitigate expansion caused by ASR [78-81]. 

According to Ramlochan, 20% metakaolin was effective in reducing the concentration of OH-, K+ 

and Na+ in pore solution [79]. Similarly, research completed by Gruber showed that 15% to 20% 

of metakaolin was effective in mitigating ASR in concrete [78]. Test run by Walters and Jones 

showed that concrete with 10% metakaolin or higher was effective in controlling ASR-induced 

expansion [81]. Metakaolin has a high content of SiO2 and Al2O3, which facilitates pozzolanic 

reaction in concrete and consumes portlandite. In addition, Al has been reported to have an 

influence on suppressing ASR [82, 83]. As a material with high content of Al, metakaolin has the 

advantage in mitigating ASR due to its chemical composition. The mechanism of Al on ASR 

mitigation is still under investigation. Possible assumptions include (1) alteration of C-S-H 

structure; (2) lowering pH in pore solution and (3) the Al absorbed on the surface of reactive silica 
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slows down the dissolution rate [83]. In addition, besides metakaolin, calcined clays from various 

sources were studied in their efficacy to mitigate ASR. Li et al. showed that the ASR mitigation 

efficacy is determined by the composition and mineralogy of the investigated calcined clays [84].  

2.2.3.5. Others 

Besides commonly used SCMs listed above, other SCMs including rice husk, zeolite, 

ground clay brick and waste glass were also studied to assess their role for ASR mitigation [85-89]. 

Similar as commonly used SCMs, these materials can be utilized as pozzolans to reduce alkalinity 

in pore solution and consume portlandite. However, the applicability of these materials and their 

influence on other concrete properties still need further investigation.  

2.2.3.6. Ternary System 

Previous studies found that if two or more types of SCMs were combined properly, better 

efficacy could be achieved in improving concrete durability when compared to a single SCM [90-

92]. As stated above, silica fume was more effective in reducing alkalinity in pore solution at an 

early age but less effective at later ages. On the contrary, fly ash is effective at later ages. Using 

ternary system can take advantage of both materials to optimize the effect [72]. Thomas et al. 

showed that when silica fume and Class F fly ash were both used in a system, ASR expansion was 

better controlled than when only one of them was used [93]. Lane et al. showed that with a 

replacement of 15% fly ash and 2.5% silica fume that the expansion was controlled to below 0.04% 

after a two-year test [94]. According to Shehata, concrete with 5% silica fume and 10-30% fly ash 

(different types) were effective in limiting ASR-induced expansion [72].  

Shehata also pointed out that if the SCM(s) can keep alkalinity in pore solution below 0.6 

mol/L at two years, ASR can be mitigated. Duchesne also found that expansion was suppressed at 

two years when the alkalinity in pore solution was below 0.65 mol/L [14]. Nagataki and Wu also 

reported that concrete with 10% silica fume and 30% GGBS had lower alkalinity than the reference 

group [95]. However, Thomas and co-workers found that Class C fly ash had little influence on 

pore solution alkalinity when incorporated with silica fume [93].  

For some cases, a ternary system was not always more effective than a binary system. In  

concrete prism testing completed by Moser, concrete with 8% metakaolin and 25% fly ash did not 

perform better in limiting ASR expansion than the concrete with only 8% metakaolin [96]. 
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2.2.3.7. Chemical Index 

As introduced above, chemical compositions of SCM have an impact on the efficacy of 

ASR mitigation. Chen et al. showed that when SCMs contained a high level of SiO2+Al2O3+Fe2O3, 

they were effective in mitigating ASR [97]. In addition, a “chemical index” was reported by 

Thomas [67]. Major chemical compositions in binder phases were considered in the chemical index 

[67]. The chemical index was expressed as (Na2Oeq × CaO) / (SiO2)2, which can be used to correlate 

the alkalinity of pore solution with the chemical compositions of binder [67]. However, the role of 

Al was not considered in this chemical index [67]. Thomas also reported another empirical index, 

(Na2Oeq)0.33 ×CaO / (SiO2)2
, to correlate the two-year expansion and the chemical compositions 

[67]. 

2.2.4. Lithium Salts  

Another viable approach to mitigate ASR expansion is using lithium compounds. The 

research of using lithium in concrete to control the ASR expansion has been initiated since 1951 

by incorporating both air-entrainer and Li2CO3 [98, 99]. Among all the investigated lithium 

compounds, LiNO3 has been regarded as the most effective one [99-106]. However, the mechanism 

that lithium nitrite can mitigate ASR expansion has not been fully understood [103].  

2.2.4.1. Compounds 

Previous studies examined different lithium compounds, including LiOH, LiCl, Li2CO3, 

LiF, Li2SiO3, LiNO3, and Li2SO4 on their efficacy to reduce ASR-caused expansion. However, not 

all compounds were effective, and the results varied when the dosage of lithium compounds 

changed. According to Kawamura et al., a small amount of LiOH and Li2CO3 could even lead to 

negative results [104]. However, LiNO3 showed superior effect than other lithium salts in 

controlling ASR [98, 102, 103, 107].  

2.2.4.2. Possible Mechanism 

Vivian and Lawrence reported that the composition and structure of ASR gel were altered 

when lithium salts were incorporated [16]. The investigated ASR gel was less expansive and the 

aggregates were protected from further alkali attacks [16].  Feng further explained that crystalline 

Li2SiO3 and a Li-bearing, low Ca silica gel were the reaction products which prevented the attack 

of alkali [103, 107].  
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In addition, lithium was found to have an impact on the rate of silica dissolution. According 

to Lawrence and Vivian, silica dissolution rate was lower in LiOH when comparing with NaOH 

and KOH [16]. Bulteel also confirmed that, in a simulated concrete pore solution, lower amounts 

of ASR were observed when LiOH were compared with NaOH and KOH [108]. When LiOH was 

added, an increase in dissolved silica was observed compared to LiCl and LiNO3, but no increase 

in the expansion was observed [100]. Collins et al. showed that when LiNO3 was added to a 

manufactured silica slurry, a lower concentration of dissolved silica was observed [100]. Diamond 

and Stokes revealed that lithium nitrate kept the alkalinity of pore solution stable, but lithium 

hydroxide increased the alkalinity of pore solution [105, 106]. By comparing LiOH and LiNO3, 

Diamond found that when LiOH was incorporated, a clear increase in pore solution alkalinity was 

observed, but only a slight increase was observed in the pore solution of the mixture with LiNO3 

[105]. 

2.2.4.3. Dosage 

Besides the types of lithium compounds, the dosage of lithium in a concrete system is 

another important factor affecting mitigation efficacy. The influence of molar ratio (expressed as 

[Li+]/([K+]+[Na+])) were studied. Durand showed that a molar ratio of 0.83 for LiOH·H2O, LiF, 

and Li2CO3 was required to mitigate ASR [109]. Bian found that a molar ratio of 0.80 was effective 

to inhibit the ASR-induced expansion [110]. Thomas et al. found that a molar ratio of 0.74 for 

LiNO3 was enough to suppress ASR expansion caused by flint sand and greywacke aggregates, 

however, a higher amount of lithium may be needed for siltstone aggregates [111]. Collins reported 

that 0.60, 0.80 and 0.90 were the molar ratio threshold for LiOH, LiNO3, and LiCl respectively 

[100]. 

2.3. Test Methods Evaluation 

2.3.1. Evaluation of Reactivity Test Methods 

Petrography (ASTM C295, RILEM AAR-1), potential alkali-silica reactivity test (ASTM 

C289), accelerated mortar bar test (ASTM C1260), concrete prism test (ASTM C1293) and 

exposure blocks can all be used for evaluating the reactivity of an aggregate. Among these test 

methods, petrography test and potential alkali-silica reactivity test can generate results within a few 

days. The results of ASTM C1260 can be obtained in two weeks, and it takes up to two years to get 

results from ASTM C1293. Exposure block test can take decades to obtain results.  
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Petrography can be used as the first step of assessing potential reactivity of aggregates 

[112]. As a test to screen reactive aggregates, the petrography test on aggregate provides 

information on the structure and qualities of silica to determine the reactivity of aggregate [113]. 

By doing petrographic analysis, the deleterious components and their distribution in aggregates can 

be obtained within a short time. However, the results can be influenced by researcher’s experience 

and personal judgment. Potential alkali-silica reactivity test was usually not used alone to test the 

reactivity of aggregate, since the test is not accurate if the tested aggregate is slow-reacting, contains 

carbonate or has unevenly distributed minerals [114]. Therefore, the results of potential alkali-silica 

reactivity test should be interpreted with other test results [115].  

ASTM C1260 is a quick test and results can be obtained within 16 days. The test has been 

widely used in North America due to it time-efficiency and convenience [116]. However, the test 

condition was too severe for some aggregates, which could fail the test but perform well in the field 

[117]. Thus, it was recommended to use this test to accept aggregates but not reject aggregates 

[116]. Compared to ASTM C1260, ASTM C1293 takes a longer time to obtain the results. It takes 

one year to obtain test results and up to two years for mitigation research [118]. To address this 

issue, accelerated concrete prism test and accelerated concrete cylinder test were investigated [119-

121]. The ASTM C1293 has been reported to be accurate in most cases, although it was reported 

that test conditions were too severe to some aggregates [122]. In a study completed by Bérubé, the 

content of the cement was suggested to be 365kg/m3 instead of 420 kg/m3 [116]. Another concern 

of concrete prism test at 38 °C was leaching of alkali [123]. However, long test period and critical 

testing environment are disadvantages of the test.  

In exposure block testing, concrete specimens are directly exposed to field conditions. 

Therefore, the results are the most reliable. However, the test can take decades, which cannot 

provide any rapid results. Additionally, a test of existing structural concrete could provide useful 

information on aggregate selection and safe alkali content on particular aggregates [116]. 

According to a study by Thomas et al., different test methods were compared on their accuracy for 

potential alkali-silica reactivity [116].  The ASTM C1293 shows the best correlation to the exposure 

block test, and it can be used to predict field performance when mitigation method was incorporated 

(such as using SCMs and lithium salts) [116]. 
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2.3.2. Advanced Analytical Techniques 

2.3.2.1. Pore Solution Analysis 

As mentioned above, pore solution is remaining solution after the majority hydration has 

taken place. The pore solution does not participate in cement hydration but functions as a 

transferring medium in concrete. The study of pore solution is critical to track the ion exchange and 

chemical reaction in cement/concrete system. In ASR-related research, an analysis of ion 

concentration change of pore solution and alkalinity variation could indicate the process of reaction. 

In addition, correlating pore solution composition to expansion data could provide useful 

information in explaining the mechanisms of ASR.  

The idea of pore solution extraction was first introduced to extract the solution from a soil 

by applying compacting pressure [124]. Further, the application of extracting pore solution was 

extended to remove liquid from porous media by compacting the material [124]. Barneyback and 

Diamond introduced a device to extract pore solution from cement-based material [125]. Page et 

al. studied the chloride binding ability of the silica fume through extracting the pore solution of the 

cement pastes [126]. Byfors et al. investigated the role of fly ash, slag and silica fume on chloride 

binding by extracting the pore solution from cement pastes [127]. Diamond also investigated the 

influences of two fly ashes on the alkalinity of cement pastes [59]. Coleman and Page showed a 

reduction in pH of the pore solution when metakaolin was incorporated in cement paste [128]. 

Therefore, the introduction of pore solution extraction to cement and concrete study improved the 

understanding of the alkalinity of the pore solution and it can be a useful tool to analyze the alkali-

binding ability when SCMs were incorporated.  

In addition, the analysis of pore solution can be used to study the impacts of exposure 

conditions, aggregates, and SCMs on pore solution chemistry. Song and Jennings investigated the 

alkali-activated mixtures with GGBS and the concentrations of Si, Ca, Al, and Mg of the pore 

solution [129]. Lothenbach studied the influence of the temperature on pore solution composition 

(Na, K, Ca, Si, Al, and S) in cement pastes [130]. In an unpublished study, Li et al. investigated the 

influence of the exposure conditions on the pore solution chemistry of Class H cement [131]. In 

Li’s study, the Na, K, Ca, Si, Mg and S were investigated in corresponding to the change of the 

temperature, pressure, and synthetic underground formation liquid [131].  

Accordingly, many of the studies were focused on analyzing the pore solution of cement 

pastes and mortar pastes. Only a few studies were focused on the pore solution chemistry of 
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concrete. To better understand the influence of aggregates on pore solution chemistry, more studies 

on pore solution of concrete mixtures are suggested.  

2.3.2.2. Scanning Electron Microscopy (SEM) Analysis 

Scanning electron microscopy (SEM) analysis is used to investigate the microstructure of 

cement, mortar and concrete. The SEM uses a focused beam with high-energy electrons, which can 

generate a variety of signals at the surface of the sample [132]. The signals include secondary 

electrons, backscattered electrons (BSE), diffracted backscattered electrons (EBSD), photons and 

visible light [132]. These signals reveal information of the investigated sample. Secondary 

electrons and BSE are usually captured for obtaining images of the sample. Characterized X-rays 

are also captured by energy-dispersive x-ray spectroscopy (EDS) to characterize the chemical 

composition of observed phases.  

Thaulow et al. investigated the composition of ASR gel by using SEM-EDS and revealed 

that the ASR gel was a Ca-Si-Na-K system [133]. In addition, ASR gel and ettringite were identified 

through SEM analysis in this study [133]. Through SEM-EDS analysis, Aquino et al. reported that 

the ASR gel, which contained a higher content of Ca tended to show more expansion in mortar 

mixtures [134]. A study completed by Bleszynski and Thomas compared the potassium-rich gel 

with the sodium-rich gel and concluded that the potassium gel was more crystalline whereas the 

sodium-rich gel was more amorphous [66].  Ben Haha et al. used the SEM analysis to quantify the 

micro expansion when ASR occurred and correlated the micro expansion with the macro expansion 

of the concrete [135].  

Therefore, the use of SEM analysis combined with EDS technique can be a powerful tool 

to observe the microstructure of cement-based materials, and it is especially useful to observe the 

occurrence and the extent of ASR gel. In addition, the influence of aggregate, SCM and admixture 

on the composition of ASR gel can be studied through EDS. 

2.3.2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR is a characterization technique used to determine the structure of a chemical 

compound, especially an organic compound. For some element isotopes, when being exposed to 

an external magnetic field, two spin states exist [136]. The energy difference between the two states 

can be determined by the external magnetic field strength and nuclei itself [136]. At a specific 

magnetic field strength, the energy difference between the states is proportional to the magnetic 

moment [136]. When the irritation of a sample with radio frequency energy corresponds to the state 
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separation, the nuclei excites from the lower state to higher state [136]. The NMR spectrum is 

usually used in two ways to characterize a chemical compound: (1) Observe the radio frequency 

signal while varying or sweeping the magnetic field in a small range; (2) Varying the frequency 

while keeping the external magnetic field strength constant [136].  

When being used in ASR-related research, NMR can be used to investigate the structure 

of ASR gel. A 29Si NMR spectroscopy is frequently used for the investigation. Bulteel et al. used 

29Si NMR spectroscopy to quantify the reaction degree of ASR and found that ASR started with 

the formation of Q3 sites and developed with the dissolution of the Q3 sites [137]. Hou proposed 

that the reaction sequence of the ASR was similar to pozzolanic reactivity, amorphous silica reacted 

with portlandite to form Ca-rich C-S-H, and then the Ca-rich C-S-H continued the reaction with 

dissolved silica to form Si-rich C-S-H; eventually the Si-rich C-S-H reacted with alkalis to form 

expansive gel [47]. Tambelli et al. investigated the ASR gel with different compositions, which 

showed that the ASR gel with potassium tended to be a Q3 amorphous structure, whereas the in the 

sodium ions were segregated from the amorphous silica network [138]. 

In general, NMR can be used to identify the structure of ASR gel. The NMR is especially 

useful when detecting the synthetic ASR gel. By analyzing the degree of polymerization of a 

tetrahedron, the development of alkali-silica reaction product can be assessed.  

2.4. Lightweight Aggregate (LWA) 

2.4.1. Manufacturing of Lightweight Aggregate (LWA) 

There are two primary sources of lightweight aggregates (LWAs): (1) natural materials; (2) 

manufactured materials [139, 140]. Commonly used natural materials include pumice, palm oil 

shells and crushed burnt bricks, which are mostly of volcanic origin. However, these materials can 

only be found in a certain area of the world [140]. Manufactured lightweight aggregates are 

produced by expanding, sintering or pelletizing raw materials such as clay, shale, slate, perlite, and 

vermiculite [140]. For expanded shale and slate, raw shale and slate are usually heated to a “firing 

temperature” (typically above 1000C), and then the raw materials become a plastic phase, where 

expanding gases decomposed from minerals such as CaCO3 and MgCO3 [140]. After the raw 

materials are cooled down, a clinker with unconnected cells and low bulk density is formed. The 

clinker is crushed and graded afterwards. For expanded clay, raw clay and water are mixed to form 

a paste. The paste is broken into smaller granules and introduced to a rotary kiln to produce 

expanded clay [140].     
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Compared to normalweight aggregate (NWA), LAW has lower bulk density. ASTM 

C330/C330M specified the maximum bulk density for fine and coarse lightweight aggregate used 

in structure: fine aggregate, 1120 kg/m3; coarse aggregate, 880 kg/m3; combination, 1040 kg/m3 

[139].  

2.4.2. Internal Curing 

2.4.2.1. Internal Curing Technique 

Both previous research and site construction experiences show that traditional curing 

method – external curing does not provide sufficient moisture for hydration of concrete [141]. 

Therefore, the internal curing technique was introduced as pre-wetted LWAs can provide an 

internal reservoir of water during hydration. The mechanism of internal curing is illustrated in 

Figure 2.3 by Castro et al. [142]. As cement hydrates, the water residing in LWAs will be drawn 

into small pores of the cement from the LWAs. Comparing with the external curing, internal curing 

can assist distributing curing water more evenly inside concrete. Klieger noted that water absorbed 

by lightweight aggregate can transfer to the paste during hydration [143].  

 

Figure 2.3. Illustration of internal curing provided by FLWAs in concrete [142]. 
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Bentz and Sydney showed that the amount of LWAs needed for a given concrete mixture 

can be calculated by Eq.1 [141]: 

𝑀𝐿𝑊𝐴 =  
𝐶𝑓×𝐶𝑆×𝛼𝑚𝑎𝑥

𝑆×∅𝐿𝑊𝐴
  (Eq. 1) 

where: 

MLWA: mass of (dry) FLWA needed per unit volume of concrete (kg/m3 or lb/yd3); 

Cf: cement factor (content) for concrete mixture (kg/m3 or lb/yd3): 

CS: chemical shrinkage of cement (g of water/g of cement or lb/lb); 

max: maximum expected degree of hydration of cement; 

S: degree of saturation of aggregate (0 to 1): 

LWA: absorption of lightweight aggregate (kg water/kg dry LWA or lb/lb) 

 

2.4.2.2. Benefits on Autogenous Shrinkage 

Numerous studies show that the use of LWAs in concrete can prevent autogenous 

shrinkage. Bentur et al. showed that autogenous shrinkage did not occur in mixture with 100% 

saturated LWAs, and autogenous shrinkage was substantially reduced when pre-wetted LWAs 

were used to partially replace the NWA [144]. Cusson et al. showed that autogenous shrinkage was 

significantly reduced without comprising compressive strength in concrete when lightweight 

aggregates were used [145]. Lura found that concrete with expanded perlite showed a lower elastic 

modulus than the concrete with NWA [146]. In addition, Sahmaran et al. found that pre-wetted 

FLWAs were effective to prevent autogenous shrinkage of engineered cementitious composites 

(ECC) [147]. However, a negative impact was observed on ductility and compressive strength when 

FLWAs were used in ECC samples [147].  

2.4.2.3. Durability Benefits 

Besides showing benefits to reducing early-age shrinkage, concrete with FLWAs also 

showed benefits to improving the durability of concrete. Studies also show that with an 

incorporation of LWA, concrete shows a reduction in water permeability, chloride-ion penetration, 

and susceptibility to ASR.  

A dense interfacial transition zone (ITZ) between cement paste and LWA was observed by 

both Elsharief and Bentz [148, 149]. This observation indicated a more refined microstructure when 

the LWA was used. Multiple studies reported that a decrease in water permeability was observed 
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in concrete when LWA was incorporated [148, 150, 151]. Bentz also reported that a reduction of 

chloride diffusivity was observed when 31% NWA was replaced by LWA [149]. In addition, 

research done by Liu et al. reported that the lightweight concrete which had a similar compressive 

strength with the normalweight concrete exhibited higher resistance to chloride penetration [152].  

An improvement in ASR resistance was also shown in previous studies. Shin et al. found 

that when expanded shale, clay and slate were used in mortar mixtures, a reduction in the ASR-

caused expansion was observed [153]. This finding was also confirmed by other studies [141, 154-

157]. Studies done by Boyd and Bremner also showed that when expanded shale was used to 

replace NWA in concrete, the expansion caused by ASR can be significantly reduced [154, 155]. 

Dahl showed that ground expanded clay can be effective in reducing the ASR-induced expansion 

[158]. More discussions on using FLWAs to reduce the ASR-induced expansion will be included 

in Chapter 3, Chapter 4 and Chapter 5 of this dissertation.  

2.4.2.4. Durability Concerns 

Besides all the benefits provided by internal curing, the use of LWA in concrete also 

brought on some concerns for concrete durability. Studies showed that with the increase of LWA 

in concrete, the free calcium hydroxide decreased [140]. The consumption of calcium hydroxide 

created an unfavorable environment for corrosion resistance. However, as introduced in 2.4.2.3, 

LWA can refine the microstructure of concrete to prevent chloride penetration, thus benefiting 

corrosion resistance. Therefore, the influence of LWA on concrete corrosion is largely dependent 

on the type of LWA used in a study.  

LWA is believed to provide extra pores in concrete, which may benefit the resistance of 

freeze/thaw attack. However, excess water introduced by internal curing can be a concern for 

freeze/thaw attack. Jacobsen reported that concrete with pre-wetted LWA showed more severe 

internal cracking than the concrete with dry LWA or NWA [159]. However, Schlitter et al. reported 

that concrete with LWA showed little impact on increasing or reducing freeze-thaw damage after 

300 cycles [160].  

2.4.2.5. Water Transport 

It is critical to investigate the movement of internal water in cement paste to understand 

how internal curing water functions in cement and concrete. Bentz et al. reported that through X-

ray microtomography, water movement in paste can be tracked. Bentz also found that the majority 

of the water was drawn from the pores of the LWA within 24 hours [161].  Maruyama et al. 
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observed that water transported 3 to 8 mm since 21 hours after casting through neutron radiography 

[162]. Henkensiefken et al. reported that water movement started since 6 hours after casting, which 

was indicated by progressively increased X-ray intensity [160, 163].  Trtik found that little water 

moved between 3 to 7 hours after casting by using neutron and X-ray tomography [164]. Trtik also 

found that water in LWA travelled at least 3 mm within the first 24 hours [164]. 

2.5. Summary and Research Gap 

Current studies of ASR mechanisms and commonly used mitigation techniques are 

discussed in this literature review. The test methods to evaluate aggregate reactivity and advanced 

techniques to assess ASR gel are also covered in the review. Besides, up to date studies of 

lightweight aggregate and the benefits of internal curing technique are introduced. Research 

indicated FLWA can be used to improve the durability of concrete and also a potential technique 

for ASR mitigation. However, research gaps still exists: 

(1) Can we use current ASTM standards to evaluate the efficacy of FLWAs on ASR 

mitigation? 

(2) FLWA are effective to reduce ASR-caused expansions in mortar bar test (ASTM 

C1260). But very few studies were focused on concrete prism testing. 

(3) What are the suggested replacement levels if FLWAs are used to mitigate ASR in 

concrete? 

(4) There are a few assumptions proposed in previous studies on mitigation mechanisms. 

However, there is a lack of comprehensive investigation on these mechanisms.  

(5) A field test on FLWAs is needed to correlate current lab test results with results of real 

exposure conditions.  
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Abstract 

Previous research has shown that using fine lightweight aggregate (FLWA) can be a 

promising strategy to mitigate alkali-silica reaction (ASR) in mortar and concrete. However, 

limited studies focused on assessing current ASTM standards for their applicability of evaluating 

the efficacy of ASR mitigation using FLWAs. In this study, three commercially used FLWAs: 

expanded shale, clay, and shale, were investigated in mortar and concrete mixtures with reactive 

aggregates of different level(s) of reactivity. ASTM test methods including ASTM C289, ASTM 

C1260 and ASTM C1293 were completed. In the study, fine normal weight aggregates were 

replaced by the FLWA at 25% and 50% by volume in the concrete mixture, and 25%, 50%, and 

100% in mortar mixtures. Results showed that ASTM C1260 and ASTM C1293 can be used to 

evaluate the mitigation efficacy when pre-wetted FLWA were used. The ASTM C289 test is not a 

proper test method to study the reactivity of the FLWAs, but the results can be used to indicate the 

alkali consuming ability of the FLWAs. All three FLWAs were effective in reducing ASR-induced 

expansion in ASTM C1260 and ASTM C1293. The investigated FLWAs were especially effective 

in the concrete when moderate reactive aggregates were used. For concrete with a highly reactive 

aggregate or very highly reactive aggregate, other mitigation strategies may need to be combined 

with FLWAs to effectively mitigate ASR.  

 

Keywords:  

Alkali-silica reaction, Fine lightweight aggregate, ASTM standards, Expansion, Reactivity 
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3.1. Introduction 

Fine lightweight aggregate (FLWA) has been used in concrete due to the benefits in 

reducing dead load and providing internal curing water. Internal curing of concrete results in 

reduced early-age shrinkage and improved durability including resistance to chloride penetration 

[145, 148, 165, 166]. Previous research reported that incorporating FLWA in mortars and concrete 

reduced ASR-induced expansion [153-155, 167]. These findings revealed that incorporating 

FLWA in concrete can be used as a possible strategy to mitigate ASR. However, the efficacy of 

FLWA in ASR mitigation and appropriate test methods was not thoroughly investigated.  

According to previous studies, several possible mechanisms by which FLWAs can be used 

to mitigate ASR were proposed. Shin et al. showed that the expanded shale, clay, and slate were 

effective in reducing ASR-caused expansion in mortar mixtures [153]. As the reactive fine normal 

weight aggregate (FNWA) were replaced by FLWA, it was assumed that the FLWA were effective 

in mitigating ASR as a result of dilution of the reactive aggregate. Collins assumed that the internal 

water was released from the pores of the FLWAs and further diluted the alkalis in the pore solution 

thus reduced the chance of the occurrence of ASR in concrete [168]. Elsharief et al. revealed that a 

refined interfacial transition zone (ITZ) around the expanded shale particle was observed when 

both dried and pre-wetted expanded shale were incorporated in the mortar mixture [148]. However, 

this is less likely possible due to the internal water is not released until 3-6 hours after casting. 

Bentz also confirmed that the refinement of the ITZ can influence the transport properties of the 

mortar/concrete mixtures, which reduce chloride penetration and moisture ingression into concrete 

[169]. Less moisture ingress indicates the concrete could be less susceptible to ASR. In addition, a 

reaction product which was reported as an ASR gel was found in the pores of expanded shale by 

Boyd and Bremner [154, 155]. Based on this finding, Boyd and Bremner claimed that ASR was 

mitigated as the ASR gel can be accommodated in the pores of the FLWAs [154, 155]. The 

pozzolanic activity of FLWAs was also investigated due to its high content of silica and alumina. 

Dahl reported that ground expanded clay showed superiority in reducing ASR-caused expansion in 

concrete by replacing cement in the mixture due to the benefits provided by pozzolanic activity 

[158]. Both ground expanded perlite and natural perlite showed effectiveness to mitigate ASR in 

Bekta’s research [170]. These results indicate that the pozzolanic nature of the FLWAs can benefit 

ASR mitigation if they were ground finely and used as pozzolans. Other work by the authors of 

this paper shows that expanded shale and clay reduced the alkalinity of the pore solution and a low-

Al C-A-S-H was found in the pores of the FLWAs.  
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Currently, there are three commonly used test methods in ASTM standards, including 

ASTM C1260, ASTM C1293 and ASTM C289. These test methods are used to evaluate the 

reactivity of a specific aggregate in mortar/concrete. Additionally, the effects of SCMs on ASR 

development can be investigated based on the provisions of ASTM C1567 and ASTM C1293. 

However, evaluation of a FLWA on its efficacy to reduce ASR was not specified in any test 

methods.  Among all three test methods, ASTM C1293 is a test method which correlates better 

with field test results [171, 172]. Among current research on ASR mitigation by using FLWAs, 

only Boyd and Bremner evaluated the efficacy of an expanded shale on ASR mitigation by using 

the CAS A23.2 test (a test method in Canada, which is similar to the ASTM C1293 test). In their 

studies, one reactive aggregate was analysed, and only one FLWA was investigated. To understand 

the efficacy of FLWAs in ASR mitigation and better evaluate current ASTM standards, a more 

comprehensive test matrix regarding aggregates of different reactivity and FLWAs from various 

sources is needed.  

Three commonly used commercial FLWAs, expanded shale, clay, and slate were evaluated 

in this study. These FLWAs were used to replace the FNWAs in both mortar and concrete mixtures 

with aggregates of different reactivity. Modified ASTM C289, ASTM C1260 and ASTM C1293 

were used to assess both the reactivity of the aggregates and the applicability of these test methods 

when FLWAs were incorporated. 

 

3.2. Raw Materials 

Cement 

A Type I ASTM C150 cement was used in both ASTM C1260 and ASTM C1293. The 

Na2Oeq in the cement was 0.83%. Table 3.1 shows the chemical composition of the cement.  

Table 3.1. Major chemical compositions in cement (%) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq SO3 LOI 

19.61 4.38 2.76 62.21 2.72 0.28 0.84 0.83 3.76 2.60 

 

FLWAs 

Expanded slate, shale, and clay were investigated in this study. The material properties are 

exhibited in Table 3.2. Table 3.3 shows the XRF data of the FLWAs. 
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Table 3.2. Material properties of the investigated FLWAs. 

FLWAs Absorption capacity (%) Specific gravity 

Expanded slate 10.27 1.74 

Expanded shale 23.34 1.52 

Expanded clay 30.75 1.07 

 

Table 3.3. XRF data of the investigated FLWAs 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Total Oxides 

Expanded Slate 61.35 18.53 7.82 2.76 2.11 0.64 2.70 3.13 0.80 0.16 100.00 

Expanded Shale 61.83 19.61 7.72 3.33 2.75 0.64 0.52 2.87 0.61 0.12 100.00 

Expanded Clay 68.04 15.77 5.54 2.70 2.21 0.74 1.12 3.06 0.61 0.20 100.00 

 

Other aggregates 

Three coarse aggregates (CA1, CA2 and CA3) and four fine aggregates (FA1, FA2, FA3 

and FA4) were used to create a comprehensive mixture matrix. The type, reactivity and source of 

each aggregate are listed in Table 3.4. Their known alkali-silica reactivity is indicated in the table.  

Table 3.4. Coarse and fine aggregates used in the study. (The reactivity of the aggregates were 

categorized according to ASTM C1778 [173]) 

 ID Type Reactivity Source 

Coarse 

aggregate 

CA1 Crushed limestone (Spratt III) Highly reactive Ontario, Canada 

CA2 Crushed limestone Non-reactive Washington, USA 

CA3 Crushed quartzite Moderate reactive South Dakota, USA 

Fine 

aggregate 

FA1 Crushed limestone Non-reactive Washington, USA 

FA2 Siliceous river sand Very highly reactive Oregon, USA 

FA3 Crushed quartzite Moderate reactive South Dakota, USA 

FA4 Crushed limestone Non-reactive Texas, USA 

  

3.3. Experimental Methods 

ASTM C289 

ASTM C289 is a test method to evaluate the potential alkali-silica reactivity of a specific 

aggregate in 1.0 N NaOH and 80°C for 24 hours.  All aggregates investigated were crushed and 

sieved, and the proportion passed No. 50 US sieve (297 µm) and retained on No. 100 US sieve (149 
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µm) was collected. After being exposed to 1.0 N NaOH and 80°C for 24 hours, the sample was 

filtered and the solution was tested for the alkalinity reduction and dissolved silica content [115]. 

Three replicates were tested for each sample, and the average of the three was reported. The 

dissolved silica content was tested using inductively coupled plasma – optical emission 

spectroscopy (ICP-OES). The alkali content was titrated by 0.05M HCl. The results were then fitted 

into the plot provided in ASTM C289 to determine the potential reactivity of the aggregate [115]. 

ASTM C1260 

ASTM C1260 is a test method to evaluate the potential reactivity of an aggregate in the 

mortar mixture [174]. Mortar bars with a dimension of 25 mm × 25 mm × 285 mm were cast. After 

curing for 24 hours at 23°C and 100% relative humidity (RH), four mortar bars were demolded and 

transferred to a water bath at 80°C and cured for 24 hours. Afterwards, the mortar bars were 

exposed to 1.0 N NaOH at 80°C. Three mortar bars were measured periodically by a comparator 

up to 28-day NaOH exposure and one mortar bar was saved for scanning electron microscopy 

analysis (SEM). The expansion data of the bars at the 14th day after being exposed to NaOH was 

used to assess the potential reactivity of the aggregate. An aggregate that shows an expansion above 

0.10%, is categorized as reactive. In this study, the aggregate used in the reference mixture is FA2 

as shown in Table 3.5. Modifications to the test method were done to evaluate the potential 

reactivity and efficacy of the FLWAs for ASR mitigation. Although there is a provision in ASTM 

C1260 to determine the sand content for an aggregate with a specific gravity lower than 2.45, to 

keep the test results comparable, all FLWAs were used to replace FA2 at 25%, 50% and 100% by 

volume. To ensure the water-to-cement ratio was consistent in each mixture, all FLWAs were pre-

wetted to ensure saturated-surface-dry conditions were met before mixing.  

ASTM C1293 

ASTM C1293, referred to the concrete prism test (CPT), is a test method to evaluate the 

potential reactivity of an aggregate in concrete prisms. In each mixture, one potential reactive 

aggregate is mixed with a non-reactive aggregate [25]. Concrete prisms measuring 75 mm × 75 

mm × 285 mm were cast. After curing for 24 hours at 23°C in 100% relative humidity (RH), the 

prisms were transferred to a 5-gallon bucket with water on the bottom. Then the bucket was placed 

in a chamber at 38°C. Cloth was used to wrap around the interior of the bucket to provide high RH 

around the prisms. Length change and mass change of concrete prisms were monitored periodically 

up to one year (two years for mitigation test). For each mixture, three concrete prisms were 

measured for length and mass change, and one prism was saved for SEM analysis. If the expansion 
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of the concrete prism is above 0.04%, the aggregate is categorized as reactive. Aggregates listed in 

Table 3.4 were used for four reference concrete mixtures as shown in Table 3.5. Then a 

modification to each reference mixture using the expanded slate, expanded shale and expanded clay 

were used to replace the FNWAs at 25% and 50% replacement level by volume, respectively. 

Similar to the ASTM C1260 test, all FLWAs were pre-wetted. 

Table 3.5. Coarse and fine aggregates used in the study. (The reactivity of the aggregates were 

categorized according to ASTM C1778 [173]) 

  Coarse aggregate Fine aggregate 

Group Aggregate type Reactivity Aggregate type Reactivity 

SP Spratt III (CA1) Highly reactive Crushed limestone (FA1) Non-reactive 

BN Crushed limestone (CA2) Non-reactive Siliceous river sand (FA2) Very highly reactive 

QZC Crushed quartzite (CA3) Moderate reactive Crushed limestone (FA3) Non-reactive 

QZF* Crushed limestone (CA2) Non-reactive Crushed quartzite (FA4) Moderate reactive 

 

*In QZF mixture group, expanded shale and expanded slate were only used to replace the FA4 by 50% due 

to the limited availability of the materials.  

SEM analysis 

An FEI QUANTA 600F environmental SEM was used for the analysis. A diamond 

precision saw was used to cut 5 mm thick slices from the concrete prisms. These samples were 

immersed in isopropyl alcohol for 72 hours to arrest hydration; the isopropyl alcohol was changed 

once after the first 24 hours [175]. The sample was impregnated with a two-part epoxy under 

vacuum. After being stabilized, the samples were subsequently roughly polished with a #500 

sandpaper until the surface of the concrete/mortar was exposed. Then the samples were finely 

polished for 8 hours with 9µm (4 hours), 3µm (2 hours), and 1µm (2 hours) polycrystalline diamond 

grit. The dispersion oil-based lubricant was applied during the polishing.  

 

3.4. Test Results 

3.4.1. ASTM C289 Test Results 

ASTM C289 test was used to assess the potential reactivity of CA1, CA2, CA3, FA2 and 

three FLWAs. Since CA3 and FA3 are from the same source, as well as CA2 and FA1, only one 

of each pair was tested. Figure 3.1 shows the potential reactivity of the aggregates used in this test. 

After being exposed to 1.0 N NaOH, CA1 (Spratt III) showed a dissolved silica content of 36 

mmol/L and 88 mmol/L reduction in alkalinity. Accordingly, Spratt III was categorized as an 



36 

 

 

innocuous aggregate. FA2 was a very highly reactive aggregate based on the results of ASTM 

C1260. FA2 showed an alkalinity reduction of 210 mmol/L and 369 mmol/L of dissolved silica. 

Despite a high content of dissolved silica was detected, the aggregate was only categorized as 

potentially deleterious.  

On the other hand, all three FLWAs showed smaller amount of dissolved silica than the 

FA2 in the test. However, compared to expanded shale and expanded clay, expanded slate showed 

less reduction in alkalinity. This finding indicated that by only consuming 77 mmol NaOH in one 

liter solution, 180 mmol silica can be dissolved from the expanded slate. Therefore, the expanded 

slate was categorized as deleterious in this test.  

 

Figure 3.1. Results of the ASTM C289 test on investigated aggregates. 

3.4.2. ASTM C1260 Test Results 

According to ASTM C1260 test results in Figure 3.2, FLWAs were effective in reducing 

ASR caused by reactive aggregate. FA2 is a very highly reactive aggregate, which showed 0.66% 

expansion after a 14-day exposure to NaOH and 80°C; the expansion passed 1.0% after 28-day 

exposure. When 25% FLWAs replaced the reactive aggregate, the mixtures with expanded shale 

and expanded clay showed a reduction in expansion. However, more expansion was observed when 

25% expanded slate was incorporated. Mixtures with 50% expanded shale or expanded clay still 

showed better efficacy in reducing the expansion than the mixture with the same amount of 

expanded slate. For mixtures with 100% FLWAs, all three mixtures showed an expansion less than 
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0.10% at 14 days. Therefore, all three aggregates were categorized as non-reactive aggregates. 

However, at 28 days, the mixture with 100% expanded slate showed an expansion close to 0.20%.  

 

 

Figure 3.2. Results of the ASTM C1260 test (FLWAs were used to replace a very highly reactive 

fine aggregate by volume at 25%, 50% and 100%) 

3.4.3. ASTM C1293 Test Results 

3.4.3.1. Expansion 

The ASTM C1293 concrete prisms were measured up to two years for investigating the 

mitigation efficacy. Test results are shown in Figure 3.3.  

Figure 3.3A shows the expansion results of BN mixture group. In this mixture, a very 

highly reactive fine aggregate, FA2, was used. The expansion of the reference mixture was 0.61% 

and 0.66% at one year and two years respectively. The mixture with 25% expanded slate showed 

an expansion close to the reference at two years. The mixture with 50% expanded clay had an 

expansion of 0.07% at both one year and two years. None of the mixtures passed the 0.04% test 

threshold. However, all mixtures showed a reduction in ASR-induced expansion except the one 

with 25% expanded slate.  

In Figure 3.3B, results of the SP mixture group is shown. CA1 was used as a coarse 

aggregate in this mixture group, in which the reference showed an expansion of 0.15% at one year 

and 0.18% at two years. When 50% expanded clay was incorporated, the expansion was 0.04% 



38 

 

 

(0.035%) at both one year and two years. Accordingly, the mixture with 50% expanded clay just 

passed the test. 

Figure 3.3C shows the expansion results of QZF mixture group. FA4 as a moderate reactive 

aggregate was used as a fine aggregate in the mixture. The expansion of the reference was 0.06% 

and 0.10% at one year and two years respectively. Mixtures with 25% expanded clay, 50% 

expanded slate, 50% expanded shale and 50% expanded clay all showed an expansion below 0.04% 

at two years. Mixtures with 25% expanded slate and 25% expanded shale were not cast due to a 

limited supply of materials.  

In Figure 3.3D, CA3 was used as a coarse aggregate in the mixtures. An expansion of 

0.08% and 0.14% was observed in the reference mixture at one year and two years respectively. 

Mixtures with 25% expanded slate, 50% expanded slate and 25% expanded shale showed an 

expansion above 0.04%. All other mixtures passed the test after two years. Compared to all other 

three mixture groups, the expansion rate of the reference mixture did not slow down after one year, 

whereas a clear slowdown was observed in SP and BN mixture groups after one year and 1.5 years 

for QZF mixtures.   

In general, it was found that all three FLWAs were effective in reducing the expansion 

caused by ASR. At higher FLWA replacement levels, a higher reduction was observed. Among all 

three FLWAs, expanded clay showed the best efficacy in reducing the expansion in all mixture 

groups.  
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Figure 3.3. Expansion results of concrete prisms in the ASTM C1293 test: (A). BN mixture and 

mixtures with FLWAs replacement; (B). SP mixture and mixtures with FLWAs replacement; (C). QZF 

mixture and mixtures with FLWAs replacement; (D). QZC mixture and mixtures with FLWAs 

replacement. 

 

3.4.3.2. Mass Change 

The mass change of concrete prisms is usually caused by water absorption when ASR gel 

takes in water during the reaction. Therefore, the mass change of the prisms was also tracked for 

concrete prisms of all mixtures. The results of the BN mixture group are shown in Figure 3.4A. In 

this group, the concrete mixtures which showed a high expansion also tended to show a high 

increase in mass. The reference showed the most mass increase among mixtures, while the mixtures 
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with 50% expanded clay and expanded shale showed the least increase in mass. In this mixture 

group, the mass change correlated well with the expansion data shown in Figure 3.3A.  

However, for SP, QZF and QZC mixtures, a higher increase in mass was observed when 

FLWAs were incorporated. In these mixtures, the mass change of concrete did not necessarily 

correlate with the expansion data. However, it was also observed that the mixtures with 50% 

expanded clay and 50% expanded shale in all mixture groups tended to show less mass increase 

when compared to other mixtures with FLWAs in the same mixture group.   

 

Figure 3.4. Mass change of concrete prisms in the ASTM C1293 test results: (A). BN mixture and 

mixtures with FLWAs replacement; (B). SP mixture and mixtures with FLWAs replacement; (C). QZF 

mixture and mixtures with FLWAs replacement; (D). QZC mixture and mixtures with FLWAs 

replacement. 
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3.4.4. SEM Analysis 

According to the results of ASTM C1260 and ASTM C1293, mixtures with expanded clay, 

the most effective FLWA to mitigate ASR-caused expansion, were selected for SEM analysis in 

all mixture groups. The reference mixture was compared with the mixture with 50% expanded clay 

in the following analyses.  

Figure 3.5A and B shows the images of BN reference mixture and BN mixture with 50% 

expanded clay at one year. Microcracks up to 50 µm were observed in both aggregates and cement 

paste. ASR gel was observed in Figure 3.5A. These cracking resulted in the expansion of the 

concrete prisms. In addition, in the sample with 50% expanded clay, microcracks were also 

observed in the aggregates and paste. Although microcracks were observed, these cracks were only 

up to 5 µm, which had little impacts on the expansion of the concrete prisms.   

 

Figure 3.5. Backscattered SEM images of the CPT prism samples at two years: (A). BN reference mixture; 

(B). BN mixture with 50% expanded clay. 

In Figure 3.6A and B, backscattered images of SP reference mixture and SP mixture with 

50% expanded clay are shown. Microcracks up to 30~35 µm was observed in both aggregates and 

pastes in the reference mixture. According to the ASTM C1293 test, SP mixture with 50% 

expanded clay showed an expansion below 0.04% threshold. However, microcracks were also 

observed in aggregates and pastes. These cracks were minor and some of them may be caused by 

sample preparations.  
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Figure 3.6. Backscattered SEM images of the CPT prism samples at two years: (A). SP reference 

mixture; (B). SP mixture with 50% expanded clay. 

In Figure 3.7A and B, backscattered images of QZF reference mixture and QZF mixture 

with 50% expanded clay are shown. Cracking caused by ASR can be seen in the aggregates as 

indicated in the reference. Compared to the BN and SP mixtures, less cracking was observed in the 

QZF reference mixture. In addition, very few ASR reaction products was observed to exude from 

the aggregates and cause the cracking of the paste. Compared to the reference, microcracks were 

also observed in the aggregates in the mixture with 50% expanded clay, however, the extent of the 

microcracks was less than the reference.  Cracking in the paste was rarely seen in the mixture with 

50% expanded clay.  
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Figure 3.7. Backscattered SEM images of the CPT prism samples at two years: (A). QZF 

reference mixture; (B). QZF mixture with 50% expanded clay. 

In Figure 3.8A and B, backscattered images of QZC reference mixture and QZC mixture 

with 50% expanded clay is shown. In this mixture group, aggregate QZ was used as a fine aggregate 

in the mixture. Cracking was observed in some of the fine aggregates in the reference mixture. 

However, no severe cracking was observed in the paste. In the mixture with 50% expanded clay, 

no obvious cracking was observed in either aggregate or pastes. Therefore, the mixture with 50% 

expanded clay showed less expansion than the reference mixture.  

 

Figure 3.8. Backscattered SEM images of the CPT prism samples at two years: (A). QZC 

reference mixture: (B). QZC mixture with 50% expanded clay 
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3.5. Discussion 

3.5.1. Applicability of Current ASTM Standards 

In this study, three commonly used ASTM standard test methods were used to evaluate 

potential reactive aggregate and the efficacy of FLWAs in mitigating ASR in mortar and concrete. 

The ASTM C289 failed to identify the reactivity of a highly reactive aggregate (CA1) and a 

moderate reactive aggregate (CA3); it also misjudged one of the reactivity of the expanded slate. 

A rapid test result is the advantage of this test. However, the test method is still questionable to 

predict the long-term performance due to the simplified solution condition and extreme alkali 

environment. The issues of ASTM C289 were also discussed in previous studies [114, 176]. The 

aggregate size effect and severe alkali conditions can cause significant errors in evaluating the 

aggregates. In addition, the test usually fails to identify slowly reactive aggregates [176]. Previous 

studies also used ASTM C289 to evaluate the reactivity of the FLWAs. Incompatibility between 

ASTM C289 and other test methods was reported by Ducman and Mladenovic [167, 177]. In 

ASTM C289, the content of dissolved silica is the only compositional factor to evaluate the 

reactivity of the aggregates. However, previous studies also indicated that the existence of alumina 

can affect the dissolution of silica and reduce the potential reactivity of the aggregates in concrete 

pore solution [178]. Many FLWAs contain a high content of alumina. Therefore, when evaluating 

the reactivity of FLWAs, the content of the alumina in FLWAs should also be considered. In 

addition, due to the porous nature of the FLWAs, more surface area is exposed to NaOH than 

FNWAs, which may cause errors in evaluating the aggregates. Therefore, ASTM C289 is not 

suggested for the reactivity evaluation of the FLWAs.  

In ASTM C289, after being exposed to 1.0 N NaOH and 80°C for 24 hours, a similar 

amount of dissolved silica was observed from all three FLWAs: 187 mmol/l for expanded slate; 

122 mmol/l for expanded shale, and 129 mmol/l for expanded clay. However, compared to the 

amount of dissolved silica, expanded clay and expanded shale consumed more alkalis than the 

expanded slate. The expanded shale and clay consumed more than 200 mmol/l alkalis whereas the 

expanded slate only consumed 80 mmol/l. Therefore, although the ASTM C289 test cannot 

accurately predict the reactivity of the aggregate, it still showed the ability of the aggregate to 

reduce the alkalinity in alkaline solution. This information can be useful to assess the alkali 

consumption of the FLWAs when they are used in cement and concrete. However, a less alkaline 

solution, which simulates the concrete pore solution (pH 13~13.5) may be useful.  

In this study, a modified ASTM C1260 test was used. The FLWAs were used to replace 

reactive aggregates by volume, and all FLWAs were pre-wetted before mixing. Test results 
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indicated that FLWAs showed effectiveness in reducing the expansion caused by ASR. The 

mixtures with 100% FLWAs all showed an expansion below 0.10% at 14 days, which indicated 

that these aggregates were non-reactive. However, the mixture with 25% expanded slate showed 

more expansion than the reference mixture. Mixtures with the expanded shale showed the least 

expansion at 25% and 50% replacement level compared to the other two FLWAs at the same 

replacement level. Expansion data up to 28 days after NaOH exposure was also shown in Figure 

3.2. The mixture with 100% expanded slate showed an expansion of 0.18% at 28 days, which 

exceeded the threshold. Although the expansion data at 28 days are not usually used to evaluate the 

reactivity of the aggregates, the ongoing reaction may indicate that expanded slate is not the most 

efficacious FLWA to be used for ASR mitigation among the three. In addition, similar to ASTM 

C289, in ASTM C1260, specimens were exposed to a high-alkali concentrated environment, which 

speeds up the reaction significantly. Previous research showed that under this condition, aggregates 

containing silica, even the well-crystallized quartz become soluble and this deleterious ASR may 

occur [116, 176].  

The ASTM C1293 test takes two years to assess the mitigation efficacy of SCMs. 

Therefore, concrete prisms were monitored up to two years in this study. Similar to ASTM C1260, 

all FLWAs were pre-wetted before use and they were used to replace FNWAs by volume. 

Expanded clay showed the best efficacy in reducing ASR-caused expansion in all mixture groups. 

The ranking of the three FLWAs in mitigation is: expanded clay >expanded shale>expanded slate. 

This finding was consistent in all four mixture groups with aggregates of different reactivity.  It is 

suggested that FNWA be replaced by FLWAs by volume in both the ASTM C1260 test and the 

ASTM C1293 test. In addition, FLWA should be pre-wetted before test. These modifications 

ensured the consistency of the water-to-cement ratio and cement content in unit volume, thus, the 

alkali content in concrete. In general, the ASTM C1293 test can be used to evaluate the 

effectiveness of ASR mitigation when FLWAs are incorporated.    

3.5.2. Mitigation Efficacy 

According to the results of the ASTM C1260 test and the ASTM C1293 test, all three 

FLWAs showed efficacy in mitigating ASR in both mortar and concrete mixtures. However, the 

efficacy of mitigation is determined by multiple factors, such as alkali-silica reactivity of coarse 

and fine aggregates, the composition of FLWA as well as the replacement level of FLWA.  

Expansion data in ASTM C1260 and ASTM C1293 all indicated that the expanded clay 

and shale showed better efficacy in mitigating ASR than the expanded slate. Among all three 
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FLWAs, expanded clay showed the best efficacy in reducing the expansion caused by ASR. With 

an increase in replacement level, a better efficacy was achieved. As indicated by ASTM C289, 

expanded shale and clay showed less dissolved silica and consumed more alkalis. Therefore, the 

alkalinity in the pore solution may be reduced by incorporating expanded clay and expanded shale. 

All three FLWAs contain a high content of alumina as shown in Table 3.3. As discussed above, the 

existence of alumina in FLWAs may result in a localized pozzolanic activity or protection to limit 

the dissolving of silica.  

According to the SEM analysis, concrete with 50% expanded clay showed fewer 

microcracks when comparing to the reference mixture. Fewer microcracks indicated less ASR gel 

were formed in the mixture as a result of the ASR mitigation. In BN mixture group, with FLWAs, 

even 50% expanded clay, ASR was not completely mitigated but the extent of deterioration was 

reduced. Microcracks were also seen in the paste even if 50% expanded clay was incorporated.  

In the ASTM C1293 test, aggregates of different reactivity were used to investigate the 

efficacy of the three FLWAs. In BN mixture group, all mixtures with FLWAs showed expansion 

higher than the test threshold (0.04%); in SP mixture group, mixture with 50% expanded clay 

showed an expansion less than 0.04%; in QZF mixture group, 25% expanded clay mixture, 50% 

expanded slate mixture, 50% expanded shale mixture, and 50% expanded clay mixture all passed 

the test; in QZC mixture group, 25% expanded clay mixture, 50% expanded shale mixture and 50% 

expanded clay mixture showed expansion less than 0.40%. Detailed information can be found in 

Figure 3.3 and Table 3.6.  

Table 3.6. Illustration of test results at two years according to the ASTM C1293 (*Mixtures with 

25% Slate and 25% Shale were not cast due to the limited availability of the materials) 

 BN SP QZF QZC 

Reference expansion (%) 0.66 0.18 0.10 0.14 

25% Slate Fail ↑↑↑ Fail ↑↑ N/A* Fail ↑ 

25% Shale Fail ↑↑↑ Fail ↑ N/A* Fail ↑ 

25% Clay Fail ↑↑↑ Fail ↑ Pass ↓↓ Pass ↓ 

50% Slate Fail ↑↑↑ Fail ↑↑ Pass ↓ Fail ↑ 

50% Shale Fail ↑↑ Fail ↑ Pass ↓↓ Pass ↓ 

50% Clay Fail ↑ Pass ↓ Pass ↓↓ Pass ↓↓ 

 

Note:  

↓ ↓ the expansion was lower than 0.02%; ↓ the expansion was 0.02~0.04%; 

↑ the expansion was 0.04~0.12%; ↑↑ the expansion was 0.12~0.24%; ↑↑↑ the expansion was higher than 0.24%. 
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Based on the information in Table 3.6, the reactivity of the coarse and fine aggregate in the 

reference mixture can impact the efficacy of the FLWAs on ASR mitigation. Aggregate BN is a 

very highly reactive aggregate, even 50% expanded clay cannot completely suppress the deleterious 

expansion caused by ASR. However, in mixtures with moderate reactive aggregates, such as fine 

quartzite aggregate and coarse quartzite aggregate, 25% expanded clay were able to reduce the 

expansion below 0. 04%.  Therefore, for the mixture with a very highly reactive or highly reactive 

aggregate, the use of FLWAs can reduce the expansion but maybe not an effective strategy to 

entirely mitigate ASR. In the mixture with moderate reactive aggregate, 50% expanded shale and 

expanded clay can be considered as a strategy to mitigate ASR. For concrete with a highly reactive 

aggregate or a very highly reactive aggregate, other mitigation methods such as using SCMs or 

lithium nitrate can be considered to achieve a better efficacy in ASR mitigation. However, 

additional studies are still in need to verify the possibility of the combination of different strategies, 

especially on dosage level and pessimism effect.  

3.5.3. Expansion and Mass Change 

When ASR occurs, the ASR gel can absorb water from the environment to cause the 

expansion. Previous studies also noted that the weight of the concrete may increase with the 

expansion of the specimens due to the absorbed water [179]. However, this was not validated 

through the test. In Figure 3.9, the mass change of the concrete prisms versus the expansion at 2 

years is plotted.   

 

Figure 3.9. The relationship between mass change and expansion of concrete prisms in different 

mixture groups at two years.  

The correlation between mass change and expansion of the concrete prism at two years 

was not observed in this study. The reference mixtures of SP, QZF and QZC all showed an 
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expansion below 0.20%. On the other hand, in BN mixture group, where the reference showed 

0.66% expansion, the mass change increased with the expansion of the concrete. The reference of 

BN group showed much more expansion than the references in SP, QZC and QZF.  

In SP, QZC and QZF groups, mixtures with FLWAs tended to show a higher increase in 

mass than the reference mixture, although a less expansion was observed in these mixture groups. 

However, the reference showed the most expansion in BN mixture. In the SP and the QZC group, 

the reactive sources were coarse aggregates, while in the BN and the QZF group, the reactive 

sources were fine aggregates. The mechanisms of the reaction can be very different, since fine 

aggregates have more surface area when exposed to high-alkali pore solution. The differences in 

reactive sources may determine the water absorption ability of the ASR gel generated by different 

aggregates.  

In general, the mass change of concrete prisms subjected to ASR was not necessarily 

correlated with the expansion of the concrete prisms. As discussed above, incorporation of FLWAs 

in concrete can effectively reduce the expansion caused by ASR in most cases. However, the mass 

change of the concrete did not decrease with the mitigation of ASR. This may be attributed to the 

differences of reactive sources, the ASR gel composition as well as the composition of the FLWAs. 

More investigations are still needed to understand if mass change can be an indicator if ASR occurs.  

 

3.6. Conclusions 

In this study, three FLWAs from difference sources were investigated for their efficacy to 

mitigate ASR in concrete mixtures with different reactive aggregates. Current ASTM standards 

were assessed for their applicability to assess the use of FLWAs to mitigate ASR. Based on this 

study, a few conclusions were drawn: 

 The ASTM C289 is not a proper test method to evaluate the reactivity of FNWAs as well 

as FLWAs. However, the results of the ASTM C289 test may provide some information 

on the alkali-consuming ability of the FLWAs when they are used for ASR mitigation. 

 Modified ASTM C1260 test and ASTM C1293 test can be used to evaluate the ASR 

mitigation efficacy of FLWAs. When FLWAs were incorporated, fine normal weight 

aggregates should be replaced by volume, and FLWAs should be pre-wetted.  



49 

 

 

 The expanded clay was the most effective FLWA to mitigate ASR in all four concrete 

mixture groups. The efficacy of the mitigation was dependent on the reactivity of the 

aggregate and replacement level of FLWA.  

 When FLWAs were used in concrete mixtures with moderately reactive aggregate, 25% 

expanded clay was effective to reduce the expansion to below the expansion limit. However, 

for concrete with a highly reactive aggregate or very highly reactive aggregate, 50% 

expanded shale and clay were not able to completely suppress the expansion caused by 

ASR. 

 The mass change did not necessarily correlated with the expansion of the concrete prisms 

in ASTM C1293 test when FLWAs were incorporated.  
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Abstract 

Test methods including the accelerated mortar bar test (AMBT), the concrete prism test 

(CPT), pore solution analysis and scanning electron microscopy (SEM) were used to elucidate how 

expanded slate, expanded shale and expanded clay may mitigate alkali-silica reaction (ASR). In 

this study, a very highly reactive fine aggregate (BN) was used in the AMBT, and the fine 

lightweight aggregates (FLWAs) were used to replace BN respectively at 25%, 50% and 100% by 

volume. AMBT results showed that FLWAs were efficacious in reducing ASR-related expansion 

when they were used in both pre-wetted and oven-dried conditions. However, more expansion was 

observed when FLWAs were pre-wetted. In the CPT, a very reactive coarse aggregate (SP) and BN 

were used respectively in two mixtures. FLWAs were used to replace the fine aggregate in either 

mixture at 25% and 50% by volume. CPT results showed that expanded clay was the most effective 

FLWA among the three in reducing the expansion caused by ASR. In fact, for the SP mixture with 

50% expanded clay, the expansion was below the 0.04% limit at two years. Pore solution analysis 

indicated that a reduction in alkalinity was observed in the SP mixture but not in BN mixtures at 

all replacement levels. SEM analysis revealed that infilling reaction products formed in the pores 

of the FLWAs. From EDX analysis, the infilling reaction product was closer to C-A-S-H in 

composition, rather than alkali-silica reaction product. The Ca/Si of the reaction product can vary 

from 0.8~1.1, which is lower than the Ca/Si of ASR gel in the paste, but higher than that of the 

ASR reaction product in aggregates.    

 

Key words:  

Fine lightweight aggregate, Alkali-silica reaction, Pore solution, Al, Pozzolanic reaction 
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4.1. Introduction 

Lightweight aggregates (LWAs) are manufactured under high temperature (over 1100°C), 

where the raw materials liquefy and air bubbles are released out of the aggregates which results in 

expansion and “bloating” of the aggregate [140]. LWAs have been used as both fine and coarse 

aggregates in concrete construction for many decades. In many cases, they are used to reduce the 

overall density of a concrete or mortar mixture, thus reducing dead loads as well as loading 

associated with transportation of large pre-stressed concrete members [180]. Furthermore, LWAs 

are frequently used in thermally-insulating mortars and grouts. Due to their inherently high silica 

and alumina contents, these materials can be ground finely to function as active pozzolanic 

materials as well [181, 182]. In the past 15-20 years, research focused on mixing pre-wetted 

lightweight aggregate into high performance concrete to serve as moisture reservoirs for internal 

curing [140, 141, 183-186]. In spite of the increased interest in using fine lightweight aggregates 

(FLWAs) for internal curing, limited information exists as to the benefits of these types of 

aggregates may provide in terms of durability, specifically resistance to alkali-silica reaction (ASR).   

For concrete susceptible to ASR, certain types of aggregate, with reactive silica, may be 

easily attacked by the hydroxyl ions available in the pore solution of concrete. The attack can cause 

the formation of a hygroscopic product, which can absorb water, swell and expand. Then expansion, 

cracking and further deterioration of concrete can result [47, 98, 187]. When ASR occurs, a typical 

map cracking pattern tends to form which is detrimental to the integrity of concrete structures. 

Damage due to ASR could lead to other significant concrete durability issues and reduce the life 

span of concrete structures.   

Research on mitigation of ASR has been going on for over 70 years. The three necessary 

components for ASR are aggregate with reactive silica, available alkalis and moisture. If any one 

of these can be removed, ASR can be limited or even eliminated.  However, eliminating even one 

of these components is often not practical. Some studies also revealed that the presence of Ca is 

critical for the formation of the expansive ASR reaction product. Therefore, various ASR mitigation 

strategies are considered before the concrete is mixed. Based on current research, recommended 

ASR mitigation methods include using non-reactive aggregate, using supplementary cementitious 

materials (SCMs) and using lithium nitrate [7, 188-190]. However, not all mitigation methods will 

be available to construction projects due to the constraints of locally available resources and 

transportation costs. Additionally, compared to portland cement, SCMs such as blast furnace slag 
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and fly ash are produced in a smaller quantities [191]. Other feasible ASR mitigation methods are 

still in great need.  

Previous research found that the use of FLWAs to mitigate ASR is promising [140, 188, 

192-194]. However, due to a lack of comprehensive supporting data and inconclusive evidence for 

mitigation mechanisms, the use of the FLWAs to mitigate ASR has not been accepted. The aim of 

this research project is to determine whether FLWAs can mitigate ASR in concrete and to elucidate 

the mechanisms.  

 

4.2. Background Information 

4.2.1. Mitigation Theories 

Existing research found that incorporating FLWAs could be a potential strategy to control 

the expansion caused by ASR. Although mechanisms for ASR mitigation by incorporating FLWAs 

have been proposed, there is a lack of agreement among various researchers. According to these 

studies, the proposed mitigation mechanisms can be categorized into the following theories: 

Dilution of reactive aggregate 

Shin et al. showed that by using expanded slate, expanded shale and expanded clay to 

partially replace the fine alkali-silica reactive aggregate in the AMBT, less expansion of the mortar 

bars was observed [194]. Therefore, they showed by using FLWAs to replace the reactive 

aggregates, less reactive components are available to be attacked by the alkali and less amorphous 

reaction products were expected to form. However, the pessimum effect of FLWAs was not 

investigated. 

Dilution of pore solution 

Collins assumed that incorporating lightweight aggregates (coarse) could result in a 

dilution of the pore solution as the internal curing water residing in the pores of FLWAs may be 

released into pore solution [168]. However, this assumption is possibly invalid, since the internal 

water in FLWAs will not start releasing until seven hours after mixing [164].  

Refined microstructure 

FLWAs were reported to influence the durability of concrete by refining its microstructure. 

Elsharief and co-workers showed that a refinement of the interfacial transition zone (ITZ) was 
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observed in mortars prepared with both oven-dried and pre-wetted expanded shale [148]. Other 

researchers found that by using FLWAs for internal curing, the overall porosity of concrete was 

decreased so that the rate of fluid ingress could be reduced [148, 169, 194, 195]. As discussed 

above, when the microstructure was refined by incorporating FLWAs, less moisture intrusion to 

the mixture can be expected. Then there was less moisture available for ASR reaction product to 

absorb thus limiting the expansion. It is likely that this mechanism would impact the rate of reaction 

rather than the ultimate extent of reaction and resulting expansion. 

ASR Gel accommodation 

Boyd and Bremner found that deposits were observed in the pores of the FLWAs, which 

were claimed to be ASR gel [155, 192]. Due to the porous structures of FLWAs, some other 

researchers also assumed that the FLWAs could provide space for ASR reaction product to deposit 

and thus the expansion could be suppressed [156, 192-194]. 

Pozzolanic activity 

Urhan found that expanded perlite showed pozzolanic activity in concrete through the ISO 

R 863 test (Pozzolanicity test for pozzolanic cements) [181]. Bekta found that both ground 

expanded perlite and natural perlite were effective in ASR mitigation. However, the expanded 

perlite showed superiority in limiting expansions [170]. Furthermore, Dahl et al. showed that when 

a micro expanded clay (5~10 µm in diameter) was used to replace the cement in concrete, the 

expansion caused by ASR was significantly reduced with increasing micro expanded clay 

replacement [196]. Other researchers investigated the durability of concrete when FLWAs were 

incorporated and showed a localized pozzolanic activity due to a high content of silica and alumina 

in FLWAs [193, 194, 197].  

4.2.2. Concerns About Current Assumptions 

While several potential theories were proposed by researchers, inconsistencies were still 

found among these theories.  By comparing the current literature, the refinement of ITZ and the gel 

deposit theories are contradictory. According to Elsharief’s study, the ITZ was refined, and the 

microstructure became denser [148]. In this case, with a refined ITZ and denser microstructure, the 

ASR reaction product would be less likely to be deposited into the FLWAs due to the reduction in 

transport properties.  

Lightweight aggregates (LWAs) were found to be pozzolanically reactive when they were 

ground finely (usually smaller than 100 µm) [198, 199]. Due to the large surface area of the ground 
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LWAs, they tend to react with available alkalis in the concrete to initiate a localized pozzolanic 

reaction. However when using as a fine aggregate, the average particle size is significantly larger 

than when used as pozzolans. It is questionable if a FLWA is still pozzolanically reactive when it 

is used as a fine aggregate in concrete.  

In addition, despite the findings that FLWAs were effective in reducing expansion caused 

by ASR, a study conducted by Ceukelaire reported that a concrete bridge in Kotich, Belgium, still 

suffered from ASR and DEF (as well as other mineral precipitates) even when FLWAs were 

incorporated into the concrete [200]. The ASR was found to be caused by the reactive aggregates 

and an extensively high alkali content in concrete. Besides the alkalis from cement, alkalis leached 

from FLWAs could be another factor accelerating the reactions [200]. This indicates that in 

concrete with a high alkali content, using FLWAs as the sole mitigation strategy may not be 

effective. 

The type of FLWAs can largely influence its efficacy on ASR mitigation. Mladenovic et 

al. showed that not all FLWAs were effective in mitigating ASR in mortar mixtures [183]. FLWAs 

which contained a glassy phase, such as expanded glass and expanded perlite in the study, showed 

potentially deleterious ASR [183].  

It is clear that further studies are still necessary to elucidate the mechanisms by which 

FLWAs may control ASR. An improved understanding will also allow FLWAs to be used 

effectively in the future where mitigation of ASR is desired. 

4.2.3. ASR Reaction Product Composition 

In previous research, reaction products were found in the pores of FLWAs, and these 

reaction products were reported to be alkali-silica gel; however, the evidence was inconclusive [155, 

192]. In general, ASR gel contains Si, Na, K, Ca and sometimes Mg. Typically, the molar ratio of 

(Na2O+K2O)/SiO2 ranges from 0.05 to 0.6, and (CaO+MgO)/SiO2 ranges from 0 to 0.2 [46-48]. In 

addition, it was found that the composition of ASR gel can vary significantly depending on its 

location in the concrete [19, 46, 49]. Knudsen and Thaulow noted that the ASR gel residing in 

cracks far from reaction site had about 20% CaO in it, whereas the ASR gel in aggregates showed 

a lower CaO content [46]. Diamond also noted that ASR gel had a variable Ca/Si due to its 

complicated formation mechanisms [50]. Thomas reported that in a seven-year-old concrete, the 

ASR gel in the aggregates had a Ca/Si of 0.25 and the Ca/Si was observed to be up to 1.30 for the 

ASR gel within the paste [45]. Furthermore, the content of Ca in ASR gel can influence the 
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expansive properties of the ASR gel. Thomas reported that ASR gel with a higher content of Ca 

was more rigid and capable of producing expansion than the ones with a lower content of Ca [201].   

4.2.4. Research Objectives 

Based on the findings in previous research, using FLWAs to mitigate ASR is promising. 

However, the research results are confounding, and the mechanisms of the mitigation are not well 

elucidated. Therefore, a more comprehensive investigation is needed. In addition, the applicability 

of current standard test methods is in need of evaluation when FLWAs are incorporated into 

concrete as a potential mitigation method. Accordingly, the primary objective of this study is to 

elucidate the mechanisms by which FLWAs can mitigate ASR in mortar/concrete through 

advanced analytical methods.  

 

4.3. Materials and Methodology 

4.3.1. Materials 

FLWAs 

Three different types of FLWAs (expanded slate, expanded shale and expanded clay) were 

studied for their roles in ASR mitigation. Figure 4.1 shows the microstructure of the three FLWAs 

investigated in this study.  

 

Figure 4.1. The microstructure of the investigated FLWAs under scanning electron microscopy 

(SEM): (A). Expanded slate; (B). Expanded shale; (C). Expanded clay. 

Compared with fine normal weight aggregate, FLWA has a higher absorption capacity 

and a lower specific gravity due to its porous structure. The absorption capacity and specific 
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gravity were tested by using the “paper towel method” and ASTM C128 [202, 203]. Table 4.1 

shows the material properties of the investigated FLWAs. 

Table 4.1. Material properties of the investigated FLWAs. 

FLWAs Absorption capacity (%) Specific gravity 

Expanded slate 10.27 1.74 

Expanded shale 23.34 1.52 

Expanded clay 30.75 1.07 

 

Both XRF results and the XRD patterns reveal that expanded clay, expanded shale and 

expanded slate have similar chemical composition and mineral phases. XRF data is presented in 

Table 4.2. The major mineral of all three FLWAs is quartz, as highlighted by the dashed line in 

Figure 4.2.  

Table 4.2. XRF data of the investigated FLWAs. 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 Total Oxides 

Expanded Slate 61.35 18.53 7.82 2.76 2.11 0.64 2.70 3.13 0.80 0.16 100.00 

Expanded Shale 61.83 19.61 7.72 3.33 2.75 0.64 0.52 2.87 0.61 0.12 100.00 

Expanded Clay 68.04 15.77 5.54 2.70 2.21 0.74 1.12 3.06 0.61 0.20 100.00 

 

 

Figure 4.2. XRD results of the investigated FLWAs 
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Other aggregates 

Two coarse aggregates and two fine aggregates of different potential ASR reactivity were 

used; the reactivity was classified according to the criteria in ASTM C1778 based on expansion in 

AMBT and CPT. Table 4.3 shows the types and sources of the selected aggregates. 

Table 4.3. Coarse and fine aggregates used in the study. (The reactivity of the aggregates were categorized 

according to ASTM C1778 [204]) 

 ID Type 
Reactivity 

Source 

Coarse 

aggregate 

CA1 Crushed limestone  
Non-reactive 

Washington, USA  

CA2  Spratt III 
 Highly reactive 

Ontario, Canada 

Fine aggregate 
FA1 Siliceous river sand 

Very highly reactive 
Oregon, USA 

FA2 Crushed limestone 
Non-reactive 

Texas, USA 

 

Cement 

A high-alkali Portland cement meeting the requirements of ASTM C150 (Type I) was used 

in both the AMBT and the CPT in this study. Table 4.4 shows the major chemical composition of 

the cement.  

Table 4.4. Major chemical composition in cement (%) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq SO3 LOI 

19.61 4.38 2.76 62.21 2.72 0.28 0.84 0.83 3.76 2.60 

 

4.3.2. Methodology 

AMBT 

The reactivity of the aggregates was evaluated based on the expansion of the mortar bars 

after 14 days exposure to 1.0 N NaOH at 80°C according to ASTM C1260 [26]. A very highly 

reactive siliceous sand (FA1) was used in the reference mixture. Although ASTM C1260 has a 

provision for low density aggregates (specific gravity < 2.45), to keep it consistent with CPT, three 

FLWAs were used to replace FA1 at 25%, 50% and 100% by volume separately. FLWAs were 

prepared in two methods: one was pre-wetted and the other was oven-dried. This was done to verify 

if the internal curing water participated in the ASR. The mixture matrix is shown in Table 4.5.  
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Table 4.5. Mixture matrix for AMBT (17 mixtures including one references) 

Aggregate FLWA Treatment Replacement level 

FA1 N/A Oven-dried  -  

FA1 

Expanded slate FA1:   Oven-

dried 

FLWAs: Pre-

wetted 

25% 50% 100% 

Expanded shale 25% 50% 100% 

Expanded Clay 25% 50% 100% 

FA1 

Expanded slate FA1:   Oven-

dried 

FLWAs: 

Oven-dried  

25% 50% 100% 

Expanded shale 25% 50% * 

Expanded Clay 25% 50% * 

*Mixtures with 100% oven-dried expanded shale and expanded clay were not included due 

to the low workability as a result of high water demand of oven-dried FLWAs. 

CPT 

The CPT evaluates the aggregate reactivity over a one-year span or mitigation over a two-

year span. In this test, concrete prisms were stored at 38 °C and 100% relative humidity. Although 

the CPT has a longer duration than the AMBT, the CPT provides a better indication of field 

performance [205]. All the materials were prepared according to the requirement of ASTM C1293 

[25]. Two reference mixtures were evaluated in the CPT as shown in Table 4.6. One mixture (BN) 

consisted of a very highly reactive fine aggregate and a non-reactive coarse aggregate. In the other 

mixture (SP), a highly reactive coarse aggregate and a non-reactive fine aggregate was used. 

Table 4.6. Mixture matrix for CPT 

 Coarse aggregate Fine aggregate 

Group Aggregate type Reactivity Aggregate type Reactivity 

BN Crushed limestone (CA1) Non-reactive Siliceous river sand (FA1) Very highly reactive 

SP Spratt III (CA2) Highly reactive Crushed limestone (FA2) Non-reactive 

 

Expanded slate, expanded shale and expanded clay were used to replace the fine aggregate 

at 25% and 50% respectively by volume in both BN and SP mixtures. FLWAs were pre-wetted to 

ensure the moisture content was above its absorption capacity. For each mixture, three concrete 

prisms were kept for expansion measurement up to two years and one prism was cut periodically 

for pore solution and SEM analysis.  
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Pore solution analysis 

Pore solution was extracted at specific ages (7-, 28-, 84-, 180- and 365- days) for analysis. 

The samples for pore solution extraction were acquired from the concrete prisms in the CPT. One 

sample was cut for each mixture at a specific age. The pH was measured within four hours of 

extraction. In addition, the solution was also titrated against 0.05M HCl to measure the change in 

alkalinity. Inductively coupled plasma (ICP) – atomic emission spectroscopy (AES) was used to 

analyze the concentration of Na, K, Ca, Al and Si in pore solution. The ICP-AES measured three 

times for each sample. The average of the three measurement was reported. For the K of SP 

reference mixture at 7 days and the K of BN 50% slate mixture at 7 days, the samples were 

measured for a second time due the erroneous results obtained in the first measurement. 

Commercial single-element standards were mixed in the 2.0% HNO3 solution based on the 

estimated proportion of each element in pore solution for calibration. A 100× dilution was used to 

detect Na and K and a 10× dilution was used to detect Ca, Al and Si.  

SEM analysis 

SEM analysis was used to examine the microstructure of the concrete with expanded clay. 

An FEI QUANTA 600F environmental SEM was used to acquire backscattered images. Samples 

for analysis were all 5mm thick, which were cut by a diamond precision saw out of concrete prisms. 

These samples were soaked in isopropyl alcohol for 72 hours with a solution change after the first 

24 hours to arrest the hydration [175]. The samples were impregnated with epoxy under vacuum 

and were subsequently roughly polished with #500 sandpaper to expose the concrete surface and 

finely polished for 8 hours total using 9µm, 3µm, and then 1µm polycrystalline diamond grit. 

During the fine polishing, an oil-based lubricant was applied to disperse the polishing medium. 

SEM analysis was used to confirm: (1) The formation and the location of ASR gel; (2) The pore 

structure of FLWAs at different ages when mixed in concrete; (3) If the ASR gel was deposited 

into the pores of the FLWAs. In addition, energy-dispersive X-ray spectrometry (EDX) was used 

for elemental analysis.  

 

4.4. Results 

4.4.1. AMBT Results 

As introduced in section 3, FLWAs were evaluated in AMBT by using two different pre-

treatments: pre-wetting and oven-drying. Figure 4.3 shows the expansion comparisons between the 
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two groups after 14-day exposure to 1.0 N NaOH. In the reference, the very highly reactive fine 

aggregate (FA1) had an expansion of 0.66%, which was higher than the expansion limit – 0.10%. 

The expansion was reduced in most of the mixtures with FLWAs, except the mixture with 25% 

pre-wetted expanded slate. As the replacement level increased, the expansion further decreased. 

This trend was observed in both mixtures with oven-dried FLWAs and mixtures with pre-wetted 

FLWAs. The mixture with 100% expanded slate in both groups was below the expansion limit, 

which indicated expanded slate was non-reactive according to AMBT. Expanded clay and 

expanded shale showed better efficacy in limiting expansion than expanded slate. When reactive 

fine aggregates were replaced by 100% oven-dried expanded shale and 100% oven-dried expanded 

clay, the mixture was not able to be cast due to a low workability of the mixtures. With 100% pre-

wetted expanded shale and expanded clay, the expansion was 0.02% and 0.03%, respectively. 

Therefore, all mixtures with pre-wetted FLWAs at 100% replacement levels passed the AMBT, 

which indicated that they were not deleteriously reactive.  

 

Figure 4.3. AMBT expansion results after 14 days: (A). Mixtures with pre-wetted FLWAs; (B). Mixtures 

with oven-dried FLWAs. 

A slightly different trend was observed for the oven-dried mixture. The mixture with 25% 

oven-dried expanded slate showed an expansion of 0.55%, whereas an expansion of 0.77% was 

observed in the mixture with 25% pre-wetted expanded slate. By comparing the expansion results 

of the two groups, the mixtures with pre-wetted FLWAs showed higher expansion than the mixtures 

with the oven-dried FLWAs at the same replacement level. Specifically, the mixture with 50% pre-

wetted expanded clay showed 216% more expansion than the mixture with 50% oven-dried 

expanded clay. This observation indicated that the internal curing water residing in FLWAs might 
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cause a higher expansion in the mortar bars. Among all three FLWAs, due to the high absorption 

capacity, expanded clay contained the most internal curing water.  

4.4.2. CPT Results 

In the CPT, all FLWAs were pre-wetted to ensure the moisture content was above the 

absorption capacity; this is commensurate with field practice as well as the AMBT test. Figure 4.4 

shows the expansion results of CPT up to two years. 

 

Figure 4.4. Expansion results of CPT at 2 years: (A).BN mixtures; (B). SP mixtures 

In Figure 4.4A, results of BN mixtures are shown. An expansion of 0.66% at two years was 

observed in the reference group. However, the efficacy of 25% expanded slate was minimal if the 

standard deviation was taken into consideration. Among all three FLWAs, expanded clay was the 

most efficacious in reducing the expansion caused by ASR. The mixture with 50% expanded clay 

showed an expansion of 0.07% at two years. In mixtures where a very highly reactive fine aggregate 

was replaced with FLWAs, the expansion was reduced according to both the AMBT and CPT. 

Results of the SP mixtures are shown in Figure 4.4 B. The quantity of reactive coarse 

aggregate remained constant in all mixtures. An expansion of 0.15% at one year was observed in 

the reference. A similar trend in expansion reduction after incorporation of FLWAs was observed. 

Mixtures with 50% expanded shale and 50% expanded clay all showed a significant reduction in 

expansion in comparison to the reference. In fact, the concrete prisms with 50% expanded clay 

showed an expansion below the expansion limit – 0.04%. In this group of mixtures, FLWAs were 

used to replace the non-reactive aggregate in the mixture instead of the reactive aggregate. This 
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indicated that FLWAs reduced ASR-related expansion through other mechanisms than dilution 

alone.    

4.4.3. Pore Solution Test Results 

In this paper, the concentrations of Na, K and Al in pore solution were reported. As seen 

in Figure 4.5, the content of Na tended to decrease with time (a few mixtures show an increase in 

Na concentration after 180 days).  In general, according to what was observed in the test, both 

expanded clay and expanded shale were efficient in reducing the Na concentration in the pore 

solution. However, an increase of Na was observed when expanded slate was incorporated in both 

mixture groups. The Na concentration in the pore solution of the mixture with 50% expanded clay 

was lower than all other mixtures in both groups. In the BN mixtures, the Na concentration in the 

pore solution of the mixture with 50% expanded clay was 15.2% lower than the reference at 7 days 

and 29.2% lower at 365 days. In the SP mixtures, at 7 days, the Na concentration in the pore solution 

of the mixture with 50% expanded clay decreased by 19.6% when compared to the reference 

mixture. At 365 days, it was 28% lower in the pore solution of the mixture with 50% expanded clay 

than the reference in the same group.  

 

Figure 4.5. Sodium (Na) concentration in pore solution: (A). BN mixtures; (B). SP mixtures. 

Results of the K concentration are shown in Figure 4.6. In the BN reference mixture, K 

was about 6000 ppm in the pore solution, whereas it was about twice as much in the pore solution 

of the SP reference mixture. In both mixture groups, K was observed to decrease with the time, 

which was similar to the Na concentration as described above.  
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In addition, in the SP mixtures, the concentration of K decreased with the incorporation of 

expanded shale and expanded clay while the reduction was not obvious when expanded slate was 

incorporated. However, in the BN mixtures, the concentration of K did decrease when expanded 

clay and expanded shale were incorporated.  

 

Figure 4.6. Potassium (K) concentration in pore solution: (A).BN mixtures; (B). SP mixtures. 

Figure 4.7 shows the concentration of hydroxyl ions measured in the pore solution from 7 

days to 365 days. It was observed that the hydroxyl ions decreased in the pore solution with time. 

With the incorporation of FLWAs, the alkalinity in the pore solution tended to decrease further. 

The reduction in alkalinity was not necessarily proportional to the replacement level. However, 

with expanded clay, a reduction in alkalinity in pore solution was seen in all mixtures. Further, with 

50 % expanded clay, a decrease in alkalinity was observed in both mixture groups even at early age 

of the concrete (prior to 28 days).  
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Figure 4.7. Change of hydroxyl ions in pore solution: (A). BN mixtures; (B). SP mixtures. 

The Al in the pore solution was also measured and the results are shown in Figure 4.8. In 

the pore solution of the mixture with FLWAs, the content of the Al was higher than that of the 

reference. In the pore solution of the mixtures with 50% expanded shale and 50% expanded clay, 

the Al content was the highest. This observation could be an indication that Al from expanded clay 

and expanded shale leached into the pore solution due to a reaction between FLWAs and pore 

solution.  

 

Figure 4.8. Al in pore solution: (A). BN mixtures; (B). SP mixtures. 
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4.4.4. SEM Analysis 

The goal of SEM analysis was to observe the internal structure of FLWAs and identify the 

ASR reaction product in concrete when ASR occurs. In addition, using SEM with EDX can verify 

if the ASR reaction product was deposited into the pores of FLWAs. Samples from both the AMBT 

and the CPT were observed. According to the results from both AMBT and CPT, expanded clay 

was selected for SEM analysis as it was the most effective FLWA to reduce ASR-induced 

expansion. Mortar samples with 100% pre-wetted expanded clay at 14 days were selected; concrete 

samples (SP mixture) with 50% expanded clay at 7 days, 84 days, 180 days, 365 days were selected 

to show the microstructural change of the FLWAs.  

Figure 4.9 shows two expanded clay particles in mortar mixtures with 100% expanded clay 

at 14 days after being exposed to 1.0 N NaOH at 80°C. As shown in Figure 4.9 (A), an expanded 

clay particle with a size of roughly 500 µm across is shown. The pores in the particle were partially 

filled with a reaction product. At the rim of the particle, it can be seen that some small pores were 

filled with the reaction products. Furthermore, as shown in Figure 4.9 (B), in another expanded 

clay particle (150~200 µm in diameter), most of the pores in the expanded clay were filled with 

reaction products and the rim of the reaction product can still be clearly seen in the figure. The ITZ 

between the expanded clay particle and the cement paste was narrow.  

 

Figure 4.9. Backscattered electron images of expanded clay particles in mortar mixtures: (A). A partially 

filled expanded clay particle; (B). A fully filled expanded clay particle. 

In this mortar mixture, there were no alkali-silica reactive particles used, therefore, the 

ASR gel would not be generated. It is very likely these reaction products were generated due to a 

reaction among expanded clay pore solution and surrounding cement paste. Microcracks in the 
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expanded clay particle as shown in Figure 4.9A were observed which indicated the ongoing 

reaction between the expanded clay, pore solution, and the surrounding paste.  

SEM analysis was done on the samples from the CPT; the SP mixture with 50% expanded 

clay were chosen. The backscattered electron images at different ages are shown in Figure 4.10. At 

7 days, pores of the FLWAs are all open, and no reaction products were observed in these pores. A 

very thin calcium-rich layer was observed at the edge of some of the expanded clay aggregates. 

The boundary between cement paste and expanded clay was very clear. At 84 days, some small 

pores on the edges of the expanded clays were filled with reaction products. The infilling reaction 

product made the boundary between the cement paste and the expanded clay particles difficult to 

discern. After 180 days, more pores in the expanded clay particle were filled with reaction products. 

Not only the pores on the edges were filled, but also, the pores in the middle of the expanded clay 

particle were filled or partially filled. More infilling reaction products were found in 365-day 

samples and a few cracks were observed in these reaction products, which may result from sample 

preparation. This observation matched what was found in mortar samples.  
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Figure 4.10. Backscattered electron images of SP mixture with 50% expanded clays at different ages: (A). 

7-day; (B). 84-day; (C). 180-day; (D). 365-day. 

According to EDX analysis, Figure 4.11 (A) (B) are ternary plots which show the 

composition of the phases identified in the samples obtained from concrete mixtures. The 

composition of the ASR reaction product was collected from the SP reference mixture. The 

composition of the infilling product, the expanded clay and the cement was collected from the SP 

mixture with 50% expanded clay. By comparing the composition of these phases, the infilling 

reaction product showed a Ca/Si that ranged from 0.8 to 1.2, which was higher than that of the ASR 

gel in the aggregates but lower than that of the ASR gel in the paste. The ratio of (Na+K)/Si was 

observed to be in between of the two types of ASR reaction product. In the reaction product, sodium 

and potassium were measured to be 1.5% to 4.0% and 2.5% to 5.0%, respectively. In addition, one 
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of the major differences between the infilling reaction product and the ASR gel in this study was 

the content of Al. The Al was barely observed in the ASR reaction product in either location, but a 

2.5% to 5.0% Al content was observed in this infilling reaction product. This finding indicates that 

Al in the expanded clay was involved in the reaction to form this infilling reaction product. 

Accordingly, the infilling reaction product residing in the pores of the expanded clay is less likely 

to be the ASR gel. Lothenbach found that in general, Ca/Si of C-A-S-H falls into the range of 

0.83~1.70 [191]. Additionally, Rossen showed that when in pure cement, Ca/Si of C-A-S-H is 

about 1.75, whereas the Ca/Si of C-A-S-H decreased when SCMs are present [25]. Therefore, the 

infilling reaction products found in the pores of the expanded clay was C-A-S-H.  

 

Figure 4.11. Ternary plot of the phases in concrete (based on the elemental ratio was obtained through EDX 

analysis): (A). Ca-Si-(Na+K) ternary plot; (B). Ca-Si-Al ternary plot. 

A tablet-shaped mineral as shown in Figure 4.12 was observed in many of the investigated 

samples. In Figure 4.12, the minerals were observed in both selected mortar samples and concrete 

samples. Figure 4.12A shows the microstructure of an expanded clay particle in a mortar mixture 

with 100% expanded clay after 14-day exposure to 1.0N NaOH at 80°C. The minerals formed at 

the rim of the pores and agglomerated with time. At point 1, the pore was already filled with the 

mineral. However the rim of the pore was still visible. At point 2, the growth and agglomeration of 

the mineral was observed. At point 3, the formation of the mineral can be seen in the pores of the 

expanded clay. Figure 4.12B shows the microstructure of the SP mixture with 50% expanded clay 

after 365 days exposed to 38°C and 100% relative humidity. Similar minerals were observed. In 

addition, this mineral was found in the concrete mixtures with expanded slate and expanded shale.  
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Figure 4.12 Minerals deposited in the pores of FLWAs: (A). the minerals observed in mortar sample with 

100% expanded clay at 14 days; (B). the minerals observed in the concrete sample (Spratt III) with 50% 

expanded clay at 364 days. 

Based on the EDX analysis results, minerals identified in both samples showed similar 

compositions. The investigated samples showed similar Si/Al, which was 2.50 at Pt3 and 2.84 at 

Pt4. Both minerals contained 7.0% ~ 8.0% K. Since the mortar sample was soaked in NaOH for 14 

days before observation, it is understandable that a higher content of sodium was observed.  

Table 4.7 Chemical composition of investigated minerals: Pt3 is shown in Figure 4.12(A) and Pt4 is shown 

in Figure 4.12(B) 

  C O Na Mg Al Si K Ca Fe 

Pt3 Wt% NA 48.41 5.41 0.46 7.71 19.27 7.49 3.18 8.07 

 At% NA 64.83 5.04 0.41 6.12 14.7 4.11 1.70 3.10 

Pt4 Wt% 7.59 49.53 2.48 0.28 7.27 20.76 10.28 0.60 1.20 

 At% 12.26 60.05 2.09 0.22 5.23 14.34 5.10 0.29 0.42 

4.5. Discussion 

4.5.1. Efficacy of Expansion Control and ASR Mitigation 

The three FLWAs investigated in this study showed efficacy in reducing ASR expansion, 

except one mortar mixture with 25% pre-wetted expanded slate.  

According to AMBT results, all three FLWAs were effective in reducing the expansion 

caused by ASR when FLWAs were all oven-dried. Among the three investigated FLWAs, 

expanded clay and expanded shale showed superiority in limiting the expansion. When FLWAs 

were pre-wetted, the mitigation was not as effective as the oven-dried FLWAs. This was possibly 
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due a higher internal relative humidity of the mortar with FLWAs. Additionally, this is possibly 

the reason that mixture with 25% pre-wetted expanded slate showed no less expansion than the 

reference group in mortar mixture. However, it was still promising to observe that with the 

increasing replacement of FLWAs, the expansion of the specimens decreased for all three FLWAs. 

With 100% pre-wetted FLWAs, the expansion of all the specimens was still well below 0.10% at 

14 days. This finding indicates that all three investigated FLWAs were not alkali-silica reactive.  

In addition, all three FLWAs were effective in reducing the ASR expansion in the CPT. It 

was also found that FLWAs were effective in two aggregate systems: 1). One is where the FLWAs 

replaced the reactive fine aggregate; 2). One is where FLWAs replaced the non-reactive fine 

aggregate. Test results indicated FLWAs can reduce the expansion caused by ASR not only by 

diluting the reactive particles but also other synergistic mechanisms. By comparing the expansion 

reduction efficacy from the two groups, FLWAs showed a similar efficacy in controlling ASR 

expansion. Table 4.8 shows that the reduction in the expansion when FLWAs were incorporated in 

the CPT mixtures at an age of 730 days. All mixtures showed similar efficacy in expansion 

reduction except the mixture with 25% expanded slate.  

Table 4.8 Expansion reduction on the mixture with FLWAs incorporated 

Mixture 25% shale 25% clay 25% slate 50% shale 50% clay 50% slate 

BN 24.20 49.47 2.96 65.71 89.76 38.54 

SP 35.64 38.67 24.03 62.71 81.49 30.94 

 

As discussed in section 3, the internal water could be a factor that influences the ASR 

mitigation efficacy. Mortar mixtures with internal water showed a higher expansion than the ones 

with oven-dried mixtures. This finding is contradictory to Collin’s assumption that internal water 

can be used to dilute pore solution therefore mitigating ASR [168]. Trtik et al. found through 

neutron and X-ray tomography that internal water in FLWAs was released into cement paste within 

24 hours of casting [164]. The internal water could travel at least 3 mm from the FLWAs 

investigated [164]. This finding indicated that the internal water could potentially influence the 

water/cement ratio if a high dosage of FLWAs were incorporated. However, the exact role of 

internal water in ASR gel development is still not clear. The movement of the internal water and 

its diffusion rate in concrete need to be investigated to answer this question.  

In addition, as a material containing a high content of silica, a FLWA can be deleterious 

when exposed to alkalis if the silica is in amorphous phase [183]. The investigated FLWAs in this 

study all contain a high content of quartz phase, which could be one of the reasons that they are 
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non-deleterious and can be used for ASR mitigation. However, another studies done the authors 

showed that the FLWAs with a particle size smaller than 600 μm can show potential pozzolanic 

activity [206].  

4.5.2. Reaction between FLWAs and Cement 

As shown in the results of pore solution analysis, FLWAs especially the expanded clay and 

the expanded shale showed effectiveness in reducing the alkalinity in pore solution. According to 

SEM analysis, infilling reaction products and tablet-shaped minerals were observed in the pores of 

FLWAs. The formation of these phases was very likely due to the reaction between the FLWAs 

and cement since the FLWAs contained a high content of Si and Al. 

These observations explained that when expanded clay were incorporated into the concrete 

mixture, an immediate decrease in alkalinity was observed at 7 days. Due to a high surface area in 

expanded clay, more alkalis were available to the expanded clay particles than the other two 

FLWAs. When FLWAs were in contact with available alkalis, the infilling reaction products started 

to form and fill in the pores of the FLWAs of a size smaller than 100μm in diameter. Therefore, the 

available alkalis for ASR were reduced at an early age. With an increase of FLWAs replacement, 

more alkalis seem to be bound in the infilling reaction products within FLWAs. Even though 

FLWAs contain a high content of Si, the reaction products formed, not resembling typical ASR 

reaction products which can cause expansion. According to Rossen and Lothenbach et al., the Ca/Si 

of C-A-S-H varied from 0.83 to 1.70. In this study, the Ca/Si of the infilling product varies from 

0.7 to 1.0, which is close to what was found in previous studies. Therefore, the reaction infilling 

product is likely to be C-A-S-H as a result of pozzolanic reaction between FLWAs, pore solution 

and surrounding cement. 

In addition, previous research also showed that pozzolans with a high content of Al 

exhibited a better efficacy in mitigating ASR [83, 207]. The concentration of Al in pore solution 

for all mixtures were within 20 ppm at all time. The Al in pore solution of the mixtures with 50% 

expanded shale and expanded clay was around 15 ppm in both mixtures, which was comparable to 

the amount of Al in pore solution of the cement mixture with 10%~15% metakaolin in Chappex’s 

study [207]. However, further investigation is required to determine if the Al in expanded clay and 

expanded shale is as pozzolanically reactive as it is in metakaolin. 

Based on these observations, a pozzolanic reaction is likely to be an important mechanism 

when FLWAs are incorporated. ASR expansion can be controlled by consuming available alkalis 

to form infilling reaction products and tablet-shaped mineral phases. Both Na and K were detected 
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in these two phases. Thus, it is likely that the available alkalis were bound in these two phases. This 

assumption was also supported by the observation on alkalinity reduction in the pore solution of 

the concrete mixtures. 

4.5.3. Importance of Field Testing 

By using current ASTM standards and advanced analytical techniques, FLWAs were found 

to be effective in reducing ASR-related expansion. However, no studies have been done to 

investigate its performance in the field. Therefore, concrete exposure blocks with 50% expanded 

clay in BN and SP mixtures as well as the reference were cast at Oregon State University. Identical 

comparison blocks were also shipped to the exposure site at The University of Texas at Austin and 

University of New Brunswick. Data from different exposure conditions will be collected for 

analyzing the influence of climate on ASR. The blocks will be measured for years. The data will 

be used to correlate lab tests results to field performance. 

 

4.6. Conclusions 

In this study, three FLWAs, expanded slate, expanded shale and expanded clay, were 

investigated for their efficacy in ASR mitigation. The three FLWAs were used to replace the fine 

aggregates in both mortar and concrete. The mechanisms of mitigation were examined by AMBT, 

CPT, pore solution analysis and SEM analysis. Based on the findings, a few conclusions are drawn: 

1) Expanded slate, expanded shale and expanded clay were effective in reducing the ASR 

expansion in concrete.  

2) Less expansion was observed as the replacement level of FLWAs was increased.  

3) With expanded shale and expanded clay in the concrete mixture, a reduction in alkalis in 

the pore solution was observed from early age.  

4) A high content of Al was observed in pore solution with 50% expanded clay and 50% 

expanded shale, which were commensurate with other studies investigating metakaolin.  

5) Through SEM analysis, the infilling reaction products and a tablet-shaped mineral were 

observed in the pores of the FLWAs. The infilling reaction products were likely to be C-

A-S-H as a result of pozzolanic reaction between FLWAs, pore solution and surrounding 

cement paste.  

In this study, modified CPT and AMBT were used to assess FLWAs on ASR mitigation. 

Using FLWAs can be a feasible strategy to mitigate ASR. However, by using FLWAs to replace a 
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fine aggregate at a low replacement level in concrete may not mitigate ASR entirely. In a concrete 

with a high reactive aggregate or high alkali cement, the strategy of using FLWAs to mitigate ASR 

may need to be combined with other mitigation strategies to reach a better efficacy, if the exposure 

condition is severe. 
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Abstract 

Previous studies found that fine lightweight aggregate (FLWA) showed potential 

pozzolanic activity when used in concrete. Accordingly, this study focuses on assessing the 

pozzolanic activity of three commercially used FLWAs. Expanded shale, clay, and slate were 

investigated at different particles sizes: 1.19~2.38 mm, 0.30~0.60 mm, and 0.15~0.30 mm. Mortar 

specimens were cast with the selected aggregates of different particle size for thermogravimetric 

analysis (TGA). TGA results showed that a reduction in calcium hydroxide was observed when 

expanded shale and clay of 0.30~0.60 mm and 0.15~0.30 mm as well as expanded slate of 

0.15~0.30 mm were used in the mixtures. The mixture with expanded clay showed a higher content 

of non-evaporable water compared to the reference aggregate of the same size. The results of 

simulated pore solution testing showed that the FLWAs had a lower dissolution rate of SiO2. The 

Al content in the FLWAs may lead to the reduction in the dissolution of SiO2.  

 

Key word 

Fine lightweight aggregate, Pozzolanic activity, Thermogravimetric analysis, Simulated pore 

solution, Calcium hydroxide 
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5.1. Introduction 

Lightweight aggregate (LWA) can benefit concrete in many different ways. Extensive 

studies focused on its benefits in reducing the dead loads associated with concrete structures and 

providing extra curing water through internal curing technique. The use of pre-wetted LWA to 

reduce autogenous shrinkage was also reported in numerous studies [141, 144-146]. In the past few 

decades, more studies focused on the benefits brought by LWA on concrete durability. Back in 

1984, Holm et al. reported that the LWA concrete showed superior performance in severe 

weathering applications [208]. Elsharief revealed that both dry and pre-wetted expanded shale 

showed a refined interfacial transition zone (ITZ) comparing with a normalweight aggregate 

(NWA) [148]. Bentz reported that the mortar samples with LWA had 60% less percolated ITZ 

compared to the ones with a NWA [169]. Besides refining the microstructure of concrete, LWA 

also showed improvement in reducing water permeability and chemical attack, thus concrete 

durability [148, 169, 209, 210]. Elsharief also found that the LWA mortars which were exposed to 

5% Na2SO4 showed little expansion at 250 days whereas the NWA mortar expanded 0.9% at the 

same age [148]. In addition, the mortar and concrete mixtures with LWA showed better resistance 

to chloride penetration in both the experimental test and the numerical modeling [169].  

Previous studies reported that LWAs showed pozzolanic activity when being used to 

replace cement in paste/mortar/concrete mixtures. Traditional supplementary cementitious 

materials (SCMs) such as fly ash, silica fume, ground granulated blast furnace slag, and metakaolin 

all show pozzolanic behavior due to their high aluminum content, high silica content or both. 

Wasserman and Bentur found that the sintered fly ash LWA showed pozzolanic activity in portland 

cement concrete [211]. Portlandite was also found to be absorbed in the pores of the LWA [211]. 

Zhang et al. also found that ground expanded clay and sintered fly ash exhibited pozzolanic activity 

[212]. Bekta et al. noted that both ground expanded perlite and natural perlite can suppress ASR 

due to the pozzolanic nature of perlite [170]. Dahl et al. reported that a reduction in calcium 

hydroxide was observed when expanded clay was ground to 5 μm and 10 μm to be used as a 

pozzolan [199]. Yu et al. calculated the compressive strength indices and found that the concrete 

containing perlite powder showed pozzolanic behavior [198]. Torres and Garcia-Ruiz found that 

the expanded glass and hollow micro-spheres showed pozzolanic activity as a higher compressive 

strength was observed comparing with other tested materials [213].  

According to previous studies, multiple test methods can be used to assess the pozzolanic 

activity of cementitious materials. Thermogravimetric analysis (TGA) has been used as a powerful 
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tool to assess the degree of hydration as well as the pozzolanic activity when SCMs are used [214-

217]. The content of calcium hydroxide can be calculated through the mass loss when the 

temperature is around 350~500C. Marsh evaluated the pozzolanic activity of paste with fly ash by 

assessing the total non-evaporable water and the H-water, which was obtained by subtracting the 

water associated with calcium hydroxide from the total non-evaporable water [214]. Pane and 

Hansen showed that TGA can be used to quantify the degree of the pozzolanic activity of the pastes 

with fly ash, ground granulated slag, and silica fume [217]. The saturated lime test and the Frattini 

test have also been used to indicate the pozzolanic activity of a material by measuring the consumed 

calcium hydroxide in the solution [218, 219]. In addition, pozzolanic activity can be evaluated by 

assessing compressive strength development [198, 219].  

Work by the authors also showed that a low-Al C-A-S-H was observed in the pores of 

expanded clay in a high-alkali-content concrete [220]. The use of expanded clay also reduced the 

expansion caused by ASR in this study [220]. In addition, previous studies found that even a non-

pozzolanically reactive material can become active when the surface area increases [30]. As most 

of the previous studies focused on investigating LWAs as pozzolans, it is of great interest to find 

out if LWAs are pozzolanically reactive when they are used in concrete in the form of fine 

aggregates instead of pozzolans. Therefore, the study was initiated to investigate the pozzolanic 

activity of LWAs when they are used as fine aggregates in concrete.  

 

5.2. Materials 

5.2.1. Cement 

The cement used in this study was a Type I cement, which contains 0.83% Na2Oeq. This 

cement was selected to match the cement used in a previous study [220]. Table 5.1 shows the major 

chemical composition.  

Table 5.1. Major Chemical Composition in cement (%) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq SO3 LOI 

19.61 4.38 2.76 62.21 2.72 0.28 0.84 0.83 3.76 2.60 
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5.2.2. Aggregates 

Expanded shale, clay and slate from two manufacturers were used in this study. A local 

siliceous river aggregate (KR) was selected as a reference. Table 5.2 shows the XRF data of the 

three investigated FLWAs. Table 5.3 and Table 5.4 show the materials properties and sieve analysis 

of all four aggregates. 

 

Table 5.2. XRF data of expanded shale, clay, and slate (%) 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 

Total 

alkalis 

Total 

Oxides 

Expanded Slate 61.35 18.53 7.82 2.76 2.11 0.64 2.70 3.13 0.80 0.16 4.76 100.00 

Expanded Shale 61.83 19.61 7.72 3.33 2.75 0.64 0.52 2.87 0.61 0.12 2.41 100.00 

Expanded Clay 68.04 15.77 5.54 2.70 2.21 0.74 1.12 3.06 0.61 0.20 3.13 100.00 

 

Table 5.3. Materials properties of the investigated aggregates 

Aggregates Absorption capacity (%) Specific gravity 

Expanded slate 10.27 1.74 

Expanded shale 23.34 1.52 

Expanded clay 30.75 1.07 

KR 3.74 2.45 

 

Table 5.4. Sieve analysis of the investigated aggregates 

 Expanded Slate Expanded Shale Expanded Clay KR 

 
Retained 

(%) 

Cumulative 

retained 

(%) 

Retained 

(%) 

Cumulative 

retained 

(%) 

Retained 

(%) 

Cumulative 

retained 

(%) 

Retained 

(%) 

Cumulative 

retained 

(%) 

#4 0.0 0.0 0.0 0.0 0.0 0.0 4.5 4.5 

#8 9.7 9.7 17.6 17.6 14.8 14.8 18.4 22.9 

#16 34.5 44.2 23.5 41.2 26.6 41.4 14.3 37.2 

#30 18.5 62.6 19.4 60.6 21.1 62.5 19.2 56.4 

#50 12.2 74.9 7.2 67.8 13.3 75.8 26.4 82.8 

#100 8.5 83.4 6.6 74.4 7.5 83.3 15.4 98.2 

#200 6.6 90.0 7.1 81.5 5.6 88.9 1.0 99.2 

#325 4.4 94.4 8.9 90.4 6.4 95.3 0.4 99.6 

Pan 5.5 99.8 9.5 99.9 4.6 99.9 0.2 99.8 

 

 



78 

 

 

5.3. Experiments 

5.3.1. Thermogravimetric Analysis 

The mortar mixtures with three FLWAs and a reference aggregate were tested for their 

pozzolanic activity. For each type of aggregate, three sizes were chosen for the test:  1.19~2.38 mm 

(A), 0.30~0.60 mm (B) and 0.15~0.30 mm (C). Before mixing with cement, the FLWA was pre-

wetted to ensure the moisture content of the aggregate was above its absorption capacity. The water-

to-cement ratio was fixed at 0.42. For the reference mixture, 700 g cement and 350 g KR aggregate 

were used. For the mixtures with the FLWAs, the cement content was fixed, and the FLWAs of the 

same volume as the KR aggregate was used. The specific gravity of the FLWAs (each size) was 

used for the conversion. One sample of each mixture was tested for at every specific age. Table 5.5 

shows the proportioning of the mortar mixtures in this study. 

Table 5.5. Proportioning of mortar mixture with reference aggregate 

Aggregate Type 

Aggregate 

Size Cement (g) Water (g) Aggregate (g) 

KR A 700 294 350 

KR B 700 294 350 

KR C 700 294 350 

Expanded Shale A 700 294 266 

Expanded Shale B 700 294 307 

Expanded Shale C 700 294 271 

Expanded Clay A 700 294 180 

Expanded Clay B 700 294 295 

Expanded Clay C 700 294 291 

Expanded Slate A 700 294 239 

Expanded Slate B 700 294 274 

Expanded Slate C 700 294 325 

 

All mixtures were cast in a cylindrical mold with a cap and stored at 38C to accelerate 

hydration. At an age of 7, 28, 56 and 84 days, the mortar specimens were demolded and ground 

into powder by a lathe grinder. Subsequently, around 30 mg powder was placed in the TGA and 

the mass was measured while the furnace was heated up to 500C at the rate of 10C/min. The 

samples with a selected FLWA – expanded clay as well as the samples with reference aggregate 

were heated up to 1000C at 10C/min to track the total water loss. The content of the non-

evaporable water was calculated based on the weight loss from 105C to1000C. According to 
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Marsh, the H-water was calculated by subtracting the water associated with the calcium hydroxide 

from the total non-evaporable water [214].  

5.3.2. Simulated Pore Solution Testing 

A simulated pore solution including NaOH, KOH, Ca(OH)2 and Na2SO4 was mixed to 

evaluate the dissolution of the FLWAs. The composition of the simulated pore solution was tested 

before and after the FLWAs and the reference aggregate were immersed into the solution. Table 

5.6 shows the chemical composition of the simulated pore solution.  

Table 5.6. Chemical composition of the simulated pore solution 

 NaOH KOH Ca(OH)2 CaSO4 

Content (g/L) 24 10.1 1.59 1.52 

 

The composition of the simulated pore solution was adopted from Flis and Zakroczymski’s 

study [221]. The pH of the simulated pore solution was 13.6. The content of aggregate and solution 

was adopted from ASTM C289 [111]. The aggregates listed in Table 5.7 were measured and 

transferred into a container. In this test, 25.00 g of the KR aggregate of size A, B, and C were 

measured respectively as the references, and then the expanded shale, clay, and slate of different 

sizes of were measured at the same volume as the KR aggregate. Subsequently, 25.00 ml of the 

simulated pore solution were introduced into each container. All containers were sealed and stored 

in an oven, where the temperature was kept at 38C. The solution was filtered and tested at the age 

of 28, 56, and 84 days. The filtered solution was used to test the concentration of Na, K, Al, Si, S, 

and Ca. One sample was tested for every specific age.  
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Table 5.7. Mass of the aggregates investigated in simulated pore solution testing 

Aggregate Type 
Aggregate 

Size 

Aggregate 

(g) 

KR A 25.00 

KR B 25.00 

KR C 25.00 

Expanded Shale A 19.00 

Expanded Shale B 21.93 

Expanded Shale C 19.36 

Expanded Clay A 12.86 

Expanded Clay B 21.07 

Expanded Clay C 20.79 

Expanded Slate A 17.07 

Expanded Slate B 19.57 

Expanded Slate C 23.21 

 

5.4. Results 

5.4.1. Calcium Hydroxide Content 

As introduced in section 3, the content of calcium hydroxide in cement paste or mortar 

mixture can be obtained through TGA. For the mixture with a pozzolan, the content of calcium 

hydroxide is expected to reduce, which corresponds to a weight loss at 350~500C in TGA results.  

Figure 5.1 shows the content of calcium hydroxide of the investigated samples at different 

ages. In Figure 5.1A, results of the size A aggregates are shown. The mixture with KRA showed 

17.27, 18.79, 21.48, and 22.69 g calcium hydroxide per 100g cement at 7, 28, 56, and 84 days 

respectively. The mixture with expanded shale, clay, and slate all showed a higher content of 

calcium hydroxide than the KRA mixture up to 56 days. A decrease in calcium hydroxide in was 

observed at 84 days for the mixtures with expanded shale, clay, and slate. Figure 5.1B shows the 

calcium hydroxide content of the mixtures with the aggregates of size B. The mixture with KRB 

showed 18.47, 18.79, 18.46, and 18.17 g calcium hydroxide per 100g cement at 7, 28, 56, and 84 

days. The mixture with SlateB had a higher content of calcium hydroxide than the mixture with 

KRB. The mixtures with ShaleB and ClayB showed a less calcium hydroxide content than the 

mixtures with KRB. In Figure 5.1C, mixtures with ShaleC, ClayC, and SlateC also showed a 

reduction in the calcium hydroxide compared to the mixture with KRC.  
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Figure 5.1.The content of calcium hydroxide: A. The mixtures with KRA, ShaleA, ClayA, and SlateA; B. 

The mixtures with KRB, ShaleB, ClayB, and SlateB; C. The mixtures with KRC, ShaleC, ClayC, and 

SlateC. 

5.4.2. Non-evaporable Water and H-water 

The results of TGA can be used to track the water loss of the specimens under increasing 

temperature. The amount of non-evaporable water is an important indicator for the degree of 

hydration. The non-evaporable water is calculated based on the mass loss from 105C~1000C. In 

addition, the H-water was also calculated. Figure 5.2 shows the amount of non-evaporable water 

and the H-water in the mixtures with KR aggregate of different sizes and the mixtures with 

expanded clay of different sizes.  

In Figure 5.2A, B, and C, the non-evaporable water of the mixtures with the expanded clay 

was compared to the mixtures with KR.  Results in Figure 5.2A showed that the mixture with ClayA 

contained a higher amount of non-evaporable water than the mixture with KRA at all ages, 

especially after 28 days.  In Figure 5.2B and C, a similar amount of non-evaporable water was 

observed up to 56 days in both mixtures. However, at 84 days, a higher amount of non-evaporable 

water was detected in mixtures with ClayB and ClayC compared to KRB and KRC respectively. 

The mixture with ClayC showed a nearly 40% more non-evaporable water than the KRC mixture 

at 84 days. 

Figure 5.2D, E, and F show the amount of the H-water in the mixtures. A similar trend as 

the non-evaporable water was observed. Mixture with ClayA showed a higher H-water than the 

mixture with KRA at all ages. In addition, the H-water in the mixtures with ClayB and ClayC was 

found to be higher than the mixtures with KRB and KRC respectively up to 56 days. At 84 days, a 

more pronounced difference was seen between KRB and ClayB as well as KRC and ClayC.  
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Figure 5.2. The content of the non-evaporable water and H-water in the mortar mixtures: (A). non-

evaporable water in the mortar mixtures with the KRA and ClayA; (B). Non-evaporable water in the mortar 

mixtures with the KRB and ClayB; (C). Non-evaporable water in the mortar mixtures with the KRC and 

ClayC; (D). H-water in the mortar mixtures with KRA and ClayA; (E). H-water in the mortar mixtures with 

the KRB and ClayB; (F). H-water in the mortar mixtures with KRC and ClayC. 

5.4.3. Simulated Pore Solution Testing 

Through the simulated pore solution test, dissolution of the FLWAs in the high alkaline 

solution (pH=13.60), can be assessed. In the test, the Na, K, Si, Al, S, and Ca were measured before 

and after the aggregates were immersed in the simulated pore solution. Figure 5.3 shows the change 

of the Na concentration in the simulated pore solution with time. For the solution with the KR 

aggregate of all sizes, the Na concentration decreased from 13212 ppm to 10500 ppm. Increases 

were observed in the mixtures with the expanded slate of all sizes. A reduction in Na was observed 

when the expanded shale was tested. For the solution with the expanded shale, the Na content in 

the simulated pore solution reduced. The Na content in the solution with expanded clay showed a 

rapid reduction at 84 days. For the solution with ClayB and ClayC, the Na content reached around 

9000 ppm at 84 days. 

Figure 5.4 shows the change of K concentration in the simulated pore solution with time. 

As for the Na concentration, the simulated pore solution with the KR aggregate of all sizes showed 

a pronounced reduction in K. The K concentration reduced from 6042 ppm to around 3000 ppm 

when the KR aggregates were immersed in the simulated pore solution. However, a slight reduction 
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was observed in the simulated pore solution with the FLWAs prior to 56 days. The K concentration 

remained at around 5000 ppm in the simulated pore solution with expanded shale, clay and, slate 

up to 56 days. However, the reduction rate increased after 56 days in the solution where ClayA and 

ClayB were tested.  

 

Figure 5.3. Na concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C.  

 

Figure 5.4. K concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C.   

Figure 5.5 shows that the Si concentration in the simulate pore solution after the aggregates 

were immersed. The results indicated that SiO2 dissolved from the aggregates. The Si concentration 

of the solution increased with time when KR aggregates of all sizes were immersed in the simulated 

pore solution. The Si concentration reached around 1600 ppm at 56 days in the simulated pore 

solution where the KR aggregates of all sizes were tested. The dissolved SiO2 in the solution with 

KRA and KRB increased drastically at 84 days and the Si concentration rapidly increased to above 

6000 ppm which was higher than the ones with the FLWAs of the same size. Compared to the KR 

aggregate, the simulated pore solution with FLWA showed a stabilized Si concentration up to 56 

days. The simulated pore solution contained 1482 ppm, 1254 ppm, and 1476 ppm Si at 28 days 

when ClayA, ClayB, and ClayC were tested. At 56 days, little change was observed in the simulated 
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pore solution with the expanded clays. At 84 days, the solution with the expanded shale and clay 

showed a reduction in Si concentration, especially the ones with ClayB and ClayC.  

 The Al concentration in the simulated pore solution is shown in Figure 5.6. The Al 

concentration increased with time up to 56 days. Then, a reduction was observed in all studied 

solution at 84 days. In Figure 5.6A, the solution with KRA showed a low Al content at all ages. 

The solution with SlateA showed the highest increase rate up to 56 days. After 56 days, all 

aggregates of size A showed a reduction in the Al concentration. Among them, the solution with 

ClayA showed the highest reduction rate. In Figure 5.6B, a similar trend was observed. Figure 5.6C 

showed that the Al concentration of the solution with the ClayC was about 200 ppm at 56 days but 

dropped to nearly 0 ppm at 84days.  

 

Figure 5.5. Si concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C. 

 

Figure 5.6. Al concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C. 

Figure 5.7 shows the S concentration in the simulated pore solution. The S content in the 

solution with the KR aggregate of all three sizes was found at a relatively low level (within 200 

ppm), which indicated the aggregates contained a low content of S and little ion exchanges 
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occurred. For the solution with the FLWAs, a higher S concentration was observed in the solution 

at all ages compared to the KR aggregate of all sizes.  

Figure 5.8 shows that the Ca content was undetectable at 28 days for all four aggregates of 

all sizes. At 56 days, a slight increase of Ca was observed and the Ca was undetectable again at 84 

days. The smaller the aggregate size is, a higher content of Ca was observed. However, the Ca 

content in the solution remained at a low level in general.  

 

Figure 5.7. S concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C. 

 

Figure 5.8. Ca concentration of the simulated pore solution detected at 0, 28, 56, 84 days: (A) The 

aggregates of size A; (B) The aggregates of size B; (C) The aggregates of size C. 

 

5.5. Discussion 

5.5.1. Pozzolanic Activity 

According to the results of TGA, a reduction in calcium hydroxide was observed in some 

mixtures with the FLWAs. Table 5.8 shows the comparison on the content of the calcium hydroxide 

between the mixtures with the KR aggregates and the mixtures with the FLWAs. In Table 5.8, a 
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positive value indicates that a mixture with KR aggregate contains a lower amount of calcium 

hydroxide than the mixture with an FLWA of the same size. On the other side, a negative value 

indicates the opposite. For the aggregates of size A, positive values were obtained at 84 days for 

the expanded shale, clay and slate. This finding indicated that a higher amount of calcium hydroxide 

was found in the mixtures with ShaleA, ClayA, and SlateA than the mixture with KRA. 

Additionally, fluctuations in calcium hydroxide of mixtures with size A aggregates were also 

observed, which may be caused by an uneven distribution of the aggregates in the mortar mixtures. 

Negative values were obtained when the mixture with ShaleB was compared to the one with KRB 

at all ages. In addition, the ClayB showed a reduction in calcium hydroxide at all ages. This finding 

indicated that ShaleB and ClayB showed pozzolanic activity. For the aggregates of size C, ShaleC, 

ClayC and SlateC all showed pozzolanic activity.  

Therefore, when the expanded shale and clay sized of 0.15~0.30 mm and 0.30~0.60 mm, 

a reduction in the content of calcium hydroxide was observed compared to the reference aggregate 

of the same size, which indicated a higher degree of pozzolanic activity. For the expanded slate, 

the pozzolanic activity was observed when the size of the aggregate were 0.15~0.30 mm.  

Table 5.8. Differences in calcium hydroxide content between the mixtures with the KR and the 

mixtures with the FLWAs of the same size.  

 Size A  Size B  Size C 

 7 28 56 84  7 28 56 84  7 28 56 84 

Shale -1.93 -2.60 2.84 -1.60  -3.14 -1.82 -1.40 -2.71  -3.73 -1.89 -1.58 -2.77 

Clay 1.56 2.63 3.17 -2.39  -1.69 -0.95 -0.20 -1.66  -3.18 -3.17 -2.46 -4.02 

Slate 1.41 3.98 2.62 -0.30  -1.13 0.47 1.64 0.41  -1.41 -0.93 0.84 -1.02 

 

Figure 5.2 shows the content of the non-evaporable water and the H-water in the mortar 

mixtures. A higher amount non-evaporable water and H-water were detected in the mixtures with 

expanded clay. According to Marsh and Day, the measurement of non-evaporable water and H-

water was a simplified tool to evaluate the degree of hydration [214]. Therefore, the findings may 

indicate a higher degree of cement hydration when the expanded clay was used. According to the 

results of calcium hydroxide content, the ClayA showed a minimal pozzolanic effect. However, the 

absorption capacity of the ClayA was 28.02%, which indicated the water stored in the expanded 

clay particle can be used for internal curing. Due to the benefits brought by the internal curing, a 

higher degree of cement hydration was expected. After the non-evaporable water associated with 

calcium hydroxide was subtracted, the H-water in the mixture with ClayA may indicate that more 
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hydration products was produced. Therefore, it was likely that the non-evaporable water and H-

water in the ClayA mixtures increased as a result of internal curing instead of pozzolanic reaction.  

Compared to ClayA, ClayB and ClayC had a smaller particle size. Therefore, it may take 

a longer time for the internal curing water to be released. The slow rate of water-release can explain 

that little differences in non-evaporable water and H-water were observed between mixtures with 

ClayB and KRB up to 56 days after casting. A higher amount of non-evaporable water and H-water 

were detected at 84 days, which indicated the occurrence of pozzolanic activity. As for the mixture 

with ClayB, the mixture with ClayC showed a similar trend, indicating the occurrence of pozzolanic 

activity.  

5.5.2. Dissolution of the FLWAs 

According to the results of simulated pore solution testing, the dissolution of FLWAs 

exhibited an impact on the composition of the simulated pore solution. A reduction on both Na and 

K prior to 56 days was observed in all mixtures except a few mixtures with the expanded slate. This 

reduction was due to the attraction of cations when SiO2 was dissolved in a high alkaline solution. 

The Si-O-Si bonds broke when SiO2 reacted with the alkalis in the simulated pore solution. 

Therefore, an increase of Si content in the solution was seen in Figure 5.5. Allen et al. reported that 

when pH was above 12, surface sites of the SiO2 were present as a form of ≡ Si − O− [222]. 

Therefore, in high alkaline pore solution, cations such as Na+, K+ and Ca2+ were attracted to the 

surface of the aggregates [222, 223]. The absorption of cations may also explain why the Ca was 

not detectable at 28 days and the reduction in Na and K in the solution. In addition, the dissolution 

rate of the SiO2 of the expanded shale, clay, and slate slowed down after 56 days. The Si content 

of the solution with ClayB and ClayC dropped to below 500ppm at 84 days, which indicated the 

occurrence of the pozzolanic activity. However, the Si of the solution with KR aggregate kept 

increasing. The rapid increase of the Si in the solution with KRA and KRB at 84 days revealed that 

the SiO2 in the reference aggregate continued dissolving in the solution. 

It was likely that the Al dissolved from the expanded shale, clay and slate was one of the 

factors that impaired the dissolution of the Si in the solution. Bickmore reported that the presence 

of Al(OH)4
− reduced the dissolution of quartz in the alkaline solution. Chappex et al. revealed that 

the Al in the solution can be absorbed on the surface of the amorphous silica phase to slow down 

the reaction [224, 225]. Research by Li et al. also showed that the concrete with expanded shale 

and clay exhibited a high Al content in the pore solution [220]. In addition, a low-Al C-A-S-H was 

observed in the pores of the expanded clay through SEM analysis [220].  Chappex and Scrivener 
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also revealed that the incorporation of Al was strongly dependent on the alkalinity of the solution 

[225]. Therefore, the existence of Al in the FLWAs may help reducing the dissolution of the SiO2 

and bind alkalis through pozzolanic activity. At 84 days, the Al content in the solution with ClayB 

and ClayC dropped to an undetectable level. The reduction corresponded to the reduction of the Si 

in the same solution. Additionally, a decrease of the Na and K of the solution with the expanded 

shale and clay was observed. These observations can indicate the occurrence of the pozzolanic 

activity in the solution. 

5.5.3. Size Effect 

The aggregates investigated in the study represented three fractions of the fine aggregate 

that used in concrete mixtures. The aggregate size smaller than 0.15mm was not studied. Through 

the investigation, the authors found that the aggregates of a smaller size tended to show a higher 

potential of pozzolanic activity. Therefore, for LWAs of a smaller particle size (~below 0.15mm) 

is expected to show a higher potential of pozzolanic activity. For the expanded shale, clay and slate 

investigated in this study, more than 15% of the fractions are smaller than 0.15 mm, which may be 

the major contributor to the pozzolanic activity. However, further studies are needed to support this 

assumption.  

When proportioning concrete mixture, the gradation of aggregates is required to meet the 

ASTM C33. Debates still exists on whether FLWA itself should meet the requirement of gradation. 

As discussed above, the larger aggregate particles of the FLWAs are critical to internal curing due 

to the high absorption capacity and the ease of water release. In this study, the authors also 

demonstrated that FLWAs ranged from 0.15~0.30 mm and 0.30~0.60 mm showed potential 

pozzolanic activity. Therefore, both the needs of internal curing and long-term durability can be 

achieved by optimizing the proportioning of FLWAs.  

 

5.6. Conclusions 

This study investigated three commercially used fine lightweight aggregates on their 

potential pozzolanic activity and dissolution in the simulated pore solution. The aggregates were 

studied in three different sizes: 1.19~2.38 mm, 0.30~0.60 mm, and 0.15~0.30 mm. Through the 

thermogravimetric analysis and simulated pore solution testing, a few findings were concluded: 
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 The fine lightweight aggregates showed pozzolanic activity when the sizes of the 

aggregates were 0.15~0.30 mm and 0.30~0.60 mm. The expanded shale and clay showed 

a higher pozzolanic activity than the expanded slate.  

 The mortar mixture with the fine lightweight aggregates showed a higher degree of 

hydration when compared to the reference aggregate.  

 The fine lightweight aggregates showed less dissolved silica in the simulated pore solution 

than a locally available siliceous fine aggregate.  

 The existence of increase Al in the FLWAs, especially expanded shale and clay likely led 

to a reduction in the dissolution of SiO2. 

 The rapid reduction of Al, Si, and Na in the simulated pore solution when the expanded 

clay was tested may also indicate the occurrence of the pozzolanic activity.  

Compared to previous studies, this study found that fine lightweight aggregate of a larger 

size (larger than 0.15 mm) can still show pozzolanic activity. However, a further investigation on 

optimizing the concrete proportioning to meet the needs of both internal curing and long-term 

durability is needed.  
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6. GENERAL CONCLUSIONS 

Using fine lightweight aggregate (FLWA) in concrete to provide internal curing and 

improve long-term durability for concrete has been investigated for decades. The study on using 

(FLWA) to mitigate alkali-silica reaction (ASR) was initiated about 20 years ago. However, very 

few studies focused on explaining the mechanisms by which fine lightweight aggregate can 

suppress ASR. This dissertation reviewed up-to-date studies on related topics. A comprehensive 

investigation on using expanded shale, clay, and slate to mitigate ASR was completed. Key findings 

and future works are presented in this chapter.  

6.1. Key Findings 

The expanded shale, clay, and slate investigated in this study were effective in reducing the 

expansion caused by ASR in both mortar and concrete mixtures. Compared to the expanded slate, 

the expanded shale and clay exhibited a better efficacy in mitigating ASR. The replacement level 

and chemical composition had an impact on the effectiveness of mitigation. The mitigation efficacy 

was also dependent on the reactivity of the reactive aggregates. With 50% expanded shale or clay, 

as well as 25% expanded clay, concrete with a moderate reactive aggregate showed an expansion 

below the test limit (0.04%). However, for concrete with a highly reactive aggregate or very highly 

reactive aggregate, 50% expanded shale and clay were not able to completely suppress the 

expansion caused by ASR. 

The modified ASTM C1293 and ASTM C1260 were able to evaluate the efficacy of the 

FLWAs. The FLWAs should be pre-wetted before mixing. The ASTM C289 is not a suitable test to 

evaluate the alkali-silica reactivity of FLWA. However, results indicated that the ASTM C289 may 

be used to measure the consumed alkali contents when the FLWAs were exposed to a high-alkaline 

environment.  

The mechanistic study showed that the expanded shale and clay were effective in reducing 

the alkalinity in the pore solution. The most reduction in alkalinity was found in the mixture with 

50% expanded clay. A high Al content was observed when 50% expanded shale and clay were used 

in the mixture. The SEM analysis revealed that a low-Al C-A-S-H were observed in the pores of 

FLWAs, especially expanded clay. In addition, a tablet-shaped mineral with a high content of K and 

Al were found in the pores of the FLWAs. These findings indicated that the FLWAs reacted with 

surrounding cement and pore solution pozzolanically to form C-A-S-H.  

The pozzolanic activity study revealed that the expanded shale and clay were 

pozzolanically active when the particle sizes were 0.15~0.30 mm and 0.30~0.60 mm for the 

expanded shale and clay; the expanded slate were pozzolanically active when the particle size was 
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0.15~0.30 mm. Simulated pore solution testing showed that the solution with FLWA showed a less 

dissolved silica than the solution with the reference aggregates. The consumption of the Si, Al, K, 

and Na at 84 days in the solution with FLWAs indicated the occurrence of pozzolanic reaction.   

6.2. Future Work 

According to the findings of this study, FLWAs, especially, the expanded shale and clay 

can be used as a useful technique to reduce the ASR-induced expansion. However, further studies 

are still needed: 

(1) Combined study with supplementary cementitious materials (SCMs). In a concrete 

mixture with a highly reactive aggregate or very highly reactive aggregate, the FLWAs 

may not be sufficient to suppress ASR. Therefore, the SCMs may be used concurrently 

to provide a synergistic effect.  

(2) Field test. Field test such as exposure block test is needed to provide more realistic data 

for evaluating current test methods. At the exposure sites of Oregon State University, 

University of New Brunswick and The University of Texas at Austin, two reference 

blocks with SP and BN aggregates and two blocks with 50% expanded clay were 

placed at each exposure site since Feb 2016. 

(3) Pozzolanic activity test. Current pozzolanic activity test only focused on the aggregate 

size larger than 0.15mm. Further studies should focus on evaluating the pozzolanic 

activity of the aggregates ranged from 0.05~0.15mm. Other test methods, such as 

isothermal calorimetry, saturated lime test, and compressive strength test are suggested. 

(4) Optimizing mixture proportion of concrete. Since FLWAs can be used to provide 

benefits on both internal curing and pozzolanic activity, further study should focus on 

optimizing the gradation of the FLWAs to improve the performance of concrete.     
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Abstract 

Previous research has shown that using metakaolin is an effective strategy for mitigation 

of alkali-silica reaction (ASR). Metakaolin reduces the OH-, K+ and Na+ concentrations in pore 

solution. The high aluminium content in metakaolin has also been shown to contribute to ASR 

reduction. However, the efficacy of calcined clays from different sources and qualities for ASR 

mitigation is still limited. This study investigated the mechanisms of ASR suppression by using 

one known highly reactive fine aggregate and four calcined clays from different sources. The 

optimum replacement for ASR mitigation was determined by replacing 5%, 10%, 15% and 20% of 

portland cement with the different calcined clays and then tested for expansion in the accelerated 

mortar bar test (AMBT). Results indicated the chemical composition and mineral phase of calcined 

clays had a significant influence on the efficacy of ASR mitigation. In addition, ASR gel was found 

in control mixture and the mixture with 10% calcined clay 1 (CC1). ASR gel composition was 

investigated into the two mixtures by using energy-dispersive X-ray spectroscopy (EDS) in coupled 

with scanning electron microscopy (SEM), but no significant differences were found in gel 

composition between the two mixtures. 
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1. Introduction 

Calcined clay has been used in mortar and concrete for many decades as an effective 

pozzolan due to its pozzolanic reactivity and high content of silica and alumina. Previous research 

also indicated that using calcined clays in mortar and concrete, as a replacement for portland cement, 

results in reducing CO2 emission, increases concrete durability and later age strength development 

[1, 2]. The benefits of concrete durability from calcined clays have been attributed to their 

pozzolanic reactivity, which depleted calcium hydroxide in concrete and converted it to C-S-H and 

C-A-S-H [3-7]. 

High quality calcined clay, e.g. metakaolin, has shown effectiveness in mitigating alkali-

silica reaction (ASR). According to Ramlochan, 20% metakaolin replacement was effective in 

reducing OH-, K+ and Na+ concentration in pore solution [4]. Similarly, research conducted by 

Gruber showed that with 15% to 20% of metakaolin replacing OPC was effective in mitigating 

ASR in concrete [5]. Tests done by Walters and Jones showed that concrete with 10% metakaolin 

or higher was effective in controlling ASR induced expansion [3]. In addition, the high alumina 

content of metakaolin has drawn attention of researchers. Al has been reported to have an influence 

on controlling ASR [8-10]. As a material with high content of Al, metakaolin may have the 

advantage of mitigating ASR in lower quantities compared to fly ash and/or slag, owing to its 

chemical composition. Possible assumptions include alteration of C-S-H structure, lower pH in 

pore solution and Al absorbed on the surface of reactive silica to slow down the dissolution rate 

[9].  Despite these findings on high quality calcined clays, limited study has been done on using 

calcined clays of different chemical composition for ASR mitigation.  Thus, it was of great interest 

to investigate how calcined clays from different sources and quality affect the ASR expansion, 

microstructure of mortar and the composition of ASR gel. 

 

2. Materials and Experiments 

This study used four calcined clays from different sources: one was from Washington, USA (CC1), 

two were from Avelar, Portugal (CC2 and CC3) and the other was from Suriname (CC4). The 

chemical composition of four calcined clays is listed in Table 6.1. Cement used in the study is 

portland cement with high alkali content.  Chemical composition of cement is listed in Table 6.2. 
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Table 6.1 Chemical composition of calcined clays (%) 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO2 P2O5 SrO BaO SO3 LOI 

CC1 51.93 42.18 1.43 0.40 0.12 0.05 0.23 1.99 - 0.17 0.04 0.11 0.05 1.32 

CC2 54.11 39.94 1.26 0.25 0.20 0.15 1.38 0.63 0.01 0.12 0.02 0.04 0.05 1.87 

CC3 60.17 27.00 3.05 0.40 0.53 0.90 3.22 0.39 0.02 0.16 0.02 0.04 0.35 3.73 

CC4 50.12 43.62 0.69 0.05 0.02 0.00 0.10 1.76 0.01 0.02 0.01 0.02 0.02 3.57 

 

Table 6.2 Chemical composition of cement (%) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq TiO2 MnO2 P2O5 SrO BaO SO3 LOI 

19.61 4.38 2.76 62.21 2.72 0.28 0.84 0.83 0.23 0.12 0.23 0.28 0.00 3.76 2.60 

 

In this study, the mitigation of ASR was monitored by using accelerated mortar bar test 

(AMBT). A local fine siliceous reactive aggregate was used for the control mixture and the portland 

cement was replaced by CC1, CC2, CC3 and CC4 respectively at 5%, 10%, 15% and 20% to 

determine the effective mitigation level for each of used calcined clay. The water/cement ratio was 

fixed at 0.47. Expansion of all specimens was monitored and recorded up to 28 days.  

Samples with size of 25.4 mm×25.4 mm×5 mm were taken from the mortar bars at the 14th 

day for SEM analysis. Then samples were submerged in isopropyl alcohol for 72 hours to stop 

hydration. Isopropyl alcohol was replaced once after 24 hours submerging. Afterwards, the samples 

were impregnated with a two-part epoxy. After impregnation in the epoxy, the samples were 

subsequently polished by using an automated Struers RotoPol-35 polishing machine. In addition 

oil based suspension fluid was used with diamond grits of different size. Diamond grits were re-

applied to the polishing platen every hour for 8 hours (9µm: 4 hours, 3µm: 2 hours and 1µm: 2 

hours). All the samples were observed by FEI Quanta 600F environmental SEM. Energy-dispersive 

x-ray spectroscopy (EDS) with silicon drift detector was used for ASR gel composition analysis. 

Backscatter electron (BSE) images were acquired to EDS analysis on detecting and measuring 

characteristic X-rays. 

3. Results and Discussion 

Figure 6.1 shows the XRD results of different minerals in four investigated calcined clays. 

In general, CC1 has fewer (crystalline) minerals than other calcined clays, and the SiO2 in CC1 

mostly existed as quartz. Meanwhile, broad bands were observed between 8.8 to 20.0 2θ degree as 

well as 21.0 to 24.8 2θ degree, which could be amorphous alumina in calcined clay. Compared with 

CC1, all other calcined clays showed higher degree of crystallinity. 
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Figure 6.1 XRD analysis on four investigated calcined clays (I: Illite, K: Kaolinite, M: Muscovite, P: 

Potassium manganese oxide hydrate; PA: Potassium aluminum silicate; Q: Quartz) 

Figure 6.2 shows the AMBT expansion results (14-day) of control group and groups with 

different calcined clays at different replacement levels. 

 

 

Figure 6.2 Expansion results of mortar bars incorporated with calcined clays (14-day) 
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Figure 6.2 shows the results of AMBT where portland cement was partially replaced by 

different calcined clays. When compared to the control mixture, mortar bars with different calcined 

clays all showed reduction in expansion. In the study, the control mixture with no calcined clay 

replacement showed an expansion of 0.66% after 14 days submerged in 1 N NaOH. CC1 showed 

most effective in ASR expansion reduction and 5% of CC1 reduced the expansion at 14 days by 

36% (0.66% to 0.42%). With 10% CC1, ASR was able to be mitigated below the 0.10% expansion 

limit and 14-day expansion to be reduced to 0.05%. For CC2 and CC4, a replacement level at 15% 

was effective to mitigate ASR. Additionally, CC3 was not able to mitigate ASR below the 0.10% 

expansion limit until 20% of CC3 were incorporated in the mixture. From these results calcined 

clays of varying composition and quality greatly influenced the efficacy of ASR mitigation.  

By comparing the composition of calcined clays used in this study, it was found that four 

calcined clays had significant differences in the amount of SiO2, Al2O3, Na2O and K2O. Among the 

investigated calcined clays, CC3 had the lowest alumina content (27.00%), which was 15% lower 

than that of other clays (39%~43%). Previous research indicated alumina had a significant influence 

on mitigating ASR. With the presence of alumina, a hydration product C-S-A-H will be produced. 

By influencing the Ca/Si in the system, the ability of binding alkalis were hence improved [1, 11]. 

On the other hand, Chappex showed the dissolution rate of Si was slowed down due the existence 

of alumina [9]. In addition, a larger amount of Na2O and K2O were present in CC3 (0.90% and 

3.22% respectively), which may have contributed a higher amount of alkali, could hence influenced 

the mitigation efficacy of the clays. On the other hand, according to the XRD results (in Figure 6.1), 

the complicated mineral phases in CC3 such illite and muscovite could have lower potential of 

pozzolanic reactivity [12]. 

SEM analysis was used to investigate how calcined clays influenced the formation of ASR 

gel and its composition. Control mixture, 10% CC1, 10% CC2 and 10% CC3 mixtures were 

investigated. Samples with 10% calcined clay level were chosen because 10% replacement was a 

boundary showed that CC1 was able to mitigate ASR, while the others weren’t. Figure 6.3 shows 

the backscattered images of mortar samples cured at 80°C under 1 N NaOH bath after 14 days.  
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Figure 6.3 Backscattered image of investigated mortar mixtures ((A). Control mixture; (B). 

Mixture with 10% CC3) 

In Figure 6.3, it shows the ASR gel formed and filled within the cracks of siliceous 

aggregates. Plenty of gel was observed in the control samples. And ASR gel filling in the aggregates 

was also observed when 10% CC3 were used for Portland cement replacement. In comparison very 

little ASR gel was observed in 10% CC1 and 10% CC2 mixtures. ASR gel could be dissolved or 

removed during sample preparation process.  However, cracks within the aggregates were also 

observed in 10% CC1 and 10% CC2 mixture. Meanwhile, compared with control mixture and 10% 

CC3 mixture, the overall number of cracks in 10% CC1 and 10% CC2 mixtures was much lower, 

which reflected the result obtained from AMBT test. The composition of the ASR gel formed in 

these two mixtures was also investigated in this study. Figure 6.4 shows the composition results of 

control mixture and mixture with 10% CC3 replacement. 

 

Figure 6.4 ASR gel composition of investigated mixtures ((A) Si/Al vs. Si/ (Na+K); (B) Si/Al vs. Si/Ca) 
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In Figure 6.4, ASR gel composition of control mixture and 10% CC3 mixture were shown. 

In the control mixture, Si/Al ratio varied from 2.66 to 3.39, while 2.32 to 3.34 was observed in 10% 

CC3 mixture. On the other hand, the ratio of Si/(Na+K) in control mixture varied from 1.82 to 2.24, 

while a more fluctuating range (1.61 to 2.73) were observed in 10% CC3 mixture. Based on results 

above, no significant change on ASR gel composition was found when 10% CC3 were incorporated 

into the mortar mixture. Additionally, Si/Ca varied in both mixtures, no trend of change in Si/Ca 

was observed when 10% CC3 was incorporated, despite 10% CC3 failed to mitigate ASR. However, 

it is important to note that the composition of ASR could also be affected by the variation of 

aggregate particles.  

 

4. Conclusions 

In this study, calcined clays of four different sources were investigated for their efficacy of 

ASR mitigation. Results indicated that the chemical composition and mineral phase of the calcined 

clays can significantly influence the efficacy of ASR mitigation. Different replacement levels were 

suggested for each of investigated calcined clay. Calcined clays with higher content of Al2O3 and 

lower content (Na2O+K2O) showed better effect in reducing expansion in mortar bars. Cracks were 

observed in the control mixture and all 10% calcined clay mixtures since the aggregates used were 

highly reactive. ASR gel filled within cracks of aggregates was observed in control mixture and 

10% CC3 mixture. The influence of calcined clay on ASR gel composition was still not fully 

understood. Further study on synthetic ASR gel with different calcined clays incorporated and 

concrete prism test on a long-term run are recommended.  
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Abstract 

Previous research has shown that using metakaolin is an effective strategy for mitigation 

of alkali-silica reaction (ASR) in concrete. Metakaolin reduces the OH-, K+ and Na+ concentrations 

in pore solution. The high aluminum content in metakaolin has also been reported to be effective 

in mitigating ASR. However, research on calcined clay of different sources and qualities is still 

limited.  

This study investigated the mechanisms of ASR suppression by using one known very 

highly reactive fine aggregate and four calcined clays from different sources. To determine the 

optimum replacement for ASR mitigation, cement was replaced by 5%, 10%, 15% and 20% of the 

different calcined clays and tested according to the accelerated mortar bar test (AMBT). Results 

indicated chemical composition and mineral phase had a significant impact on ASR mitigation 

efficacy. Meanwhile, to investigate the influence of the calcined clays on ASR gel, samples from 

mortar bars were taken at 14 days for scanning electron microscopy (SEM) analysis. The formation 

of ASR gel and composition of ASR gel were compared between the control mixture and the 10% 

calcined clay 3 (CC3) mixture. ASR gel composition was found to be mainly determined by the 

aggregate composition.  

In addition, another reactive aggregate was tested with 10% selected calcined clay 

according to AMBT, concrete prism test (CPT) and outdoor exposure block test (OEBT) in Texas. 

It showed that the use of calcined clay to minimize ASR was effective in AMBT and CPT. 

However, OEBT showed that these test methods did not effectively predict the long-term 

http://www.caee.utexas.edu/
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performance of calcined clay in actual field conditions.  The tests results showed 0.03% expansion 

at 14 days in AMBT and 0.02% expansion at 2 years in CPT while the exposure block began to 

expand after 5 years and exceeded 0.04% after 6 years.  

 

Originalities 

There are two originalities of this research: (1) To investigate the calcined clays from different 

sources (different raw material, different manufacturing process) for ASR mitigation: research on 

efficacy of ASR mitigation by using low quality calcined clay was still limited. It was of great 

interest to investigate calcined clays of different sources and quality as well as their efficacy on 

ASR mitigation. (2) To correlate long-term test with short term test: very little work was done on 

concrete with calcined clay incorporation on OEBT. Test results up to ten years can be useful to 

evaluate current short-term test methods and provide valuable information on ASR mitigation 

strategy. 

 

Keywords  

Calcined clay, Alkali-silica reaction (ASR), Aluminum, ASR gel, Outdoor exposure block test 

(OEBT) 

 

 

 

 

 

 

 

 



112 

 

 

 

1. Introduction 

Metakaolin has been used in concrete as one of the highest quality calcined clays for many 

decades. The use of metakaolin has been proved to benefit concrete strength development, 

durability, as well as CO2 emission reduction. Typically, metakaolin was used as a supplemental 

cementitious material (SCM) in concrete to replace cement. Metakaolin shows high pozzolanic 

reactivity due to its high content in alumina and silica and the presence of kaolinite as the major 

mineral phase. Since metakaolin was pozzolanic reactive, it reacted with calcium hydroxide in 

cement, thus form C-S-H to provide strength development [1].  Wild reported that by using 15% 

of metakaolin to replace Portland cement, calcium hydroxide was completely consumed [2]. In 

addition, according to Shekarchi, incorporating metakaolin in concrete showed benefits in reducing 

water absorption and improving electrical resistivity in concrete, which all benefited concrete 

durability [3].   

Previous research also indicated by incorporating metakaolin in concrete could reduce the 

risk of alkali-silica reaction (ASR). Walters and Jones found ASR was completely suppressed by 

replacing 25% Portland cement using calcined clay without compromising compressive strength 

[4]. Metakaolin was reported to be effective in reducing [Na+], [K+], [OH-] in concrete pore solution. 

In Ramlochan’s research, replacing 20% Portland cement by metakaolin can effectively reducing 

the alkalis to 0.2 mol/l in pore solution [5]. The high content of alumina in metakaolin contributes 

to the mitigation of ASR. Research also indicated existing of alumina in SCMs affected the alkali 

binding capacity in concrete. Hong and Glasser showed with the presence of alumina, C-S-H was 

converted to C-A-S-H, which significantly increased the alkali binding capacity [6]. Warner 

showed that in a binary or ternary system, with high content of alumina, the pH of pore solution 

tended to be lower [7]. According to Chappex, the dissolution rate of silica slowed down due to the 

aluminum absorbed on the surface of reactive silica [8, 9]. 

As discussed, by incorporation metakaolin in concrete helped with mitigating ASR in 

concrete. However, as a highly pozzolanic reactive calcined clay, the production of metakaolin 

requires very specific calcined temperature and high quality control on raw materials.  The 

composition and mineral phase of raw material influence the pozzolanic activity of calcined clay. 

Fernandez and co-workers investigated the pozzolanic reactivity of different calcined clay minerals. 

They showed that kaolinite had the highest potential for activation due to its higher content of 

hydroxyl groups and their locations in crystal structures [10]. Thus, it was important to study the 
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calcined clay from different sources and quality as well as investigate how chemical composition 

and mineral phases in the calcined clays influence the ASR mitigation efficacy.  

Additionally, it was important to understand how existing test method, such accelerated 

mortar bar test (AMBT) and concrete prism test (CPT) correlated to the field performance when 

calcined clays were incorporated in concrete mixtures. According to Thomas and co-workers’ study, 

CPT correlated best with outdoor exposure concrete block test (OEBT) [11]. Thus, how AMBT 

and CPT correlated to OEBT was investigated in this study when calcined clay was incorporated. 

 

2. Experimental Methods 

2.1. Raw Materials 

There were two types of cement used in this study. Cement A was from Montreal, Quebec, 

Canada and cement B was from Allentown, Texas, USA. Cement A was used in AMBT test 

scanning electron microscopy (SEM) analysis, and Cement B was used in AMBT, CPT and OEBT. 

Table 1 shows the chemical compositions of cement used in this study. 

Table 6.3 Major chemical composition of cement (%) 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2Oeq SO3 LOI 

A 19.61 4.38 2.76 62.21 2.72 0.83 3.76 2.60 

B 19.80 5.50 2.00 61.60 2.60 0.95 4.20 1.40 

 

There were five calcined clays included in this study: CC1 (USA), CC2 (Spain), CC3 

(Spain), CC4 (Suriname) and CC5 (USA). Table 2 shows the chemical composition of the calcined 

clays used in the study. 

Table 6.4 Chemical composition of calcined clays (%) 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq TiO2 MnO2 P2O5 SrO BaO LOI 

CC1 51.93 42.18 1.43 0.40 0.12 0.05 0.23 0.20 1.99 - 0.17 0.04 0.11 1.32 

CC2 54.11 39.94 1.26 0.25 0.20 0.15 1.38 1.05 0.63 0.01 0.12 0.02 0.04 1.87 

CC3 60.17 27.00 3.05 0.40 0.53 0.90 3.22 3.01 0.39 0.02 0.16 0.02 0.04 3.73 

CC4 50.12 43.62 0.69 0.05 0.02 0.00 0.10 0.07 1.76 0.01 0.02 0.01 0.02 3.57 

CC5 51.00 40.00 1.00 2.00 0.10 - - 0.50 - - - - - 2.00 
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In addition, three different aggregates were used in this study: a non-reactive carbonate 

limestone coarse aggregate from Texas, USA (MM), a very highly reactive siliceous fine aggregate 

from Oregon, USA (BN) and another moderately reactive fine aggregate from Texas, USA (WR).  

2.2. Experimental Process 

There were three major objectives in this study: (1). to investigate the difference on ASR 

mitigation by using calcined clays of different sources and quality; (2). to investigate the 

microstructure of mortar mixtures and determine if there is any influence on ASR gel composition 

when calcined clays were incorporated; (3). to correlate short-term lab test with long-term field test 

when calcined clay was incorporated (AMBT, CPT and OEBT). To accomplish these objectives, 

test programs were developed and as listed in Table 3.  

Table 6.5 Test Program 

 XRD Analysis AMBT1 SEM Analysis AMBT2 CPT OEBT 

Cement - Cement A Cement A Cement B Cement B Cement B 

Aggregates - BN BN WR 
WR (Fine) 

MM (Coarse) 

WR (Fine) 

MM (Coarse) 

Calcined clay 
CC1, CC2, 

CC3, CC4, 

CC1, CC2, 

CC3, CC4, 

CC1, CC2, 

CC3 
CC5 CC5 CC5 

Replacement 

level 
- 

5%, 10%, 

15%, 20% 
10% 10% 10% 10% 

   

Detailed information of different techniques are described as following:  

1). AMBT: calcined clays were used to replace Portland cement at 5%, 10%, 15% and 20% 

respectively in mortar mixtures. ASTM C 1567 was followed for this test [12]. The w/cm ratio was 

fixed at 0.47 for all mixtures and mortar bars were cured in 1.0 N NaOH solution at 80°C for up to 

28 days. The length of the bars were measured periodically.  

2). SEM analysis: samples were  obtained from AMBT at the 14th day and cut into size of 

25.4 mm × 25.4 mm × 5 mm. Cut samples were submerged into 99.9% isopropyl alcohol for 72 

hours, and isopropyl alcohol was changed once after first 24 hours. Then samples were impregnated 

with a two-part epoxy. After stabilized in the epoxy, they were polished by Struers Labopol-5 and 

RotoPol-35 polishers with oil-based suspension fluid in conjunction with polycrystalline diamond 

grits of different sizes for 8 hours (9µm: 4 hours; 3µm: 2 hours; 1µm: 2 hours). All prepared 

samples were examined by an FEI QUANTA 600F environmental SEM. For elemental analysis, 

energy-dispersive X-ray spectroscopy (EDS) with silicon drift detector were used. To measure the 
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characteristic X-rays, backscattered electron (BES) images were acquired. All samples were coated 

with Au/Pd alloy to prevent charging and were observed at 20.0 KV voltage. 

3). XRD analysis: X-rays was generated from a copper kα target. A Bruker-AXS D8 

Discover instrument with high speed detector was used for the calcined clay mineral analysis. EVA 

(software) was used for peak analysis.  

4). CPT: ASTM C 1293 was followed [13]. The mixture was fixed at 0.42 w/cm ratio with 

10% CC5 incorporated. Alkali content was boosted to 1.25% Na2Oeq. Concrete prisms were cast 

into the size of 75 mm × 75 mm × 285 mm. Then prisms were stored in a sealed bucket above water 

at 38 ±2°C. An absorbent material was placed around the inside wall of the bucket to reduce 

leaching. The length of the concrete prims were measured periodically up to 2 years.  

5). OEBT: The exact same mixture as CPT was used. Concrete block of 380 mm × 380 

mm × 710 mm were cast. Twelve studs made of stainless steel bolts were cast within the concrete 

for measurement. And the concrete blocks were exposed to outdoor conditions at University of 

Texas at Austin since 2001.   

 

3. Results and Discussion 

3.1. AMBT Results 

The results of AMBT where Portland cement was partially replaced by different calcined 

clays were presented in Figure 1. As BN was a very highly reactive fine aggregate, 14-day 

expansion of 0.66% was observed for control mixture. When cement was partially replaced by 

calcined clays, CC1 showed most effective in ASR mitigation. By incorporating 5% CC1, the 

expansion was significantly reduced (from 0.66% to 0.42%) and by incorporating 10% CC1, 

expansion was reduced to 0.07%, which indicated ASR was mitigated (0.10% threshold according 

to ASTM C 1567). On the other hand, compared to other calcined clays, CC3 was the least effective 

one to mitigate ASR; ASR was not able to be mitigated until 20% CC3 was incorporated. For both 

CC2 and CC4, 15% calcined clay was sufficient to mitigate ASR.  

AMBT was used to detect deleterious ASR when SCMs were incorporated. It was a quick 

test to identify the potential of deleterious ASR. In this study, four calcined clays from different 

sources were investigated. Figure 1 shows the expansion of mortar bars exposed to 1.0 N NaOH at 

80°C for 14 days.  
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Figure 6.5 AMBT results of mortar bars with different calcined clays at different dosage: (A). 

CC1; (B). CC2; (C). CC3; (D). CC4 

It was interesting to notice that calcined clays of different sources showed significant 

difference in ASR mitigation efficacy. By analyzing the chemical composition of investigated 

calcined clays, CC1, CC2 and CC4 were similar in composition, which all contained high content 

of alumina (~40%), whereas there was only 27% alumina in CC3. According to previous research, 

with the presence of alumina, C-A-S-H could form. By forming C-A-S-H, Ca/Si was altered thus 

improved the alkali binding capacity [6]. And with existence of alumina, the dissolution rate of 

silica tended to slow down [8]. Additionally, alkali content was reported to be high in CC3. Thus, 

the amount of alumina and alkali content in calcined clay could be the reasons impacted the efficacy 

of ASR mitigation in mortar mixtures. Furthermore previous study also indicated that mineral 

phases influenced the pozzolanic reactivity of calcined clays [10]. Figure 2 shows the XRD results 

of CC1 and CC3.  
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Figure 6.6 XRD analysis on CC1 and CC3 (I: Illite, K: Kaolinite; M: Muscovite; Q: Quartz) 

The identified minerals in CC1 and CC3 were shown in Figure 2. Compared to CC1, CC3 

contained multiple minerals including Illite, muscovite, which were reported to have lower 

pozzolanic reactivity compared to kaolinite [10]. In addition, the broad bands existed between 8.8 

to 20.2 2θ degree and 21.0 to 24.74 2θ degree could indicate a high amorphous phase in CC1. 

3.2. SEM Analysis 

It was of great interest to investigate if there is any ASR gel formed when calcined clay 

were incorporated. And if ASR gel formed, it was important to understand how calcined clays 

affected the composition of the gel. SEM analysis was conducted to answer these questions. Based 

on this, control sample, 10% CC1, 10% CC2 and 10% CC3 samples were selected for SEM analysis. 

Samples with 10% calcined clay were selected since AMBT results indicated it was a boundary to 

differentiate the mitigation efficacy among different calcined clays. Figure 3 and Figure 4 showed 

the backscattered images of the control sample and the 10% CC3 sample at 14-day age under 1.0 

N NaOH solution at 80°C.  
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Figure 6.7 Backscattered electron images of control mortar mixture on two different aggregates at 

age of 14-day under 1.0 N NaOH bath at 80°C 

In Figure 3, plenty of ASR gel was observed as a reaction product either surrounded the 

aggregate or filled in the cracks of the aggregate. Such as the aggregate 1 shown in Figure 3 (A), 

the gel formed on the interfacial transition zone and surrounded the aggregate. On the other hand, 

the ASR was activated at different points of the exterior of an aggregate. ASR gel formed at these 

points and then the hydraulic pressure formed due to the expansion of the ASR gel. For example, 

aggregate 2 shown in Figure 3 (B), the expansion cracked the aggregates and gel exuberated within 

the cracks. In addition the composition of both aggregates and ASR gel were analyzed. Table 4 

shows the composition of the investigated aggregates as well as the correlated ASR gel.  

Table 6.6 Atom ratio of investigated aggregates and ASR gel (%) 

  O Na Al Si S K Ca Fe 

Aggregate 1 57.35 2.16 1.53 21.15 0.23 0.00 11.95 5.63 

Gel 1 61.56 4.15 0.00 17.16 0.17 0.57 15.10 1.30 

Aggregate 2 56.71 3.71 6.51 28.31 0.25 2.78 0.47 1.25 

Gel 2 57.91 6.67 6.69 21.95 0.44 4.35 0.72 1.27 

 

From table 4, the composition varied significantly between two investigated ASR gel. The 

variation was mostly dependent on the composition of the aggregates. Compared to aggregate 2, 

aggregate 1 contained more calcium but less aluminum and silicon. Thus, the ASR gel formed from 

aggregate 1 contained a high content of calcium, and little aluminum. By comparing the gel 

composition and aggregate composition, there were similar trends observed in both gels. The alkali 

content (including both sodium and potassium) were higher in ASR gel while silicon content was 
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lower in ASR gel. Additionally, both gel 1 and gel 2 showed a higher atom ratio in calcium, which 

could indicate the calcium from either cement or aggregate was involved in the reaction.  

When comparing mixtures with 10% CC3 with the control mixtures, the ASR gel was also 

found in 10% CC3 mixtures. Figure 4 shows the microstructure of 10% CC3 sample. 

 

Figure 6.8 Backscattered electron images of 10% CC3 mixture on two different aggregates at age 

of 14-day under 1.0 N NaOH bath at 80°C. 

In Figure 4, backscattered electron images of 10% CC3 mixture was shown and ASR gel 

was observed within the cracks in both aggregates. Meanwhile multiple reaction points deposited 

with ASR gel was observed within these aggregates. Similarly, the elemental analysis on both 

aggregates and ASR gel were studied. Table 5 shows the elemental analysis results of investigated 

aggregates and ASR gel.  

Table 6.7 Atom ratio of investigated aggregates and ASR gel (%) 

  O Na Al Si S K Ca Fe 

Aggregate 3 59.51 3.37 6.05 26.87 0.00 2.68 0.36 1.15 

Gel 3 57.87 5.39 6.46 23.74 0.07 4.48 0.84 1.15 

Aggregate 4 56.16 2.54 13.21 19.50 0.33 0.47 7.23 0.55 

Gel 4 63.65 2.87 5.44 15.66 0.00 0.63 10.05 1.68 

 

In Table 5, a similar trend was observed in the 10% CC3 sample as the control sample. The 

gel composition was similar to the reacted aggregates. ASR gel was observed in both reactive 

aggregates (one was low in calcium whereas the other was high in calcium). When comparing with 

the composition of reacted aggregates, ASR gel showed a lower content in silicon and a higher 

content in alkalis and calcium as reported in control sample.  
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No ASR gel was found in 10% CC1 and 10% CC2 samples despite a few cracks existing 

within the aggregates. A possible explanation for this could be either no ASR gel formed in these 

samples or the limited amount of ASR gel was dissolved or removed during the sample preparation. 

The results of SEM analysis was consistent with what was observed in AMBT. There was ASR gel 

formed in the sample even if 10% CC3 was incorporated in the mixture. Very little gel was 

discovered in the 10% CC1 and 10% CC2 samples (10% CC1 sample passed the test but 10% CC2 

failed the test by expanding 0.11% at 14-day), which showed much lower expansion than 10% CC3 

sample according to AMBT.  

Generally, the composition of ASR gel mainly depended on the composition of the 

aggregate. Incorporating calcined clays reduced the formation of ASR gel by binding available 

alkalis, but impacts on gel composition were not observed. 

3.3.  Discussion on current test methods 

Currently, AMBT and CPT are two most used test methods to evaluate the ASR mitigation 

efficacy with SCMs incorporated. In consideration of time, AMBT is a short test which lasts only 

16 days, while CPT lasts up to two years when SCMs are used in the mixture. Despite the long test 

period, CPT was usually believed to be a test better correlated field performance obtained from 

OEBT [11, 14]. Research also indicated CPT could well predict long term performance of concrete 

when SCMs (such as fly ash, silica fume and slag) were incorporated in the mixture [11]. Thus, the 

authors tried to investigate how AMBT and CPT correlated to OEBT when cement was replaced 

by 10% calcined clay (CC5). Table 6 shows the AMBT results at 14 days and CPT results at 2 

years.  

Table 6.8 AMBT results at 14 days and CPT results at years (10% CC5) 

 

 

According to results of AMBT and CPT, with 10% CC5 incorporated, ASR in both mortar 

bars and concrete prisms were mitigated. Both of the thresholds were not exceeded in the tests 

(0.10% for AMBT and 0.04% for CPT). However, discrepancy was found between two tests on 

evaluating the potential of ASR. The AMBT results indicated WR fine aggregate was moderately 

reactive according to ASTM C 1778 but WR fine aggregate was categorized as very highly reactive 

AMBT CPT 

  14-day 1-year 2-year 

Control 0.21% 0.29% - 

10% CC5 0.02% - 0.03% 
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aggregate based on CPT results [15].  Furthermore, AMBT and CPT methods were compared with 

OEBT results. Figure 5 shows the OEBT results when 10% CC5 was incorporated.  

 

Figure 6.9 OEBT results on WR control and 10% CC5 mixture 

WR control and 10% CC5 concrete blocks were measured and recorded up to 12.5 years, 

as shown in Figure5. The mixture design was the same as the one used in CPT. The control concrete 

block was observed to pass the 0.04% threshold after about two years. And the control block 

expanded significantly after 1.5-year outdoor exposure. For 10% CC5 mixture, the test failed after 

about 6 years, especially the block expanded from 0.037% to 0.078% during year 5 to year 6. It 

was noticed that mixture with 10% CC5 passed both AMBT and CPT but failed OEBT. Typically, 

AMBT and CPT are usually considered as “severer” tests compared to OEBT. Thus it was 

important to find out the reason why OEBT failed. The Na2Oeq used in the mixture was 0.95%. As 

the alkali content in cement played a critical role in concrete expansion under CPT, the high alkali 

content could be the reason of high expansion after 5 years outdoor exposure [11]. In addition, the 

reason that concrete prisms passed the CPT could be due to the leaching of alkalis, which led to the 

decrease of alkalinity in pore solution. However, to confirm the assumption, the role of alkali 

content in ASR mitigation needs to be investigated more for OEBT.  

. 
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4. Conclusions 

In this research, a comprehensive study was done to evaluate the efficacy of different 

calcined clays to mitigate ASR in concrete. The study investigated the efficacy of ASR mitigation 

by incorporating calcined clays of different sources and quality. AMBT and XRD analysis results 

of the investigated calcined clays indicated chemical composition and mineral phase could have 

significant influences on ASR mitigation efficacy. Calcined clays with high content of alumina and 

low alkalis tended to show better mitigation efficacy. In addition, by incorporating calcined clays, 

the formation of ASR gel was limited, however, ASR gel was still observed in 10% CC3 sample. 

The composition of ASR was mainly determined by the reacted aggregates and a change of ASR 

gel composition after 10% CC3 incorporated was not observed. Furthermore, through investigation 

of current standard ASR test method, discrepancies were observed among AMBT, CPT and OEBT 

when 10% CC5 was incorporated. Based on current findings, CPT and OEBT with calcined clays 

of different sources and quality are recommended for different replacement levels in the future. 

Therefore, it provides a more comprehensive understanding on calcined clay in ASR mitigation 

efficacy as well as guidelines for improving current test methods.  
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Abstract 

Metakaolin, a commonly used calcined clay, has been investigated extensively for its role 

to mitigate alkali-silica reaction (ASR) in concrete. It has been proven to be a useful supplementary 

cementitious material (SCM) that is capable of effectively mitigating ASR by reducing the 

alkalinity in the pore solution of paste, mortar and concrete as well as binding available 

alkalis in the mixture. However, previous research indicated that the efficacy of calcined clays in 

mitigating ASR can vary significantly due to differences in quality and source. This paper reviews 

current studies on the factors that could influence the pozzolanic reactivity of calcined clays from 

different sources as well as their efficacy in mitigating ASR. In addition, test results from 

accelerated mortar bar tests (AMBT), concrete prism test (CPT) were evaluated for their accuracy 

by comparing to the results of the field exposure block test. The review was focused on: the impact 

of the manufacturing process - specifically calcination temperature, the mineral phase composition 

of calcined clays, and the pozzolanic reactivity of these minerals. The effect of the composition of 

calcined clays, especially alumina and alkalis, on the efficacy of alkali binding ability and ASR 

mitigation as well as suggested replacement levels for ASR mitigation based on composition, and 

mineral phases of calcined clays are also presented along with the correlation of lab tests to the 

exposure concrete block test. 

Keywords 

Calcined clay, Alkali-silica reaction, Aluminium, Pozzolanic reactivity,  
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1. Introduction 

Calcined clay is manufactured by heating raw material under high temperatures ranging 

from 600 to 800°C. Kaolin-containing clays are the primary raw materials for manufacturing 

calcined clay. The annual output of kaolin worldwide was about 250 million tonnes in 2002 [1]. 

Another source of raw material is the clay wastes produced during the paper manufacturing process 

[2, 3]. As a high purity calcined clay, metakaolin made from high-quality kaolin, containing a high 

content of kaolinite, has been extensively investigated. Through the calcination, dehydroxylation 

of the raw material occurs, which leads to the transition of the raw material from crystalline phases 

to amorphous phases [4]. During dehydroxylation, the raw material was reported to lose nearly 14% 

of its original weight; the structure of kaolin is reorganised; and the alumina and silica layers in the 

crystal structure break down to form Al2O3·2SiO2 [5, 6]. Due to its particular structure, metakaolin 

showed high pozzolanic reactivity, therefore it can be used as a helpful supplemental cementitious 

material (SCM) in concrete.  

The use of metakaolin in concrete can address the concerns of carbon emission by partially 

replacing cement. Metakaolin can also benefit concrete microstructure as well as concrete 

durability. However, the production and sources of high purity kaolin are limited. Calcined clays 

of different sources and qualities are of great interest as an effective pozzolan for use in concrete. 

Recently, more research has focused on using calcined clays of lower qualities. Compared with 

commercial high purity metakaolin, these calcined clays usually contain varying chemical and 

mineralogical compositions. Low quality calcined clays often contain impurities such as quartz, 

calcite, feldspar, mica, anatase and sulphides [7, 8]. The existence of these impurities can influence 

the pozzolanic reactivity of calcined clays. Research by Badoginnis et al. [9, 10] showed that 

calcined clay made of poor Greek kaolins showed similar effects as a commercial metakaolin on 

cement strength development, consumption in Ca(OH)2 as well as the resistance of chloride 

permeability. In addition, Krajči et al. [11] revealed that burnt kaolin sands, which were heated 

from original kaolin sand containing 4.10 to 14.48 wt% of metakaolin, showed the pozzolanic 

reaction when being used to partially replace cement. Besides, calcined clay produced from the 

paper sludge or wastes showed pozzolanic reactivity. Pera et al. [3] produced calcined clays by 

using paper sludge, and the calcined clays were compared to a commercial metakaolin by using a 

lime consumption test. Results indicated that calcined clay made from paper sludge showed a better 

pozzolanic reactivity than commercial metakaolin (especially at early ages), despite a lower content 
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in metakaolinite (formed when kaolinite dehydroxylated). Frías et al. [2] showed by heating clay 

wastes at 700°C for 2 hours, the calcined clay showed a great pozzolanic reactivity.  

Incorporating calcined clays to mitigate alkali-silica reaction (ASR) was initiated a few 

decades ago. Walters et al. [12] showed that by incorporating metakaolin in concrete, ASR can be 

entirely mitigated if 10% or more metakaolin were used. Research by Ramlochan [13] indicated 

the efficacy of ASR mitigation was increased with the increase of the amount of metakaolin 

incorporated.  In addition, for highly reactive metakaolin, 10% to 15% could be efficient in 

controlling expansion caused by ASR [13]. Research done by Gruber et al. [14] showed similar 

results that by replacing 15%, expansion caused by reactive aggregates-Spratt was entirely 

controlled.  

Since this time, more calcined clays of low quality with varying minerals and impurities 

have been investigated, including research on using low quality calcined clays to mitigate ASR was 

also done. This paper aims to review current research on pozzolanic reactivity of calcined clays 

from different sources, including metakaolin, and the use of calcined clays to mitigate ASR. 

Calcined clays of different qualities and sources investigated in previous research were reviewed 

and categorized as shown in Table 1. This information will be used to lead the discussion of possible 

parameters determining the efficacy of ASR mitigation using calcined clays as a replacement for 

cement in concrete.  

  

2. Pozzolanic Reactivity and ASR Mitigation 

As a material of high pozzolanic reactivity, calcined clays have typically been used to 

replace cement by 10% to 20%. Compared with other commonly used SCMs, metakaolin contains 

a high content of alumina and silica, which reacts with Ca(OH)2 in cement to form C-S-H. Asbridge 

et al. [15] showed that by comparing fly ash, silica fume, and metakaolin at the same replacement 

levels, metakaolin consumed more Ca(OH)2, which indicated its high pozzolanic activity.  As an 

effective pozzolan, its high reactivity indicates the ability of metakaolin to consume hydroxyl ions 

in the pore solution, and thus mitigate ASR. Coleman and Page [16] found that the pH of pore 

solution was reduced from 13.7 to 13.4 and 13.2 respectively when 10% and 20% metakaolin were 

incorporated in cement paste. Ramlochan [17] reported that by incorporating highly reactive 

metakaolin, the hydroxyl ion concentration in pore solution was significantly reduced. Therefore, 

due to the ability to react with hydroxyl ions in pore solution, the available alkalis in concrete were 

largely consumed by metakaolin, which reduces the risk of occurrence of ASR. Therefore, the 
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ability of ASR mitigation can be related to the pozzolanic reactivity of the investigated calcined 

clays.  

Thomas [18] compared ASR with the pozzolanic reaction and noted that the nature of ASR 

was similar to the pozzolanic reaction. Both reactions involve the reaction between reactive silica 

and alkalis. Due to the small particle size of pozzolans, the pozzolanic reaction usually occurs 

before ASR [18]. However, if finely-divided pozzolan particles agglomerated, ASR is likely to 

occur [18]. In addition, the research found that the amount of calcium in SCMs can influence the 

alkali binding capacity of the C-S-H and expansive properties of ASR gel [19-21]. Bhatty and 

Greening [18, 22] revealed that C-S-H with low Ca/Si ratio showed higher capacity in binding 

sodium and potassium in the pore solution. Calcined clays usually contained a low content of 

calcium (0~2%). Therefore, the Ca/Si ratio is generally not a concern when calcined clays are used 

to control ASR.  

Previous research showed that SCMs without aluminium, such as silica fume, showed an 

increase in hydroxyl ion concentration in pore solution and more expansion in concrete or mortar 

at the later age [18, 23-25]. This observation indicated that the existence of aluminium in SCMs 

can influence the alkali binding ability. Different with other SCMs, calcined clays contain a high 

content of aluminium (20~50%), which contributes to ASR mitigation. He [26] pointed that due to 

the efficacy on ASR mitigation is largely determined by the alkalis bound when the pozzolanic 

reaction occurs, C-S-H and C4AHx were detected as the reaction products when portlandite in 

cement reacts with Si and Al in calcined clays. Hong and Glasser [27] showed that the existence of 

aluminium led to the formation of C-A-S-H, besides C-S-H. The alkali binding ability of C-A-S-H 

was reported to be higher than that of C-S-H [27].  

Therefore, the pozzolanic reactivity of a calcined clay can largely determine its ASR 

mitigation efficacy. However, to effectively use calcined clays for ASR mitigation, a few factors 

should be taken into consideration: calcination temperature, raw material mineralogy, the content 

of aluminium, replacement level, and fineness of calcined clays.   

 

3. Factors Influencing Pozzolanic Reactivity and ASR Mitigation 

3.1. Calcination temperature  

Calcination temperature can significantly influence mineral formation in calcined clays. 

Therefore, an optimum calcination temperature is preferred to achieve a high pozzolanic reactivity. 
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He et al. [26] showed that after dehydroxylation the amount of crystalline phase increased when 

calcination temperature increased.  Seiffarth et al. [28] investigated both illite-based clay and 

smectite clay samples at different temperatures; results indicated that when calcination 

temperatures went above 850 °C, the maximum amount of reactive amorphous substances were 

obtained due to the formation of a spinel phase. In addition, the favourable temperature for kaolinite 

dehydroxylated was 550°C according to He et al. [26]. He et al. [26] also pointed out that kaolinite 

had the highest compressive strength when heated to 650°C. Shavarzman [4] showed kaolinite was 

fully dehydroxylated at 570°C to 700°C. For calcined clays containing alunite (KAl3(SO4)2(OH)6), 

the content of alunite was observed to be a good indicator for the optimum calcination temperature 

for kaolins. Badogiannis [29] also showed that for kaolins with low content of alunite, the optimum 

calcination temperature was 650°C, and for kaolins with a high content of alunite, the optimum 

calcination temperature was 850°C.  

3.2. Raw material mineralogy 

Kakali et al. [30] found that kaolin with a high degree of crystallization showed less 

pozzolanic reactivity after calcination. The minerals in calcined clay have a significant influence 

on the pozzolanic reactivity. Research by Fernandez  et al. [31] indicated that among kaolinite, illite 

and montmorillonite, kaolinite showed that best pozzolanic reactivity after calcination due to its 

high content of hydroxyl groups and the crystal structure that provided more aluminium to the 

system. Shvarzman [4] also revealed that kaolin with more than 50% of amorphous phase content 

can be regarded as chemically reactive. Tironi [7] indicated that materials with a medium to high 

content of kaolinite and disordered structures showed high pozzolanic reactivity. Research done by 

Li et al. [32] showed that mineral content in calcined clays impacted its efficacy of mitigating ASR 

in mortar samples. Further, calcined clays with the most amorphous structures showed better 

efficacy in controlling expansion caused by ASR [32]. Besides the major minerals in calcined clays, 

the impurities in calcined clays should be paid attention as well. Frías et al. [2] reported that the 

initial setting time of cement were shortened when calcined clays made from clay wastes were 

incorporated. Another study by Frías et al. [33] showed cellulose can still be observed in calcined 

clay made from paper sludge waste at 600°C; indicating that the use of low quality calcined clays 

made from industrial wastes (especially the raw material was the mix of organic matters or 

inorganic minerals) may have a negative influence on the properties hardened cement paste.  

 

 

https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Hydrogen
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3.3. The role of aluminium 

As mentioned above, Thomas [34] showed that the presence of aluminium in SCMs has a 

significant impact on ASR mitigation efficacy. It was also revealed that SCMs with additional 

aluminate could be effective in reducing the expansion caused by ASR. Li [32] found that among 

four different types of calcined clays, the one with the lowest amount of alumina showed the least 

efficacy in controlling expansion caused by ASR (Figure 1 and Table 2). Meanwhile, it was found 

that ASR-related expansion was well correlated with the additional Al2O3 from calcined clays. 

When Al2O3 content was more than 4.5%, the expansion was controlled [32]. Therefore, the 

research indicated aluminium can be beneficial in controlling ASR by being introduced to the 

system in the form of either alumina or aluminium. Warner [35] also indicated that with artificially 

increased alumina in SCMs, ASR-related expansion was controlled. The content of aluminium is 

key to the ASR expansion. [18, 36]. Chappex et al. [37] found that the presence of aluminium could 

influence the dissolution of silica in simulated pore solution and 3.9 mM of aluminium can 

substantially reduce the deterioration of aggregates.  

3.4. Replacement level of calcined clays 

Typically, the replacement level of calcined clay was mainly determined by its purity, 

chemicals and composition. When calcined clays were used to partially replace cement in concrete, 

the investigated concrete showed a reduction in workability [38]. Therefore, there is the need to 

balance between the benefits provided by the pozzolanic reaction and the reduction in workability. 

To effectively control the expansion caused by ASR, a 10% to 15% replacement of highly 

pozzolanic reactive metakaolin for cement was reported to be sufficient (as seen in Figure 2) [14]. 

Research by Moser et al. [39] showed 15% to 20% metakaolin is sufficient to mitigate ASR in two 

years in the concrete prism test (CPT). Li et al. [40] found that by incorporating 10% metakaolin, 

expansion caused by ASR in accelerated mortar bar test (AMBT) can be controlled, however, for 

lower quality calcined clays, up to 20% was needed to reduce the ASR-related expansion to within 

acceptable limits.     

3.5. The fineness of clays   

As mentioned above, the fineness of calcined clays can influence their pozzolanic reactivity. 

Typically, the fineness of commercial metakaolin powder is about 12,000-15,000 m2/kg. The major 

grain size of metakaolin particle is smaller than 5 µm [11, 26, 41]. This indicates that the particle 

size of metakaolin is smaller compared to that of cement. Curcio et al. showed that the fineness of 

calcined clays can have an influence on its pozzolanic reactivity (see Table 3); it was highlighted 
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that the finer metakaolin was more pozzolanically reactive than the coarser ones [42]. Tironi 

reported that surface area was correlated well with pozzolanic reactivity of the investigated 

metakaolins (see Figure 3) by showing that the consumption of Ca(OH)2 increased when the 

specific surface of the investigated metakaolins increased [43].   

 

4. Test Methods Evaluation 

Currently, the AMBT and CPT are the most commonly used test procedures to evaluate 

the reactivity of aggregates and mitigation efficacy. Both tests methods measure the expansion of 

specimens under environmental conditions that favor the occurrence of ASR. AMBT is a fast test, 

which takes only 16 days to obtain results. However, the test conditions of AMBT have been 

regarded as too severe, which may lead to falsely rejecting qualifying aggregates [44, 45]. On the 

other hand, Thomas reported AMBT correlated well with CPT in determining the minimum level 

of SCMs required to control ASR-related expansion (see Figure 4) [44].  

CPT is regarded as a more accurate test method when compared with AMBT. However, it 

sometimes produces inaccurate results due to leaching of alkalis [44, 46]. In addition, the CPT is a 

relatively long-term test; it takes one year for reactivity evaluation and two years for mitigation 

evaluation when SCMs were incorporated [47]. Thomas showed the CPT correlates well with 

exposure block test in determining the minimum SCMs (calcined clay not included) required for 

controlling expansion [44]. However, research by Li et al. showed that exposure blocks with 10% 

calcined clay (exposed at Austin, Texas, USA) expanded more than 0.04% (expansion limit in CPT) 

in the sixth year of exposure, while results of the CPT only showed 0.03% expansion at 2 years 

(see Figure 5 and Table 4) [40]. A possible explanation for this observation could be the leaching 

of alkalis from concrete prisms in CPT, resulting in an inaccurate prediction of the long-term 

performance of concrete [44, 48].   

These findings indicate that although the AMBT and CPT are helpful in determining the 

replacement level of an SCM to mitigate ASR, these tests still have limitations. A short-term 

method that can better address alkali leaching issues and accurately predict long-term performance 

is in great need to be developed. In addition, block expansion data of concrete with different 

calcined clays is still limited, so more data on concrete exposure block with calcined clays of 

various sources will be more helpful to provide guidelines in new methods development. The long-

term data is particularly important for determining if the current expansion limits set on the AMBT 

and CPT will accurately predict performance in the field.  
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5. Conclusion Remarks 

This paper reviewed up to date research on using calcined clays to mitigate ASR. Much of 

the current research focused on using high purity metakaolin to mitigate ASR in concrete. In 

addition, calcined clays of different sources were discussed regarding their pozzolanic reactivity. 

Prior research has revealed that calcined clays manufactured from low-quality raw materials can 

still exhibit pozzolanic reactivity. However, the differences in the pozzolanic reactivity primarily 

influence the alkali binding ability of the systems including calcined clays; therefore, the efficacy 

of mitigation is impacted by the type of calcined clay used. Based on the review, the authors 

provided a few recommendations on using calcined clays to mitigate ASR in concrete: 

Quantify the amount of aluminium and amorphous phase in calcined clays prior to using 

them for ASR mitigation. The amount of aluminium can potentially “control” the dissolution of 

reactive silica and help to form hydrates having higher alkali-binding ability, therefore knowing 

the amount of aluminium can provide helpful information in its ASR mitigation ability. 

Quantify the impurities in calcined clays. The impurities in calcined clays are usually not 

pozzolanically reactive. Therefore, calcined clays with a high content of such impurities can have 

a reduced ability to mitigate ASR compared to higher purity calcined clays. In addition, the 

existence of these impurities can influence cement properties such as setting time.   

Furthermore, despite the well understanding of the role of calcined clays in concrete as an 

effective SCMs, to better use them for ASR mitigation, further research is still needed to guide the 

use of calcined clays based on their sources and qualities:    

Establish the link between the pozzolanic reactivity of calcined clays to its efficacy in ASR 

mitigation. As shown, the highly pozzolanic reactive material tends to be more efficient in 

consuming and binding hydroxyl ions, which helps to reduce the available alkalis in the pore 

solution. Therefore, tests on the pozzolanic reactivity of calcined clays should be investigated 

before using as a strategy to mitigate ASR. In addition, the results of pozzolanic reactivity should 

be used to determine the minimum replacement level. 

Establish the link between the results of AMBT and CPT to the results of exposure block 

data. A database of concrete blocks with varied calcined clays incorporated is in need.  
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TABLE 6.9: Commonly investigated calcined clays 

 Source Notes 

High quality 

calcined clays 
Kaolinite 

Commercially use; low content of impurities; kaolinite is the major content in raw material; Highly 

pozzolanically reactive 

Low quality 

calcined clays 

Kaolinite 

with 

impurities 

Impurities such as quartz, calcite, feldspar, mica, anatase and sulphides; the existence of the minerals can 
affect the pozzolanic reactivity of calcined clays[7, 8]  

Other Clay 

minerals 

Such as illite, montmorillonite, alunite, halloysite etc.; may have lower pozzolanic reactivity than kaolinite 

due to the crystal structure of the mineral [31, 49] 

Paper 

sludge 

Contains high quantity of impurities, including organic substances; can be pozzolanically reactive after 

calcination; the impurities and organic substances may affect properties of hardened cement/concrete/mortar 
[3, 33] 
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TABLE 6.10: Chemical composition of calcined clays (%) [32] 

 
 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO2 P2O5 SrO BaO SO3 LOI 

CC1 51.93 42.18 1.43 0.40 0.12 0.05 0.23 1.99 - 0.17 0.04 0.11 0.05 1.32 

CC2 54.11 39.94 1.26 0.25 0.20 0.15 1.38 0.63 0.01 0.12 0.02 0.04 0.05 1.87 

CC3 60.17 27.00 3.05 0.40 0.53 0.90 3.22 0.39 0.02 0.16 0.02 0.04 0.35 3.73 

CC4 50.12 43.62 0.69 0.05 0.02 0.00 0.10 1.76 0.01 0.02 0.01 0.02 0.02 3.57 

 
 

TABLE 6.11: Fineness of calcined clays investigated [42]. 

Calcined 

clays 
BET m2/g 

Bulk 
density 

(kg/m3) 

Pozzolanic 

activity 

M1 19.8 245 0.23 

M2 13.9 365 0.21 

M3 14.7 417 0.24 

M4 12.7 512 0.47 

 

 

 
 

TABLE 6.12: AMBT results at 14 days and CPT results at years (10% calcined clay)[40]. 

 
 

 
 
 
 
 

 
FIGURE 6.10: The efficacy of ASR mitigation by using calcined clays from different sources [32]. 

 
 

AMBT CPT 

  14-day 1-year 2-year 

Control (%) 0.21 0.29 - 

10% CC5 (%) 0.02 - 0.03 
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FIGURE 6.11: Control of expansions due to ASR using high-reactivity metakaolin [14]. 

 
 

 
FIGURE 6.12: Correlation between pozzolanic activity using the saturated lime test (1 day) or the electric conductivity (1 and 24 h) and the 

(Blaine) specific surface of calcined clays [43]. 
 
 

 
FIGURE 6.13: Comparison between the minimum level of SCMs required to control expansion in the CPT and AMBT [44]. 
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FIGURE 6.14: Exposure block results on concrete with 10% calcined clay [40]. 
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APPENDIX D: ADDITIONAL MANUSCRIPT 4 

 

Observations on Using Expanded Clay to Control the Expansion Caused by ASR 

 

Chang Li1, Jason H. Ideker1, Michael D. A. Thomas2 

1 Oregon State University, Corvallis, OR, USA 

2University of New Brunswick, Fredericton, NB, Canada 

 

Abstract 

Previous research indicated that mortar and concrete mixtures showed less expansion 

caused by alkali-silica reaction (ASR) when fine lightweight aggregates (FLWAs) were 

incorporated into the mixtures. However, these results were limited, and conflicting mechanisms 

and theories exist. Therefore, a research program was initiated to explore the mechanism(s) by 

which FLWA may mitigate ASR. In this program, one commonly used FLWA, an expanded clay, 

was incorporated. Tests methods including ASTM C 289, ASTM C 1260 and ASTM C 1293 were 

used to investigate the effectiveness of the expanded clay in ASR mitigation when combined with 

aggregates of known reactivity. In these mixtures, fine aggregate were replaced by the expanded 

clay at 25% and 50% by volume, replacement levels typically used for internal curing. Preliminary 

results indicated that expanded clay showed effectiveness in mitigating ASR in the ASTM C 1260 

test when they were in either pre-wetted or oven-dried conditions. However, more expansion was 

observed when the expanded clay was pre-wetted. Pore solution analysis results indicated that the 

expanded clay in the mixture with Spratt could reduce the alkalinity of the pore solution, especially 

the mixture showed reduction in alkalinity even at early ages (7 days to 28 days). SEM analysis 

revealed infilling reaction products were deposited into the pores of the expanded clay. More 

investigation is still needed to understand the composition of the reaction products deposited into 

the pores of the expanded clay. 

 

Keywords 

ASR, Expanded clay, ASTM, Expansion, Infilling reaction product 
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2 

1. Introduction 

Fine lightweight aggregates (FLWAs) are manufactured by heating raw materials under 

high temperature (1100 to 1200 °C), by which the carbonaceous minerals in raw material were 

decomposed and released to form an internal porous structure. Due to this specific structure, 

FLWAs have a high absorption capacity and low specific gravity. Because of these two features, 

FLWAs are usually applied to reduce the load of the structures or be used for liquid storage. When 

being used in concrete, FLWAs can be pre-wetted before mixing in the concrete to provide internal 

water inside the concrete, thus preventing shrinkage and refining microstructure of the concrete [1-

4]. Due to the benefits provided by FLWAs and internal curing technique, concrete shows better 

performance in chloride and moisture intrusion resistance as well as ASR mitigation. Current 

research indicated that with FLWAs incorporated in mortar and concrete mixture, reduction in the 

ASR-caused expansion was observed [5-8]. These findings revealed that incorporating FLWAs in 

concrete can be used as a possible strategy to mitigate ASR.  

Previous studies discussed several possible mechanisms, by which FLWAs can be used to 

mitigate ASR. However, there was a lack of agreement on the dominant mechanism. According to 

these studies, a few assumptions were proposed. Shin et al. showed that expansion caused by ASR 

was reduced when expanded shale, expanded clay and expanded slate were used to partially replace 

the reactive aggregates in mortar mixture [5]. Therefore, it was suspected that the expansion was 

reduced due to the reduction of reactive proportion in mortar mixture. Collins et al. [9] proposed 

that the internal curing water in the porous aggregate could be used to dilute the pore solution in 

concrete. Research by Elsharief [1] indicated that a refinement of the interfacial transition zone 

(ITZ) was observed in the mortar mixture with either the oven-dried expanded shale or the pre-

wetted expanded shale. This observation supported the finding that expanded shale can benefit 

concrete in limiting moisture and chemical intrusion [5, 10, 11]. Therefore, due to this refinement 

of concrete microstructure, less moisture intrusion could help with controlling moisture absorption 

by ASR gel. Boyd et al. [7, 12] found that the expanded shale in concrete were filled up with 

reaction products, which was likely to be ASR gel deposit. This observation indicated that the 

porous structure of the expanded shale provided space to accommodate ASR gel, thus offset the 

potential expansion.  The pozzolanic reactivity of expanded shale and expanded clay were also 

investigated by grinding to micro scale. Due to the high content of silica and alumina, ground 
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expanded shale and expanded clay showed a superior pozzolanic reactivity in mortar/concrete 

mixtures [5, 13, 14]. These findings could also be supportive evidence to explain why FLWAs can 

mitigate ASR.  

However, these research results and assumptions were obtained from limited experimental 

tests, especially most of the results were from ASTM C 1260 tests and very limited ASTM C 1293 

tests. The lack of data support led to some unexplained results and confounding explanations on 

how FLWAs can mitigate ASR in concrete. Therefore, if we want to use FLWAs as a potential 

strategy to mitigate ASR, a more comprehensive research program is needed to illustrate if FLWAs 

can be used for ASR mitigation as well as the mechanism behind it. In this study, one of the 

commonly used FLWAs, an expanded clay was used for investigation.  

 

2. Raw Materials  

Cement 

The cement used in this study was from Montreal, Quebec, Canada. This cement was used 

in both ASTM C 1260 and ASTM C 1293 tests. Table 1 shows the chemical composition of the 

cement.  

FLWAs 

One commercially used FLWA (expanded clay) was used in this study. The material 

properties are exhibited in Table 2.  

Other aggregates 

Two coarse aggregates (CA1 and CA2) and two fine aggregates (FA1 and FA2) were used 

to create a comprehensive mixture matrix. The type, reactivity and source of each aggregate were 

listed in Table 3. 

 

3. Experimental Methods 

ASTM C 289 

ASTM C 289 was used to evaluate the reactivity of a specific aggregate by immersing 

ground aggregates in 1.000 N NaOH. The aggregate was crushed and ground into particles of 150 

µm ~ 300 µm. Prepared aggregates were immersed in 1.000 N NaOH for 24 hours at 80±1 °C, and 



141 

 

 

then the dissolved silica and alkalinity reduction were measured for its potential ASR reactivity. 

CA1, FA1, FA2 and the expanded clay were tested.  

ASTM C 1260 

ASTM C 1260, referred as the acerbated mortar bar test (AMBT), is a quick reactivity test 

on aggregates in mortar bars [15]. Mortar bars with a dimension of 25.4 mm × 25.4 mm× 285.8 

mm were cast. The water-to-cement ratio was fixed at 0.42, and the sand-to-cement ratio was 2.25. 

Mortar bars were cured at an ambient temperature for 24 hours and then transferred to the DI water 

at 85°C for another 24 hours. Subsequently, the mortar bars were exposed to 1.0 N NaOH at 85°C. 

Length change of mortar bars was periodically tracked up to 14 days afterwards. The threshold for 

reactivity evaluation is 0.10%. Due to the high absorption capacity of expanded clay, it was pre-

conditioned in two methods: pre-wetting and oven-drying. The pre-wetted and the oven-dried 

expanded clay were used to replace the normal weight aggregate by 25%, 50% and 100% in volume 

respectively. Mixture with 100% oven-dried expanded clay was not cast due to the cohesive issue 

with the mortar. Table 4 shows the mixture matrix.  

ASTM C 1293 

ASTM C 1293, referred as the concrete prism test (CPT), is a test on aggregate reactivity 

in concrete prism. In each mixture, the reactive proportion is either a coarse or a fine aggregate 

(based on the results of ASTM C 1260) [16]. Therefore, the ASR reactivity of this specific 

aggregate can be evaluated. For this test, concrete prisms in a dimension of 75 mm × 75 mm × 285 

mm were cast. After curing for 24 hours, the prisms were transferred to a bucket with water on the 

bottom. Then the bucket was placed in a chamber at 38°C. Length change of concrete prisms were 

measured periodically up to one year (two years for mitigation test). By using the aggregates listed 

in Table 3. There are two combinations used for the control group as listed in Table 5. In addition, 

for each control mixture, the expanded clay was used to replace the fine aggregates at 25% and 50% 

replacement level in volume.  

Pore solution alkalinity analysis 

Pore solution analysis was used to evaluate how FLWAs influence the pore solution 

chemistry in the concrete mixtures. Samples for pore solution analysis were obtained from ASTM 

C 1293 prisms, and the samples were cut from one prism subjected to the same environmental 

conditions as other concrete prisms, which were measured periodically (at the age of 7 days, 28 

days, 84 days, 180 days and 365 days). Afterwards, samples were manually crushed into particles 
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smaller than 2.38 mm (U.S. #8 sieve size). Aggregates were picked out of the crushed sample and 

then the material left were introduced to a compression system. After being applied with a high 

pressure, the squeezed liquid was collected, and the pH was measured within four hours of 

extraction.  

 

SEM analysis 

SEM analysis was used as an option to examine the microstructure of the mortar with the 

expanded clay. Backscattered images of polished sections were acquired for observation. Through 

SEM analysis, samples were observed for: 1). The formation and origination of ASR gel; 2). 

Change of pore structure of the expanded clay; 3). If the ASR gel were deposited into the pores of 

the FLWAs.  

An FEI QUANTA 600F environmental SEM was used for the analysis. Samples for 

analysis were all 5mm thick, which were cut by a precision saw from mortar bars cast in ASTM C 

1260. These samples were soaked in an isopropyl alcohol for 72 hours with a solution change after 

first 24 hours to arrest the continuation of the hydration [17]. After being stabilized in epoxy, the 

samples were subsequently roughly polished with a #500 sandpaper to expose the surface of the 

mortar, and then finely polished for 8 hours with 9µm, 3µm, and 1µm micro silicon grit. Meanwhile, 

the dispersion oil-based lubricant was applied.  

 

4. Results 

4.1. ASTM C 289 test results 

Results of ASTM C 289 test are shown in Figure 1. In the test, CA1, FA1, FA2 and 

expanded clay were tested. According to the test results, CA1 and FA2 were all categorized as non-

reactive and FA1 was categorized as potentially reactive. However, based on results of ASTM C 

1260 test and ASTM C 1293 test, both CA1 and FA1 were categorized as reactive. Therefore, 

ASTM C 289 failed to detect the reactivity of CA1 and underestimate the reactivity of FA1. 

Compared to the FA1, expanded clay showed a more significant reduction in alkalinity while a 

similar amount of dissolved silica was detected. Therefore, if the fine aggregates in concrete/mortar 

were partially replaced by expanded clay, it can be expected that a higher amount of available 

alkalis to be consumed. Although the ASTM C 289 test did not accurately predict the reactivity of 
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aggregates investigated, the amount of alkali consumption of expanded clay was evaluated. This 

finding could be used to indicate the alkali binding ability of the expanded clay. 

4.2. ASTM C 1260 results 

Results of ASTM C 1260 test are shown in Figure 2. For the control mixture, with 100% 

very highly reactive fine aggregate, an expansion of 0.66% was observed. As described in section 

2, expanded clay were pre-conditioned in two ways: pre-wetted and oven-dried. In both mixture 

groups, it showed a reduction in the ASR-caused expansion. It was also noticed that the expansion 

decreased with the increase of the expanded clay proportions. The mixtures with 100% pre-wetted 

expanded clay showed an expansion below the 0.10% threshold, which indicated the expanded clay 

is not ASR-reactive.    

In addition, mixtures with pre-wetted expanded clay showed more expansion than the 

mixtures with oven-dried expanded clay. This difference was observed in all replacement levels, 

except the mixture with 100% oven-dried expanded clay (not able to be cast). There are two 

possibilities to explain this observation: 1). The internal water residing in the expanded clay due to 

pre-wetting were released from the pores and used by ASR gel for moisture absorption; 2). The 

oven-dried expanded clay can intake the alkalis into its pores, while in the mixture with pre-wetted 

expanded clay, the pores were occupied by the internal water. Therefore, the alkali binding and 

absorption ability was impaired.  

Results indicated that by using ASTM C 1260 test, the efficacy of the expanded clay in 

controlling ASR expansion can be evaluated. However, the pre-conditioning methods of expanded 

clay can significantly influence the expansion of mortar bars. The role of internal water is still in 

need to be investigated.  

4.3. ASTM C 1293  

In Figure 3, the length change of concrete prism with expanded clay incorporated up to one 

year is shown. Figure 3(A) shows the mixture with non-reactive coarse aggregate with very highly 

reactive fine aggregate. The expansion at one year was 0.61% for the control group. With 25% 

expanded clay incorporated, the expansion was reduced to 0.33%. Further, with 100% expanded 

clay, the expansion was reduced to 0.07%. In general, the expansion reduced by 89.4% when 50% 

expanded clay was incorporated. Although the expansion of mixture with 50% expanded clay was 

still beyond the 0.04% threshold, it was significantly reduced compared with the control mixture.  
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In Figure 3(B), it shows the expansion change of concrete mixtures with highly reactive 

coarse aggregate and non-reactive fine aggregate. An expansion of 0.15% was observed for the 

control mixture. Concrete mixture with 25% expanded clay showed an expansion of 0.09% at one 

year, and 0.03% for the mixture with 50% expanded clay. In total, a reduction of 81% in the 

expansion was observed when 50% expanded clay was incorporated. In this group, the mixture 

with 50% expanded clay showed the expansion lower than the reactivity threshold, which indicated 

ASR was mitigated by using expanded clay. However the test results up to two years is still desired 

to verify if 50% expanded clay can mitigate ASR for a longer term.  

Through ASTM C 1293 test, expanded clay was shown to be very effective in reducing 

ASR-caused expansion by replacing either reactive portion or non-reactive portion in concrete. 

This also indicated that ASR was controlled by expanded clay due to multiple mechanisms. Based 

on what was found, aggregate dilution effect is not sufficient to explain the reduction in the 

expansion when a non-reactive portion was replaced.   

4.4. Alkalinity of pore solution  

Samples of extracted pore solution were obtained from the concrete prisms in ASTM C 

1293 test. The pH of pore solution of both concrete groups was shown in Figure 4. It was interesting 

to notice that the pH of pore solution was increased when the expanded clay was used to replace 

the reactive portion in the concrete mixture (CA2-FA1). However, in the mixture with Spratt (CA1-

FA2), the alkalinity reduction was observed when expanded clay were incorporated. This reduction 

in pH was observed when the non-reactive portion was replaced. More alkalis were consumed with 

a higher dosage of expanded clay, which was indicated by a decrease of pH from 13.3 to 12.7. 

However, different as expected, a reduction in pH was not observed when more expanded clays 

were incorporated in the mixture with very highly reactive fine aggregate (CA2-FA1). The reason 

of this increase in pH still remains unknown.  

4.5. SEM analysis 

Samples for SEM analysis were obtained from mortar bars cast in ASTM C 1260 test. 

Figure 5 shows a reactive particle in the control mixture with the ASR gel inside the aggregate after 

a 14-day exposure to 1.0 NaOH and 85°C. Due to the high reactivity of FA1, the ASR gel was 

observed in both cement paste and reactive aggregates. The gel formed when alkalis in pore solution 

reacted with the reactive silica in aggregates. As seen in Figure 5, when the ASR gel formed on the 

surface of the aggregate, it caused the cracks of aggregates by swelling due to the water absorption. 
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Then the gel exuded into cement paste and caused the cracking of cement paste, further led to the 

expansion of the mortar bars (As seen in Figure 2). 

In Figure 6, images for the mortar mixture with 100% pre-wetted expanded clay are shown. 

Figure 6(A) shows an expanded clay particle of 300~500 µm. It was observed that from the rim of 

the particle, many of the pores in this particle were filled up with reaction products. Due to the infill 

of the reaction products, the ITZ between the expanded clay and cement was minimum as what 

was observed by Elsharief [1]. However, some microcracks within the expanded clay particle were 

observed. In Figure 6(B), an expanded clay particle of 100~150 µm was observed. In this particle, 

the majority of the pores were filled up with this infilling reaction product. The expanded clay were 

well bound with cement paste around it. No microcracks were observed in the expanded clay 

particle.  

 

 

 

 

5. Discussions 

5.1. ASR mitigation efficacy 

According to the results of ASTM C 1260 test and ASTM C 1293 test, expanded clay 

showed effectiveness in controlling expansion caused by ASR. In the ASTM C 1260 test, neither 

of 25% nor 50% replacement level were able to reduce the expansion to below the threshold when 

pre-wetted expanded clay or oven-dried expanded clay were incorporated. Only 100% pre-wetted 

expanded clay successfully controlled the expansion caused by ASR. In addition, the way expanded 

clay pre-conditioned can significantly influence its ASR mitigation efficacy. It was likely that the 

internal water residing in the pores of expanded clay reduced the chances of alkalis being bound 

and absorbed by the expanded clay particles. In addition, in the ASTM C 1293 test, neither of 25% 

nor 50% replacement level could reduce the expansion below 0.04% when the expanded clay was 

incorporated in the mixture with CA2-FA1 (very highly reactive). But for the concrete mixture with 

CA1 (Spratt)-FA2, by incorporating 50% expanded clay, concrete prisms showed expansion below 

0.04%. In both groups, expanded clay showed similar efficacy in reducing the expansion at 50% 

replacement level (89% vs. 81%). Therefore, the mitigation efficacy was largely determined by the 

ASR reactivity of the reactive aggregates in concrete. It is likely that by incorporating 50% 
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expanded clay, ASR caused by moderate reactive aggregate (0.04%~0.12% expansion in ASTM C 

1293) or some of highly reactive aggregate (0.12%~0.24% expansion in ASTM C 1293) can be 

fully mitigated [18]. For aggregates with higher reactivity, a different mitigation technique might 

be suggested. 

5.2. Alkalinity reduction 

Expanded clay exhibited high alkali consumption when compared with the two reactive 

aggregates used in this study, CA1 and FA1. This was also observed in the pore solution of concrete 

mixture with CA1-FA2. A very clear reduction in alkalinity was observed. Collins indicated that 

the pore solution dilution can be caused by the internal water residing in the pores of FLWAs [9]. 

However, based on the observation in this study, this assumption is less likely, as a more severe 

expansion was observed when the expanded clay were pre-wetted. One possible explanation for 

this observation could be the pozzolanic reactivity between the expanded clay particles and alkalis 

in cement paste. Therefore, the alkalis were bound in the C-S-H due to the reaction. However, more 

studies are still needed to validate this assumption. On the other hand, the fact that alkalinity in 

pore solution of concrete mixture with CA2-FA1 (very highly reactive) increased with the rise of 

replacement level remains unknown.  

 

 

5.3. Infilling reaction products 

According to the observations in SEM analysis. Infilling products were observed in mortar 

bar samples with 100% expanded clay. This phenomenon was also observed in previous studies [6-

8]. In these studies, the reaction product was suspected as the ASR gel, which deposited in the pores 

of FLWAs. Based on the observations in Figure 6(A) and (B), the reaction product seemed to have 

a very strong bond with the expanded clay particle, which might be caused by the dissolving of the 

expanded clay. If this is true, there could be two explanations for this observation: 1) the infilling 

products are the ASR gel filled into the expanded clay. However, the ASR gel continued to react 

with expanded clay particle until the pores of the particle were filled up; 2) the formation of the 

infilling reaction product was due to the reaction between expanded clay particles, the alkalis in the 

pore solution and surrounding cement paste, and then the reaction products grew and agglomerate 

until the pores of the expanded clay were filled up.   
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6. Conclusion Remarking 

In this study, the expanded clay was used to replace the fine aggregates in both mortar and 

concrete mixtures. By incorporating 25% and 50% expanded clay in volume, expansion caused by 

ASR was reduced in both mortar and concrete specimens. The applicability of current ASTM 

standards was evaluated and test results were compared with previous studies. In addition, these 

results were also used to evaluate the possibility of assumptions proposed in previous studies. A 

few conclusions were drawn based on the findings: 

1). Expanded clay were effective in reducing the expansion caused by ASR in both mortar 

and concrete specimens.  

2). The efficacy of the expanded clay could be determined by the methods of pre-

conditioning, reactivity of the aggregates and replacement level.  

3). Expanded clay can consume alkalis in pore solution of the concrete mixture when the 

non-reactive fine aggregate was replaced. 

4). Infilling reaction products were found in the pores of expanded clay particles, and the 

expanded clay particles were well bound with the infilling reaction products as well as surrounding 

cement paste.  
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TABLE6.13: Major chemical composition in cement (%). 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Na2Oeq SO3 LOI 

19.61 4.38 2.76 62.21 2.72 0.28 0.84 0.83 3.76 2.60 

 

 

TABLE6.14: Materials properties of FLWAs used. 

FLWAs Absorption capacity (%) Specific gravity 

Expanded clay 30.75 1.07 

 

 

TABLE6.15: Coarse and fine aggregates used in the study 

 ID Type Reactivity Source 

Coarse 

aggregate 

CA1 Crushed limestone (Spratt III) Highly reactive Ontario, Canada 

CA2 Crushed limestone Non-reactive Washington, USA 

Fine aggregate 
FA1 Siliceous river sand Very highly reactive Oregon, USA 

FA2 Crushed limestone Non-reactive Texas, USA 

 

 

TABLE6.16: Mixture matrix for AMBT (6 mixtures including one controls. Mixture with 100% oven-dried expanded clay 

was not cast due to the low flowability) 

 Aggregate FLWA Treatment Replacement level 

Control FA1 N/A Oven-dried - 

1 FA1 Expanded Clay 
FA1:   Oven-dried 

FLWAs: Pre-wetted 
25% 50% 100% 

2 FA1 Expanded Clay 
FA1:   Oven-dried 

FLWAs: Oven-dried 
25% 50% - 

 

 

TABLE 6.17: Mixture matrix for CPT 

 Coarse aggregate Fine aggregate 

Group Aggregate type Reactivity Aggregate type Reactivity 

1 Spratt III (CA1) Highly reactive Crushed limestone (FA4) Non-reactive 

2 Crushed limestone (CA3) Non-reactive Siliceous river sand (FA1) Very highly reactive 
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FIGURE6.15: Results of ASTM C 289 test. 

 

 
FIGURE 6.16: Results of ASTM C 1260: (A). FLWAs were pre-wetted before mixing; (B). FLWAs were oven-dried 

before mixing. 
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FIGURE 6.17: Length change of concrete prisms to two years: (A). Non-reactive limestone coarse aggregate with very highly reactive 

fine aggregate; (B). Highly reactive coarse aggregate (Spratt) with non-reactive limestone. 

 

 
FIGURE 6.18: pH of pore solution in concrete prism: (A). pH of the pore solution of concrete mixture with non-reactive 

coarse limestone and very highly reactive fine siliceous aggregate; (B). pH of the pore solution of the concrete mixture with highly 

reactive coarse aggregate (Spratt) and non-reactive fine limestone. 
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FIGURE 6.19: A reactive particle in the control mixture with ASR gel in it (sample from control mortar mixture after 14 days 

exposure to 1.0 N NaOH and 85°C). 

 

 
FIGURE 6.20: SEM images of mortar mixture with 100% expanded clay: (A). A partially reacted particle of 300~500 µm 

after 14 days exposure to 1.0 N NaOH and 85°C; (B). A fully reacted particle of 100~150 µm after 14 days exposure to 1.0 N NaOH 

and 85°C. 

 

 
 

 

 

 

 


