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THE EFFECT OF WATER CEMENT RATIO AND CURING 

TEMPERATURE ON ALKALI AGGREGATE REACTION 

ABSTRACT 

The alkali-silica reaction (ASR) is a common chemical reaction in Portland cement 

concrete that results in the formation of an alkali gel that swells upon water intake and 

causes cracking of concrete. The extent of swelling depends on three factors: aggregate 

reactivity, temperature, and moisture. In this experimental study, the effect of two 

factors, temperature and water/cement ratio (w/c) on ASR was investigated. Two types 

of aggregates (A and B) were investigated using the RILEM AAR-2 method that is 

equivalent of ASTM C 1260. 54 mortar bars were cast and subdivided according to 

the w/c content in the mixture and the curing temperatures (40°C, 60°C, and 80°C). 

The expansion of the mortar bars was measured every three days up to 28 days. 

Moreover, scanning electron microscopy with energy dispersive X-ray spectroscope 

(SEM/EDX) was used to analyze the inner layers of the studied specimens and the 

reaction products, including the alkali gel. The results of the study showed that ASR 

had a destructive effect on the mortar bars when the temperature and w/c ratio 

increased. The expansion of the mortar bars had clear signs of internal cracking caused 

by ASR. The SEM imagery showed that the alkali gel covered a large area of the 

internal structure of the bars, especially for the bars exposed to high temperatures and 

high w/c ratios compared to those exposed to lower temperatures and w/c ratios. Based 

on the limited results of this study a recommended to utilize a maximum w/c ratio of 

0.50 and a minimum curing temperature of 60 °C in testing.  

Keywords: Alkali silica reaction, Accelerated mortar bar test, Scanning electron 

microscopy, Alkali-gel, Curing temperatures, Water cement ratio. 
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SU ÇİMENTO ORANI VE KÜR SICAKLIĞININ ALKALİ 

AGREGA REAKSİYONU ÜZERİNDEKİ ETKİSİ 

ÖZ 

Alkali-silika reaksiyonu (ASR), Portland çimento betonunda, su alımı üzerine şişen ve 

betonun çatlamasına neden olan bir alkali jel oluşumuyla sonuçlanan yaygın bir 

kimyasal reaksiyondur. Şişmenin boyutu üç faktöre bağlıdır: toplam reaktivite, 

sıcaklık ve nem. Bu deneysel çalışmada, sıcaklık ve su/çimento oranı (w/c) olmak 

üzere iki faktörün ASR üzerindeki etkisi araştırılmıştır. ASTM C 1260'a eşdeğer 

RILEM AAR-2 yöntemi kullanılarak iki tip agrega (A ve B) incelenmiştir. 54 çubuk 

harç dökülmüş ve karışımdaki w/c içeriğine ve kür sıcaklıklarına göre alt bölümlere 

ayrılmıştır (40°C, 60°C,ve 80°C). Harç çubuklarının genleşmesi 28 güne kadar her üç 

günde bir ölçülmüştür. Ayrıca, çalışılan numunelerin iç katmanlarını ve alkali jel dahil 

reaksiyon ürünlerini analiz etmek için enerji dağılımlı X-ışını spektroskoplu 

(SEM/EDX) taramalı elektron mikroskobu kullanılmış. Çalışmanın sonuçları, 

ASR'nin sıcaklık ve w/c oranı arttığında harç çubukları üzerinde tahrip edici bir etkiye 

sahip olduğunu göstermiştir. Harç çubuklarının genleşmesi, ASR'nin neden olduğu 

açık bir içsel çatlama göstergesidir.  SEM görüntüleri, alkali jelin, özellikle yüksek 

sıcaklıklara ve yüksek w/c oranlarına maruz kalan çubuklar için, düşük sıcaklıklara ve 

w/c oranlarına maruz kalanlara kıyasla, çubukların iç yapısının geniş bir alanını 

kapladığı görülmüştür. Bu çalışmanın sınırlı sonuçlarına dayanarak, teste maksimum 

0.50 w/c oranı ve minimum 60°C kürleme sıcaklığı kullanılması önerilmisti. 

Anahtar Kelimeler: Alkali silika reaksiyonu, Hızlandırılmış harç çubuğu testi, 

Taramalı elektron mikroskobu, Alkali-jel, Kürleme sıcaklıkları, Su-çimento oranı. 
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CHAPTER 1 

INTRODUCTION 

1.1  General View of Alkali Silica Reaction 

Concrete is a common material used in many structures such as tunnels, buildings, and 

bridges, due to its various advantages of reasonable cost, easy maintenance, and good 

durability. In spite of concrete advantages, concrete has low tensile strength and low 

ductility, which are the main concrete disadvantages. Concrete contains of ordinary 

Portland cement (OPC), which is works as a binder, with a mixture of coarse (gravel) 

and fine aggregates, in addition to the presence of water [1]. One of the prime features 

of concrete is high durability, which known as the capability of concrete to withstand 

the physical and chemical attacks. The most common physical attacks on concrete are 

corrosion, abrasion and erosion, while the best known chemical attacks are alkali 

aggregate reactions and sulfate attacks [2]. However, this experimental study is only 

focused on the impact of the chemical attacks, especially alkali silica reaction on the 

mortar paste.  

Alkali aggregate reaction (AAR) first detected in 1930 by Thomas Santon [3]. And 

known as a chemical reaction between hydroxide ions and reactive silica. AAR is 

divided to alkali-silica reaction (ASR), and alkali-carbonate reaction (ACR), 

depending on the type of reactive silica. When the hydroxide ions reacts with certain 

types of rocks, then the reaction defined as alkali carbonate reaction (ACR). While the 

alkali silica reaction (ASR) or concrete cancer is a common occurrence happens in all 

of concrete structures, and define as a chemical interaction between alkali ions and 

siliceous aggregates, and produces an alkaline gel, which is the major cause of the 

reaction's growth [4].  

The response of alkali-silica reaction appears on the surface of the concrete structures 

on the form of cracks. The severity of the (ASR) may be determined by the shape and 

the depth of the cracks that form, the most ordinary crack caused by ASR is map 

cracking or alligator cracking. Figure (1.1) represents a field image of map-cracking 

and its locations on concrete structure [5]. 
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Figure 1.1 Map cracks in various places, where (a) shows  cracks among the front, (b) head of the 

column destructed by the concrete spalling, (c) cracks all over the front side, (d) close view of the map 

cracking [5,6]. 

The reactivity of alkali silica reaction (ASR) depends on three main factors, which are 

sufficient amount of alkalis and silicate in the mixture, temperature, and relative 

humidity. ASR cannot be eliminated, but it can be reduced by controlling the factors 

responsible for the reaction [6]. For example, using cement with low alkali ingredients 

in regions contain of high alkali, will reduce the effect of ASR in long term. Since 

alkalis and silicate minerals are contributed in increasing the reactivity of alkali silica 

reaction, the source for each mineral must be determined. Most studies find that the 

source of alkalis came from cement [7].  

The higher alkali ingredient in concrete the more continuous of the reaction [8]. While 

silica is generated from aggregates, the quantity of aggregate in the concrete mix is 

approximately about 60% to 75% from the total content, most of them are reactive 

aggregates, which contain of silicate mineral in their ingredient, so enough silica is 

needed to start the alkali silica reaction [9]. At this point, the type of aggregate plays a 

main part in ASR, because the source of silica came from aggregate, so the 

mineralogical properties of aggregate are so important [10]. In order to reduce the 

influence of ASR, aggregate with high amount of silica cannot be used in high silicate 

regions, because high amount of silica increases the reactivity of ASR. ASR formation 

is influenced by the previous factors. In this experimental study, the influence of 

altered curing temperatures, and various water/cement ratios on ASR formation were 

also investigated. 
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1.2  Formation of Alkali Silica Reaction 

The formation of ASR begins when dissolved alkali ions in the pore solution reacts 

with siliceous ions, alkali gel is formed from this reaction. Moisture or water content 

accelerates the reaction rate, because the distention  of the alkali gel depends on  the 

ratio of presence water, while alkalis and silica supplies the continuity of the reaction 

[11]. The following equations shows the mechanism of  ASR, and the swelling of the 

alkali gel in the presence of water [6-12]. 

Si-O-H + OH- + Na+ → (Si-O-Na) + H2O                                                                 Eq 

(2.1)       

Si-O-Si+ 2OH- + 2 Na+ → 2(Si-O-Na) + H2O                                                           Eq 

(2.2)    

SiO2 + 2NaOH +H2O → Na2SiO3.2H2O                                                                     Eq 

(2.3)       

1.2.1 Effect of Water Cement Ratio on the Behavior of Alkali Silica Reaction 

Water content is one of the head factors effecting the reactivity of ASR. Water that 

exist in concrete is expressed by different forms, but one of the main forms is reacting 

water, this type of water form contributes in the formation of ASR, by transports the 

ionic species that involves in ASR [13]. Many studies confirmed the influence of high 

water presence on alkali silica reaction. A study revealed that when the amount of 

water content increased the reactivity of alkali silica reaction increased, because alkali-

gel absorb water and expand [14].  The swelling of alkali gel due to high water 

absorption, caused cracks on concrete structure. Also, water content effects on cement  

hydration, and develop the growth rate of initial products [15-16]. 

1.2.2 Effect of Curing Temperatures on the Behavior of Alkali Silica Reaction 

The effect of temperature in ASR was studied in three phases. First phase is the amount 

of alkali leaching, where high temperatures causes high leaching of alkalis, and thus 

continuity of alkali gel to form and swell [17]. Second phase is gel viscosity, previous 

studies confirmed that high temperatures reduce the viscosity of alkaline gel, where 

low viscosity allows easy expansion of the gel. Third phase is cement hydration and 

reaction products. High temperatures raised hydration rate of cement, in addition its 
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effects on the shape of hydration products. Also, high temperatures burns the layer of 

cement paste. Moreover, the opposite occurs at low temperatures [18-19]. After the 

factors that affecting on the alkali silica reaction have been briefly discussed, the 

following subtitles present the goal of this experimental study, and thesis contents. 

1.3  The Goal of the Experimental Study   

The key goal of this experimental study was to investigate on the potential reactivity 

of two types of natural aggregates, aggregate (A) and aggregate (B). Then, the study 

focuses on the effect of three altered of curing temperatures, namely 40 °C, 60 °C and 

80 °C, with three various amounts of w/c ratios 0.4, 0.5 and 0.6. Furthermore, the study 

aims to explain  how various amounts of water cement ratios  effects on the behavior 

of alkali silica reaction, where the recommended water cement ratio in ASTM C 1260 

is 0.47 [20]. But this study focused on a lower and higher ratio compared with the 

recommended ratio in the standard. Also, the study aims to inspect the mechanism of 

ASR, and hydration products under the influence of various curing temperatures and 

w/c ratios. In order to achieve the previous goals, the study proposed to use accelerated 

mortar bar test (AMBT). Then, scanning electron microscopic and x-ray spectrum 

analysis (SEM/EDX) was used to comprehend the reaction products. 

1.4  Thesis Content  

This thesis encompasses five chapters as follow: 

Chapter 1 (Introduction):  

This section includes an introduction to this study, study goal, and explains what the 

goal of performing the laboratory tests. 

Chapter 2 (Literature Review):  

In this section a summarization of the previous studies has been written to explain the 

concept of alkali silica reaction and how it’s formed, with the history of ASR, 

mechanism of ASR, and factors that influence on this reaction. Also, an explanation 

of the results that obtained from mortar bar test, and scanning electron microscopy 

with x-ray spectrum analysis (SEM/EDX). 

Chapter 3 (Experimental Procedure):  

The chapter explains the experimental procedure, starting with materials used in this 

test and their properties, the mixing procedure and casting of the mortar bars, the 
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preparation of sodium hydroxide, and the distribution of the groups tested. Also, test 

methodology was explained. 

Chapter 4 (Results and Discussion): 

This section contains of two sections, where first section illustrates the results of length 

change (expansion) of tested groups, with microscopic images of the specimens, and 

the second section discuss these results. 

Chapter 5 (Conclusion): 

This chapter is connected to the title of the thesis, with providing strong evidence of 

how the several of curing temperatures and water cement contents are effect directly 

on ASR, depending on the results.  
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CHAPTER 2 

LITERATURE REVIEW 

This chapter contains previous studies of alkali silica reaction (ASR). Where the first 

parts of this chapter clarify the mechanism of ASR, and explain in details the factors 

that increase the reactivity of ASR. The last parts of this chapter describe test methods 

for detecting the effects of ASR. 

2.1  Overview of Alkali Silica Reaction 

Concrete is one of the best commonly used materials of constructions such as, dams, 

bridges, tunnels, and buildings because it is low cost, low maintenance, very durable 

and easy to form.  In addition, concrete is very resistant to external influences such as 

high temperatures, humidity and chemical attacks, etc. Despite the benefits, concrete 

has two major hindrances compared to other binding materials, tensile strength of 

concrete is quite low, with low ductile. As it known that the production of concrete 

includes of ordinary Portland cement (OPC) as a binder, coarse (gravel) and fine 

aggregates, water aimed at hydration with organic admixtures to regulate the 

workability and flow properties [21]. Therefore, it is inevitable that the constituents 

that make up the concrete will have an influence on the properties of concrete [22]. 

A crucial factor in concrete's success as a construction material is its high performance 

in service, particularly its durability. Concrete durability is the capability to resist the 

chemical and physical attacks that cause destruction [23]. The chemical and physical 

attacks affect durability of concrete. Physical attacks include corrosion, abrasion, and 

erosion, while chemical attacks include sulfate attack and alkali aggregate reaction [2]. 

Moreover, preceding studies are focused on the influence of chemical attacks, 

especially the effect of alkali-silica reaction on concrete structure. 

The reaction between alkali hydroxide in concrete with certain types of aggregates is 

called alkali aggregate reaction (AAR), and divides to alkali-silica reaction (ASR), and 

alkali-carbonate reaction (ACR) [3]. Alkali silica reaction (ASR) defined as a case of 

deterioration caused by a chemical reaction between alkali oxides (Na2O, K2O) and 

reactive silica (SiO2) [19]. In 1930, the concept of AAR first detected by Thomas 
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Santon [24]. In the year of 1940, Thomas Stanton identified the deterioration of 

concrete as a result of a reaction occurred between alkalis and siliceous aggregates 

[25]. 

In 1943, Santon adopts an experimental method to focus on the parameters that effects 

on alkali-silica reaction [26]. However, the reactivity of ASR depends on three main 

factors, namely, sufficient amount of alkali and silica, relative humidity, and 

temperature. Also, the swelling of alkali gel depends on these factors. When one of 

these factors increased the alkali-gel expands and make a pressure on the concrete 

inner structure, causing a formation of cracks. Most of the cracks considered as non-

deleterious, the common cracks due to ASR is map cracking [27]. Figure 2.1 shows 

the types of cracks that forms from the occurrence of ASR. The first type (A) is map-

cracking, and this type of cracking appears as a random crack throughout the structure, 

with ability of the alkali-gel to leach from the cracks. The second type is pop-out 

cracking (B), which usually occurs when the reactive aggregate exposed to expansion, 

causing detach between the concrete and reactive aggregate [28]. 

 

 

Figure 2.1 Crack produced by ASR, where (A) is map-cracking , and (B) pop-out cracking [28]. 

 
According to previous studies, there are other parameters that effects on the reactivity 

of alkali- silica reaction. Santos et al. (2020) mentioned that aggregate type, and 

aggregate texture affect the reactivity of ASR [29]. While Silva et al. (2013) stated that 

coarse aggregates maximize the reactivity of alkali silica reaction, especially if the 

aggregate contains high amount of silica [30]. All the above parameters are involved 

A B 
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on alkali-silica reaction formation.  However, the following section describes ASR 

formation in details. 

2.2  Formation of Alkali Silica Reaction  

In general, alkali-silica reaction occurs when the hydroxyl ions (OH-), potassium ions 

(K+) and sodium ions (Na+) reacts with  reactive silica (SiO2). The reaction produces 

a product called the alkali gel. As shown in Figure (2.2), the alkali gel expands with 

the moisture and temperature present, causing a pressure in the concrete inner 

structure, where the damage of alkali-silica reaction usually expressed by the induced 

of expansion. However, sufficient amount of alkalis and silica ensures the renewability 

of ASR [28].  

 

Figure 2.2 Diagram of  ASR mechanism [28]. 

The mechanism of alkali-silica reaction can be expressed by equations. Table (2.1) 

contains equations that illustrate the formation of alkali-silica reaction. Normally, 

reaction starts when reactive silicate in aggregates reacts with water to form ortho-

silica Si(OH)4. Then the alkalis attacks ortho-silica acid through ions exchange, the 

substitution of alkalis by calcium ion is calling alkali recycling, the recycling of  alkalis 

due to high reactivity of ASR leads to dissolution of portlandite, and forming calcium 

ions and hydroxyl ions [31].  
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Table 2.1 Mechanism of alkali silica reaction by equations [31]. 

 

Previous studies illustrates the effect of alkali-silica reaction on cement, especially on 

the phases of cement hydration. Initially, hydration of cement proceeds in five phases, 

namely, mixing, dormancy, acceleration, speed reduction, and densification. The first 

three phases are so important in the formation of hydration products and cement 

strength [32]. 

In the first phase, where cement and water are mixed together, ettringite and calcium 

hydrate (CH) are formed first. The second phase is the coating phase for the layer 

formed in the first phase, which reduces the access of water into the inner layer. 

Calcium hydrate (CH) also begins to grow in this phase and formed in various shapes 

such as, hooded fractures, plates and myriad shapes. In the third phase, calcium hydrate 

gives strength to cement, and calcium silicate hydrate (C-S-H) is polymerized into 

spherical masses. Outer products (OP) and C-S-H gel are also hardened and form 

layers mixed with silicon, these layers produce a network of C-S-H gel [33].  

Thus, when alkali silica reaction occurs, the reaction accelerates the process of 

hydration in cement, leading to strength loss of C-S-H, which allows the alkali solution 

to penetrate and destroy the inner layers. In addition, excessive formation of ettringite 

appears as an outcome of alkali-silica reaction, fibrous (C-S-H gel) [34]. Calcium 

silicate hydrate (C-S-H) is the base constituent formed during cement hydration, and 

expressed by ratio of calcium to silicon (Ca/Si) [35].  Where the various amounts of 

Ca/Si contributes in appearing of different minerals as shown below [36]. 

 

 
 

Reaction phases Chemical equation 
Equation 

number 

Re-polymerization of 

silica 
(SiO2) + 2 H

2
O → Si(OH) 4(aq) Equation (1) 

Ion exchange Na+ + Si(OH) 4→ (OH) 3 SiO Na + H+ Equation (2) 

Recycling of alkalis 
2+((OH) 3 SiO Na) (aq) + Ca+2 → ((OH) 3 

SiO-Ca- OSi(OH) 3 + 2 Na+ 
Equation (3) 

Dissolution of 

portlandite 
Ca (OH)2 → Ca+2  + 2OH- Equation (4) 

Δ 
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Table 2.2 The resulted minerals of the various Ca/Si ratios [36]. 

 

Range of Ca:Si Mineral  Chemical formula  

0.83-1.25 Tobermorite  Ca5Si6O16(OH)2.7H2O 

1.50-2.25 Jennite Ca9Si6O18(OH)6.8H2O 

 

The elements that produced ASR products are abundant, and divided into major and 

minor products, where the major products includes silica, sodium, potassium and 

calcium, and the minor products includes iron, magnesium and aluminum [37]. 

Several studies conducted the result of ASR formation on cement hydration. Karakurt 

& Topçu (2011) confirmed that alkali-silica reaction increases the hydration ratio of 

cement. Moreover, they described the outer products that made during the rapid 

hydration of the cement to be delitescent materials, with high ability to diffuse and 

settle in the inner pores [38]. Zhang (2018) described the formation of alkali silica 

reaction as quick crystallization of hydration products. For example, through the initial 

hours of cement hydration, crystallization of initial products had foils shape, then after 

one day it changed to fibers [39].  

The crystallization of products depends on the duration of hydration and sufficient 

space. For instance the crystallization of C-S-H changed to needle shape in sufficient 

space, while it changed to spherical or grainy shape in restrained space [30].  

The space in microstructure of cement paste are represented in air voids and cracks. 

Also, air voids and cracks in the microstructure is considered as wide space of 

ettringite to form in, and it’s not significate in expansion. For example, once ASR 

occurs, the ettringite leaves its original place in cement paste and re-crystallized in air 

voids, this migration called secondary ettringite formation, and it’s not causing 

expansion [40]. However, Katayama (2010), revealed that most of hydration products, 

such as brucite, ettringite, and alkali gel are mainly exists in cracks, paste interface and 

air voids [41].  

The alkali gel is considered as one of mainly products of ASR and contains from alkalis 

and silica. Where most of the alkali content came from cement, and source of silica 

content came from aggregates. The ratio of Ca/Si determined the texture of alkali gel. 

Davies & Oberholster (1988) investigated the texture of amorphous alkaline gel in day 
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14 and day 21, and handling temperatures of 23○C and 80○C. The study revealed three 

types of amorphous gel, based on the amount of Ca/Si. Where the texture of the gel 

was spongy when the ratio of Ca/Si is (0.82-1.2), massive gel at (0.55-0.61), and 

rosette shape at (0.18-0.41) as shown in tables below [42]. 

 
 

Table 2.3  EDX analysis of spongy and massive gel by Davies & Oberholster [42]. 

Chemical  

compounds 

percentage  

Massive gel 

 

Spongy gel 

 

Un-

washed  

washed (96 

hour) 

washed (96 

hour) 
washed (8hour) 

SiO2 49.4 61.9 18.5 56.6 

Al2O3 --- 6.2 --- --- 

CaO 28.2 31.9 20.8 43.4 

K2O --- --- 4.1 --- 

Na2O 22.5 --- 56.6 --- 

Ca/Si  00.61 00.55 1.20 0.82 

 

Table 2.4 EDX analysis of massive gel and rosette phase by Davies & Oberholster [42]. 

Chemical  

compounds 

percentage 

Massive gel 

(immersed in NaOH  solution) 

Rosette phase 

(immersed in NaOH  solution) 

Unwashed  2 hour  84 hour Unwashed 2 hour 84 hour 

SiO2 61.7 64.6 60.8 71.7 73.6 71.0 

Al2O3 3.1 --- 1.6 0.7 --- --- 

CaO 16.3 20.4 37.6 12.4 17.8 26.5 

K2O 17.7 14.1 --- 14.8 8.6 1.7 

Na2O 1.2 0.9 --- 0.4 --- 0.8 

Ca/Si  00.28 00.33 00.66 00.18 00.26 00.40 

 

In addition, the nature and origin of the aggregates shows a significant part in the 

formation of alkali gel. However, the following subtitle explains how the origin, kind, 

and quantity of silica minerals in aggregates effect on ASR. 
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2.3   Effect of Aggregates on Alkali Silica Reaction   

Aggregates are one of the main components of concrete, and it account about 60% up 

to 70% of the total volume of concrete [43]. Previous study show that the origin 

aggregate, the texture of aggregate, the formation, and the mineralogical constituents 

of the aggregates, especially silica, have an effect on the reaction with alkaline silica. 

First, aggregates are classified based on weight and size. According to weight 

aggregates are classified to normal-weight aggregates, light-weight aggregates, and 

heavy-weight aggregates. While according to size, aggregates are classified as coarse 

and fine aggregate [44].  

The most usage in concrete mixture is normal weight aggregate, and it’s divided into 

natural aggregate and artificial aggregate. The source of natural aggregate came from 

bed rocks. The classification of rocks depends on how it’s formed, mainly there are 

three types of rocks. First type is igneous rocks, and it’s formed from fast cooling of 

magma or lava. Second type is sedimentary rocks, and it’s formed beneath seabed and 

raised up. Third type is metamorphic rocks, this type of rocks is formed due to 

excessive high pressure and heat [45]. 

Most aggregates that came from igneous rocks shows well-performance in concrete, 

because they have high toughness, hardening and dense. Additionally, igneous rocks 

are widely spread and exist on earth crust. The texture of igneous rocks are related to 

the rock formation, either rapid cooling or slow cooling. Igneous rocks are divided 

according to the mineralogical component in their ingredient, felsic igneous rocks are 

rich in silica with high amount of sodium, potassium and aluminum, such as tridymite. 

Mafic igneous rocks contains of high proportion of magnesium and iron with silica 

inside. While ultra-mafic igneous rocks contain of more magnesium than mafic 

igneous rock. Sedimentary rocks are made from main minerals inside such as; quartz 

(Si), potassium feldspar and muscovite, and they merged in sedimentary rocks through 

clay minerals, dolomite, gypsum, calcite and halite. Also, limestone is derived from 

carbonate sedimentary rock, rich in calcium and composed of calcite and aragonite 

[46]. 

Most of the aggregates that derived from igneous rocks are rich in silica, and easily 

reacts with alkali dissolved ions in cement, the reaction between alkaline pore 

solutions with minerals of silica such as: opal and quartz that are mostly obtained in 
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aggregates, is called alkali-silica interaction. The proportion of silica in the aggregate 

contributes on increasing or decreasing the intensity of alkali-silica reaction. Also, the 

silica content in aggregates must be limited to reduce the negative effect of alkali-silica 

reaction [10]. American Concrete Institute-ACI 201, determine the most reactive 

silicate minerals, with their chemical composition and physical parameters, the 

arrangement of minerals atoms reveals the physical nature of the silica as amorphous 

or crystalline. However, most of  amorphous silicate minerals such as: opal are rich in 

silica, and the origin of these minerals came from volcanic rocks [47].  

 
Table 2.5 ACI 201 classifications of deleterious silicate minerals [47]. 

 

The researchers found that not all of the deleterious silicate minerals can react in 

alkaline solutions. For example: opal and quartz, both consist of the same chemical 

composition (SiO2), but quartz is non-deleterious when reacts with alkalis, because of 

the stable organization of quartz atoms, which leading to  low ability of  this mineral 

to  dissolve and reacts with alkalis. While opal is highly dissolve and reacts with alkalis 

because opal atoms are un-systematic [6]. 

Ahmad et al. (2018) determined siliceous aggregate in three minerals, namely, 

quartzite, granite and granitic gneiss [48]. The amount of silica presents in concrete 

Reactive substance Chemical-formula Physical-parameter 

Opal or potch (SiO2.nH2O) Amorphous- Unshaped 

Calcedony (SiO2) 
Micro-crystalline /Crypto-

crystalline 

Quartz (SiO2) 

a)Micro-crystalline/Crypto-

crystalline 

b) Crystal-like 

Cristobalite- quartz  (SiO2) Crystalline 

Tridymite-quartz (SiO2) Crystal-like 

Rhyolitic, dacitic, 

andesitic 

(SiO2), with amounts 

of AL2O3  
Glassy 

Crypto-crystalline 

devitrification products 

FeO22 , alkaline 

earth,  

and alkalis 

Material similar to the matrix of 

volcanic rocks or fragments in 

tuffs 
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mixture is expressed by aggregate reactivity, if the reactivity of aggregates increases, 

then the durability of the concrete decreases, also ASR effects the durability of 

concrete, and leads to destructive crack on concrete structure [15]. Referring to 

Zivronaite & Pranckeviciene (2017), the reactivity of aggregates was tested through 

using Lithuanian aggregates, were the amount of reactive rocks inside as followed: 

sand contents was set between 4.0% until 4.6%, while 1.5% until 2.4% was exist in 

gravel. However, a sign of crack was appeared on concrete surface. The crack type 

classified as pop-out cracking, mention that this type of cracking caused because of 

the poor quality of concrete and poor bonding between particles [49].  

According to Czapik (2020), three different aggregates were tested to ensure reactivity 

of some types of aggregate, namely, rhyolite, granite rhyodacite, and sedimentary 

carbonate rocks. The study revealed to formation of  glass matrix is formed  in  rhyolite 

and rhyodacite due to rapid cooling, these kind of aggregates are categorized as 

reactive aggregates, because of the ability of glassy matrix to dissolved in 

environments that contain alkalis [50]. Also, the reactivity of aggregates are increased 

by aggregate size. Aggregate size particles effect on harm evolution into two methods; 

the extent of cracks on aggregates at different sizes, and the reaction between 

expanding (reactive) and non-expanding aggregates (non-reactive) in a densely packed 

structure. In addition, different size classes of expanding aggregates maximize the 

expansion average of ASR [51].  

Also, the origin of aggregates takes a significant influence on the reactivity of alkali-

silica reaction. The alkali gel that produced during ASR is influenced by the minerals 

present in the aggregate. For example, if the aggregate consists of limestone which is 

derived from the minerals of calcite and aragonite, the gel forms as small rounded 

grains over the aggregate particles [52]. It’s important to mention that the minerals of 

calcite and aragonite are also contributes on increasing the amount of alkalis, as they 

are found in cement production. For example, crushed limestone is used as an 

important additive in cement production and contains a high percentage of alkalis [53]. 

However, the contribution of alkalis in the process of alkali silica reaction is discussed 

deeply below. 
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2.4  Effect of Alkalis on Alkali Silica Reaction 

Alkali-silica reaction is a renewable reaction that depends on the aggregate reactivity, 

a sufficient amount of water, and high temperature [54]. The previous section 

discussed the effects of silica content on the alkali silica reaction. This section deals 

with the effect of alkalis on alkali-silica reaction. ASR is increased by alkalis, and the 

ratio of alkalinity is expressed by PH value, the acidic materials are below seven, and 

the alkali materials are above seven, since alkali silica reaction increased through 

alkalis, then the soluble alkali increases the amount of PH value, the normal value of 

PH in cement is ranged between 12 to 13.8, but the soluble alkali such as: Na+, K+ , 

and OH- will increase the PH value above the normal range, which means that the rate 

of ASR will be increase. The neutral charge balance between the ions depends on good 

crystallization of silica in concrete structure, while poor crystallization leads to 

difference in charges and accelerate ions movement, and the danger of this stage 

provides harmful cracking of concrete structure [55]. Since alkali sources are wide and 

abroad, alkali sources must be determined. However, most studies indicate that the 

prime source of alkalis came from  ordinary Portland cement, cementitious materials 

and partly from the external environment [7]. The quantity of alkali contents in cement 

is represented by alkali equivalent (Na2Oeq), and this ratio determines the cement 

alkalinity. Cement  classified as low alkali, When the amount of alkalis is less than 0.6 

%, and vice versa [56].  

Portland cement generally gained alkalis from the manufacturing or clinker process. 

Also, cement consists of four main components that are responsible of cement strength, 

and on the initial products during its hydration. Portland cement consists of four 

constituents, namely, tri-calcium-silicate (C3S), di-calcium-silicate (C2S), tri-calcium-

aluminate (C3A), and tetra- calcium-aluminate ferrite (C4AF). C3S (alite) and C2S 

(belite) are responsible for the strength of the cement, and account of 75% of the total 

weight of cement. Also, the chemical formula of alite is (Ca3SiO5), and for belite is 

(Ca2SiO4). However, the chemical reaction between C3S and C2S is forming calcium 

silicate hydrate (C-S-H), which is the primary bond and product of Portland cement 

hydration. C3S is responsible of initial hardening and early strength. During cement 

production, C3A releases high heat effects on the initial hydration of the cement, so 

gypsum or calcium sulfate dehydrate is added to reduce the effect of C3A. When water 
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is added to C3A and gypsum, ettringite has formed, but when water is added to C3A 

without gypsum, calcium aluminate hydrate has formed [57,58]. Many studies 

revealed that the amount of alkali contents effects on the stability of hydration 

products. Liu et al. (2013) investigate the effect of high alkali presence on the initial 

products of cement hydration, especially ettringite and C-S-H gel. The study detect 

that the high alkali content leads to the instability of ettringite [59]. While Leemann et 

al. (2020) mention that alkalis increased the reactivity of alkali-silica reaction, because 

the pore solution in concrete contains dissolved alkalis such as, sodium, potassium and 

calcium ions, which combine with dissolved silica, causing to subsequent formation 

of alkali-silica products [60]. Kim et al. (2019) investigated the effect of alkali-silica 

reaction on the hydration of Portland cement. Where a diagram was prepared in the 

study to illustrate this effect (see below). The figure shows that during ASR the pores 

are filled with dissolved alkalis, and the initial cracks occurs (a), while the width and 

length of these cracks increased (e). Also, the alite and belite stages forms crystal 

stages, that contains of low amounts of silica, magnesium, sodium, and potassium [61]. 

 

 

Figure 2.3 Shows  formation of Cement hydration during alkali silica reaction [61]. 

 

Smaoui et al. (2005) mentioned that high alkali content has effect on the hardened 

cement- paste of concrete, and mortar by causing premature hydration of the hardened 

cement-paste, bleeding of concrete, drying and shrinkage [62]. Not only the alkalis are 

effects on the reactivity of ASR, but water also contributes in increasing the reactivity 

of ASR. The following section discussed the influence of water ratio on ASR. 
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2.5  Effect of Moisturizing on Alkali Silica Reaction 

Water is essential component of concrete and forms the cement-paste through the 

process of hydration. Moreover, the addition of water in cement had changed the phase 

of hydration form AFm phase to AFt phase [63]. The moisturizing forms in concrete 

are presented in many forms, such as capillary pore water, adsorbed water, water in 

the interlayer, and chemically bound water [64]. Capillary water is absorbing water 

that adheres to voids and is displayed when the voids are higher than 50mm, while 

small voids less than 50mm hold excessive water in hydration or free water. The 

interlayer-water is present within the C-S-H layer and cannot evaporate. The 

chemically bound water is involved in chemical processes that take place in the 

concrete or mortar, such as ASR and sulfate-attack. This type of water is called reactive 

water, and its reduced durability and strength of the concrete. Therefore, water 

transports the ionic forms that contributes in alkali silica reaction, while the reacting 

water remained in the amorphous gel [12]. The formation of cement paste acts as an 

adhesive that holds the aggregates together, fills the voids, and facilitates workability, 

while less water in the cement- paste effects on the workability of the concrete [65]. 

Water cement ratio (w/c) known as the ratio of the weight of water to the weight of 

cement in the mixture content. The quality and strength of the concrete depends on the 

level of this ratio. Additionally, the concrete expansion can be effected by w/c ratio 

[66].  

The quantity of water/cement ratio controls on capillary porosity. Also, when the ratio 

of  water/cement increases the capillary pores is increased, and that leads to increase 

the reactivity of ASR, because one of the main factors that effects on alkali-silica 

reaction is water [67]. Previous study investigates on the relationship between porosity 

and water/cement contents. Ravindrarajah & Whitson (2011) confirms on a good 

correlation between porosity and water/cement content. As presented in figure below, 

when the amount of w/c ratio increased, the initial porosity also increased [68]. 
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Figure 2.4 Shows correlation between water cement ratio and concrete porosity [68]. 

Previous studies investigates the effect of water/cement ratios in two parts. First part 

is the effect of water/cement ratio on cement hydration products. Where Knapen & 

Gemert (2008) found that the proportion rate of hydration, the growth rate of C-S-H, 

are rely on the amount of water/cement content in the mixture [69]. Agbo et al. (2013) 

mentioned that most of initial products, namely, calcium silicate (2CaO·SiO₂), 

calcium-hydroxide Ca (OH)2, and calcium- aluminate (CaAl2O4), are found as 

insoluble initial products. The high amount of water cement content is enough to raise 

the spacing among cement grains, through covering the spaces with water, causing 

weak bonds in structure [70].  

Vladimir (2009), revealed that the hydration products are organized homogeneously 

in the inside structure when  the amount of water/cement content is relatively low, the 

reason of that related to dense C-S-H layer that formed because of low w/c content, 

where the crystallization of products particles are very smooth and fine [71].  

Zhang et al (2018) found that the curing conditions effects on the shape of hydration 

products. As shown below, curing at high relative humidity causes the water to 

evaporate, and as a result of that the fiber forms in a shape of clusters with short rods.  

While the fibers forms in a bundles with long rods, when it’s cured in chemical 

solutions [39]. 
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Figure 2.5 The impact of curing conditions on fibers shapes [39]. 

 

The influence of water/cement ratio and relative humidity has a great impact on alkali 

silica reaction reactivity. However, Poyet et al. (2006), study the impact of relative 

humidity on alkali- silica reaction, through measuring the mass variations loss in 

samples. The study found that the mass variation was ranged between 2.5% at 59 % 

RH, and an increase of 2.4 % at 100 % RH. The average mass of the 82% RH 

specimens remains stable during the test, which means that the initial relative humidity 

in the inner voids of the specimens was 82 %. The higher the percentage  value of 

relative humidity, the higher reactivity of ASR [35]. 

 

 

Figure 2.6 The impact of relative humidity (RH) in % on expansion of ASR  [35]. 
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Second part is the impact of alkali-silica reaction on reactive aggregates. However, 

reactive aggregates described as aggregates that chemically active when mixed with 

other products, and it’s developed and expands. Reactive aggregates are divided into 

two types according to the amount of siliceous content in their minerals as; fast reactive 

aggregate, and slow reactive aggregate [72]. Munir et al. (2018) detect the properties 

of reactive aggregate on alkali-silica reaction, the study revealed that reactive 

aggregate absorbs water according to moisture state. Laboratory humidification is 

necessary for understanding the ASR mechanism, so increasing the humidification 

content during the test increases the absorption rate, which accelerates the rate of 

alkali-silica reaction, with the swelling of alkali gel, and that leads to form a deleterious 

crack. Also, the deformation caused by ASR seems to be long-lasting and cumulative 

when water is provided [73].  

Water and temperature are essential for increasing the reactivity of alkali-silica 

reaction. The next section discuss the influence of altered temperatures on alkali-silica 

reaction. 

2.6  The Effect of Temperature Variations on Alkali Silica Reaction 

The effect of temperature variations on ASR reactivity were discussed in this part. The 

amount of silica and alkali plays a basic role in concrete durability, because dissolved 

alkalis in pore solution reacts with silica and  produce a chemical reaction with 

deleterious effects on concrete called alkali-silica reaction (ASR) or ``concrete 

cancer``, and alkali-gel formed from this reaction [3]. The reaction depends on three 

main factors, which are temperature, humidity, and the amount of alkali and silica in 

the mixture, temperature and humidity considered as external factors caused by the 

environment. The temperature has a wide impact on the effects of ASR on concrete or 

mortar. Previous studies indicate a direct relationship between temperature, expansion, 

and final expansion [74]. 

Kawabata et al. (2019) mentioned that the leaching of alkali content increases with 

temperature, leads to a decrease in alkali ions inside the pore solution of  mortar, thus 

explains the lower values final expansions [75].  

Saouma & Perotti (2006) studied the effect of temperature variations on the reactivity 

of alkali aggregate reaction (ARR). As displayed in Figure 2.8, the experimental study 

relied on a comparison between a laboratory specimens at 38 °C, with an in situ dam 
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specimen at an average temperature of 7°C. The study showed that higher temperature 

increases the reactivity of alkali-silica reaction. Also, the study discovered that there’s 

no correlation between high temperatures and final expansions [76]. 

 
 

 

Figure 2.7 Shows the influence of temperature variations on (AAR) [76]. 

 
Yang et al. (2021) confirmed that there are three stages of expansion mechanism and 

damages, the stages are: elastic expansion, aggregate failure, and cracking of the 

cement paste. When the temperature increases, the amount of alkali content released 

and distributed through the cracks.  Amount of alkalis on the face of mortar bars 

increased, and that explained why the stickiness of the alkali-gel losses at high 

temperatures, and less damage occurs in early stages of the expansion, because of the 

amount of alkali silica gel is restricted in low temperatures. The following figure 

describe these stages within 38 days [77].   
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Figure 2.8 The phases hydration of the samples, where figure from a to d are related to the hydration 

within 4 days , and figure from e to h are related to hydration within 38 days [77]. 

 

Kawabata et al. (2022) mention that the capability of alkali gel to expand is decreased 

in high temperatures, which means that the expansion in late stage at low temperatures 

is higher, and the expansion due to long term is higher [78]. Crovace et al. (2021) 

stated that the viscosity of alkali-gel is higher in low temperatures, opposite than higher 

temperatures, and that explains why the expansion increased when the temperature 

increased [79].  

The high leaching of alkalis due to high temperature, causes a porous and reticular on 

the surface of concrete or mortar microstructure, also made the distribution of 

hydration products such as ettringite tends to be heterogeneous [62].  

The impact of high temperatures on the microstructure of concrete and mortar appears 

through hydration rate of cement and hydration products. Zhang et al. (2018) declared 

that the hydration products will raise during the first hours and days from the ASR, 

and distribution of hydration products will be gelatinous. While in low temperatures 

the distribution of hydration products is uniform and crystalline [39]. 

Kunther et al. (2015) studied the growth rate of ettringite in low temperature by the 

effect of ASR, the study revealed that the growth of ettringite crystals is slow and well 
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distributed, and the cracks caused by expansion was micro-cracks [40]. While the fast 

growth of ettringite, under high temperature, especially above 70°C, leads to 

precocious deterioration of the microstructure of concrete or mortar, and this case is 

called delayed ettringite formation (DEF) [80].  

Ma et al. (2017) mentioned that delayed ettringite formation cannot be evaded in some 

cases, and the influence of (DEF) formed a destructive effect on the concrete 

structures. (DEF) was also discovered to occur at temperatures lower than 70°C, and 

that related to other factors, such as the amount of alkalis in the cement, finesse of 

cement, aggregate particles, and  percentage of moisturizing [81]. Jime'nez et al. 

(2010) state that high temperature causes evaporation of C-S-H gel and shrinkage of 

the cement-paste, resulting in blasting of the materials. However, the pressure 

generated by the water evaporation due to the high temperature leads to the destruction 

of the pore walls, reduction of the cement strength and development of massive cracks. 

In addition, high temperatures leads to the dissolution of portlandite to calcium oxide 

(CaO) and water, and the resulting (CaO) is a very hygroscopic component whose 

volume exposed to increase when its re-hydrate. Also, the huge pressure that is created 

further decreases the compressive strength and can cause collapse [82].  

The effect of temperature variations was detected through experimental studies. Sinno 

et al. (2021) observed the behavior of alkali silica reaction under several of curing 

temperatures and found that the aggregates increased the presence of alkali ions inside 

pore solution at high temperatures. Also, the cracks appear on the surface of cement-

paste when the temperature was above 40°C, and the distribution of the cracks was 

uneven [83].  

Experimental tests are used to define the effect of alkali-silica reaction on concrete or 

mortar. The tests are based on controlling the main factors that effect on ASR, such 

as; temperature, humidity, amount of silica and alkali, and other factors [84].  

The following section defines the tests that used to determine the effect of alkali-silica 

reaction. 

2.7  Test Methods Used to Determine Alkali Silica Reaction 

As well as knowing the mechanism of alkali-silica reaction (ASR) in concrete, there 

is also a need of several test methods to detect this reaction. The most popular tests 

used to determine the reactivity of ASR on natural aggregates are accelerated mortar 
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bar test (AMBT), and concrete prism test (CPT). Both measures the expansion caused 

by alkali-silica reaction, relying on whether the aggregate contains reactive silica or 

not, and the amount of reactive silica determines whether the reaction is deleterious 

reaction or not, but accelerated mortar bar test is preferred because it can be done in a 

short time [85]. Also, scanning electron microscopic with energy dispersive x-ray 

spectroscope (SEM/EDX) was used to detect on alkali-silica reaction products.  

2.7.1 Mortar Bar Method (MBT) 

The mortar bar test used to measure the potential-reactivity of aggregates by measuring 

the linear elongation of mortar bars due to the reaction of ASR. Also, ASTM C 1260, 

and ASTM C 1293, are used as a base standard for determine the potential-reactivity 

of aggregate. By referring to ASTM C 1260, some instructions must be followed 

during the test, first the alkali content of cement is negligible, because the specimens 

are originally immersed inside sodium hydroxide solution (alkali solution), also the 

curing temperature of the soaked solution is between 80.0 C ± 2.0°, Then, it is 

important to mention that for the sample three intermediate measurements must be 

taken within 14 days,  and the relative humidity should not be less than 50 %, and 

room temperature should not be less than 20 °C [20].  

Owsiak (2017) explains mortar bar test as a process used to specify the potential 

deleterious cement aggregate, through immersing mortar bars in NaOH(aq)solution at 

80 °C within 16 days. The test was used quartz sand with opal, which known as 

reactive aggregates, to control on the elongation of bars due to ASR, where the 

maximum expansion value gives an indication of worst causes that the aggregate 

exposed [86]. The expansion of mortar bars depends on the nature of aggregate, and 

on the amount of reactive silica. Expansion limits are determined according to 

international conference in (1993) as follow: when the maximum expansion for the 

mortar bar test is less 0.1% or 0.15% after 14 days of test duration, then the behavior 

of aggregate is innocuous or non-deleterious, but if the expansion value is higher than 

0.2 % or 0.25 %, then the aggregates are deleterious [87]. The differences between 

mortar bar test, and accelerated mortar bar test was discussed in the section below. 

2.7.2 Accelerated Mortar Bar Test (AMBT) 

Accelerated mortar bar test methodology or RILEM AAR-2, is a method used to 

distinguish between expanding and non-expanding aggregates, by immersing the 
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specimens of mortar bars inside sodium hydroxide solution, and measure the 

expansion of the specimens. The test also used ASTM C 1260 as a standard. However, 

test methodology depends on a specific standard of mortar bars, which are 3 specimens 

with a size of 25 x 25 mm, and length of 250 to 300 mm should be prepared, while the 

curing temperature is about 80°C. The draft of British standard method DD 249:1999, 

and the National Council of Cement and Building Materials in India has stated that 

[88]. Compared to the mortar bar test, this test gives higher expansion, because the 

alkali-content and the surface area of the specimens are higher. In addition, the effect 

of alkali silicon reaction is not noticeable in the AMBT when the aggregate is 

innocuous. Also, the expansion values are non-considered if the expansion exceeds 0.2 

%, because the aggregates are classified as highly deleterious. It’s important to note 

that AMBT is not appropriate for all types of aggregate, for  example, it cannot 

measure the reactivity of glass aggregates within 14 days [89]. The accelerated mortar 

bar method is unable for chert aggregate, because the test method is used to determine 

the pessimum behavior, but it can’t be sure that the pessimum proportion showed by 

the test corresponds with that exhibited by a comparable method [90]. To achieve best 

results, Trottie et al. (2021) recommends that the coarse aggregates should be 

uniformly crushed by crushing device, to achieve high consistency between aggregates 

and cement paste. The absorption rate must be consistent with the standard water 

content in the mixture, because decreasing or increasing the water content effects on 

the rate of alkali-silica reaction. [91]. Gress et al. (2015) compared between ASTM C 

1260 and modified ASTM C 1260, through using modefing ASTM C 1260 on larger 

sample size and less amount of alkali solution. The compasrion was rely on the 

expansion rate of these two samples, where the early rate of expansion was quickly 

accelerated in the specimens with holes and cut sides, 21 days after, the expansion with 

holes was higher than solid specimens, and the specimens with holes achieved around 

one third of the expansion in 21 days. Also, the sample with high alkali amounts was 

not appear early expansion as the others [92]. In general, rapid expansion of mortar 

bars means that there is good correlation with aggregate performance in concrete, but 

if the expansion does not exceed 0.1 %, then ASR is slow and the effect of this process 

takes several years to appear, which means that it is not deleterious and normal [93]. 
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2.7.3 Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscope  

(SEM/EDX)  

The (SEM /EDX) test method is used to detect the formation of alkali silica gel (ASG), 

in addition to analysis the mineralogical composition of the gel. The X-ray function 

allows analysis of product crystallizations that are difficult to identify with optical 

microscopy [5]. The principle of scanning microscopy is to expose the specimen to a 

beam of electrons. The electrons penetrate the microstructure and provide information 

about the range of the damage formed by the expansion of mortar bars. Two methods 

are used to make the sample for scanning microscopy: first method is dry potting, in 

which a section is removed from the sample and the sample is dried with temperature 

of 65°C for 24 hours, to ensure water evaporation. Then the sample is placed in a pot 

covered of epoxy resin, with the top of the sample exposed to laboratory air. After 

using a vacuum, the epoxy resin sample is stored at a temperature less than 65°C, then 

sample is ready for slicing and polishing. The second method is wet potting, in which 

alcohol is used to fill the pores, and then low viscosity epoxy resin is used and cured 

[94]. In order to understand the crystallization mechanism of mortar or concrete paste 

after exposing to curing conditions, scanning electron microscopy (SEM) and 

backscattered electron microscopy is used for this purpose. Pospisil et al. (2017) state 

that the cracks that appeared on scanning image (SEM/EDX) gives an indication of 

the intensity of ASR. When the cracks are close to cement paste, then the expansion 

that caused from ASR is non deleterious, and the amount of amorphous gel is low, 

with high amount of calcium ions inside. While, the cracks that appeared close to the 

surface of aggregate particles, reflects high magnitude of amorphous gel with low 

amount of calcium ions inside, this case was appeared only when the expansion that 

caused from ASR was deleterious [95]. Shin et al. (2015) describe the cracks caused 

by ASR as their location and how they are related to each other. Also, the products of 

alkali gel appear in the SEM images by colors, where white a color in the images shows 

un-hydrated cement paste, and hydrated cement paste is exist in light gray areas. The 

dark areas represent the aggregate particles, and the grains of un-hydrated cement are 

shown as dark gray areas [96].  

Voltolini et al. (2011) found by means of (SEM /EDX) that when the sample extends 

more than 0.1%, the dark edge covers the silicon aggregate, while the micro-cracks are 



27 

 

 

filled with alkali gel and extend through cement paste to aggregate particles. In 

addition, the study revealed three types of voids, the first type formed during mixture 

and casting, and it has bubble shape which increased by increasing the amount of water 

in the mixture. The second void formed by  aggregate dissolutions, where the alkali 

gel fill the voids then dry, this process caused a spongy shape of these voids, and the 

volume of these voids increase by increasing the reactivity of ASR. The third type is 

cracks due to the expansion of ASR, which is usually filled with alkali gel. The 

following figure showed the shape of  these types [97]. 

 

 

Figure 2.9 Shows type of voids due to alkali silica reaction [97]. 

Thaulow et al. (1996) found that the gel produced contained high and variable amounts 

of silica and lower and varying amounts of calcium [98]. Also, the gel occurs in cracks 

and has a higher calcium content, and it passes through the hardened cement paste than 

inside the aggregate [99]. 

2.8  Other Test Methods  

Many studies and research have been done since Thomas Stanton discovered ASR to 

determine the deleterious behavior of reaction, the shape of the fractures produced by 

this reaction, and techniques to mitigate its effects [86]. In the previous section, some 

testing methods were presented, such as mortar bar test method (MBT), accelerated 

mortar bar test method, and scanning electron microscopy (SEM). These tests have 

advantages and limitations. For example, (AMBT) is the suitable test method to 

measure the potential-reactivity of aggregates in 14 days, but (AMBT) is not suitable 
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for all types of aggregates, such as lightweight aggregates and chert aggregate. Also, 

the amount of alkali content in MBT and AMBT are not considered [100,101]. 

However, other test methods are used to investigate the effect of alkali-silica reaction, 

not only for mortar, but for concrete, such as, concrete prism test, and Autoclave test 

method. 

2.8.1 Concrete Prism Test (CPT) 

This test is one of the common and reliable test for measuring the reactivity of ASR. 

The prisms are made with dimensions of (75 × 75 × 285) mm, and the value of 

water/cement ratio is set between 0.42 to 0.45 in the mixture, the weight of cement is 

420kg/m3. Test reference is ASTM C1293. The amount of alkali in this test is 1.25 

Na2Oeq, and the prisms are immersed in sodium hydroxide. The curing temperature 

of concrete prisms is 38°C.  

The main disadvantage of this test is that it takes a long time to get the final results 52 

week at most, perhaps more than a year, and this is because the alkali quantity and 

curing temperature are low [102]. In order to measure the elongation of samples within 

13 weeks rather than 52 weeks, the prism test for concrete was converted to an 

accelerated prism test by increasing the curing temperature up to 60°C, with using the 

same reference ASTM C1293 [103]. 

2.8.2 Autoclave Test Method 

Fournier & Berube (1991) have developed a new method for measuring the expansion 

that occurred by the reactivity of alkali-silica reaction on mortar bars, the test is driven 

and modified form of ASTM C 227. The test methodology is to mix sodium hydroxide 

NaOH with water to increase the amount of alkali in the solution, since alkalis enhance 

the alkali-silica reaction. Then mortar bars are placed in autoclave device under a 

degree of 23°C, with high relative humidity, for two days. The autoclave test is suitable 

when the steam cut is 130°C [104].  

Also, the test is modified to accelerated autoclave test method, this test method was 

used from various researchers in order to measure the reactivity of ASR in a short 

period, when it’s referred to a short time means that it not exceeds one day, for concrete 

prism specimens the test duration is ranged between 4 to 24 hours, and called 

accelerated autoclave concrete prism test, while in mortar bars it is between 4 to 6 

hours, and called accelerated autoclave mortar bar test. Also, the factor of temperature 
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is strongly appears in this test, because high temperature increases the reactivity of 

ASR, the curing temperature in this test is set between 111°C and  150°C [105].  

The preparation of autoclave specimens are prepared by ASTM C 1293, for autoclave 

concrete prism test, or by ASTM C 1260, for autoclave accelerated mortar bar test. 

One day after casting, the original length of the specimens is determined, then they are 

placed in the autoclave for 4, 6 hours or one day and totally soaked in a NaOH solution, 

with a curing temperature usually of 130°C, and a pressure of 0.20 MPa. The principle 

of this test is to measure the expansion due to alkali silica reactivity under high pressure 

and temperature. However the specimens are cooled to an ambient temperature of 

23°C, and the final length is measured over one hour [106].  
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

3.1  Introduction 

This experimental study investigates the influence of alkali-silica reaction (ASR) on 

mortar bars, through assessing the potential reactivity of two types of aggregates, 

namely aggregate (A) and aggregate (B). The study adopts three altered curing 

temperatures 40°C, 60°C, and standard 80°C, with different proportions of water 

cement ratios 0.4, 0.5 and 0.6. The experimental study employed accelerated mortar 

bar test (AMBT), based on ASTM C1260 standard, which is used to discover the 

potential aggregate reactivity of unstable silica [20]. In addition to methodology and 

preparation of accelerated mortar bar test (AMBT), and scanning electron microscopy 

with energy dispersive x-ray spectroscope (SEM/EDX). In short, this chapter clarifies 

in order, the used materials, experimental specimen’s classification, and equipment. 

 

3.2  Materials  

Mortar specimens were prepared using the following materials: 

 Cement   

Ordinary Portland cement type I 42.5R (rapid hardening) with high early strength was 

used in the test. This type of cement gains strength quickly, and type (I) in ordinary 

Portland cement, indicate that the proportion of other materials in this cement does not 

exceed 5%, which mean that this type of cement is classified as pure Portland cement. 

While (42.5R) is the value of the initial strength [107]. 

Table 3.1 displays the chemical components of the usage cement, in addition to the 

amount of alkali content (Na2Oeq), which was 0.85%. The cement classified as high 

alkali cement because the value Na2Oeq was higher than 0.6%. Also, the cement 

contained of high proportion of potassium oxide (K2O). Table 3.2 illustrates the 

physical properties and strength of the used cement. 

 

 



31 

 

 

Table 3.1 Properties of cement type I 42.5 R 

 

*Na2Oeq = Na2Oeq + 0.658 K2O  [108].                 

Table 3.2 Physical properties and cement strength  

 

  Aggregate 

Two different aggregates were used in this experimental study, and the test procedure 

was designed to distinguish between these two types. The aggregates were labeled as 

A and B. Table (3.3) illustrate the distribution of one kilogram of aggregates needed 

for the mix design. The sieve numbers are 10, 18, 20, 40, 50 and sieve100. Also, Table 

3.4 represent the physical properties of tested aggregates. 

Table 3.3 Distribution of returned weight 

Sieve number Weight in gram 

10 178 

18 250 

20 63 

40 272 

50 32 

100 1000 
                

Chemical properties of cement 

SO3 MgO K2O CL Na2O Na2Oeq 

1.97 1.83 0.86 0.03 0.29 0.85 

Physical properties of the cement 

Blane 

fineness 

Sp. W. 

gr/cm3 

Fine % (32 

micron) 

Fine%(40 

micron) 

In. 

set. 

Fin. 

Set. 

Volume 

expansion 

3598 3.12 12.4 6.7 196 248 1 

Strength of cement 

Days   
TS EN 

197-1 
 

2 51-week 20 Dec – 26 Dec-2021 MPa Minute 20 25.5 

7 50-week 13 Dec – 19 Dece-2021 MPa  37.9 

28 47-week 22 Nov– 28 Nov-2021 MPa 42.5-62.5 48.2 
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Table 3.4 Physical properties of aggregate  

Bulk density Aggregate (A)  Aggregate (B) 

Saturated surface dry  2.59 2.64 

Oven-dry 2.54 2.62 

Water absorption  (24 hour) 1.83 0.6 

 

  Sodium Hydroxide  

Sodium hydroxide (NaOH) was presented as a solid material, but it was used in the 

test as a soluble solution. The solution consist of 40 g of NaOH dissolved in one liter 

of distilled water. Table (3.5) shows the specification of NaOH that used in the test. 

Table 3.5  NaOH specification 

 

 

 

 

 

 

 

3.3  Specimen Description  

In this experimental study three main groups, namely, group one (G1), group two (G2), 

and group three (G3), were used to study the effect of ASR on mortar bars. However, 

the total number of bars cast was 54, divided of 18 bars for each main group, the major 

criterion of this division is the curing temperatures. While the minor criteria of the 

same group based on the amount of water/cement ratios, and aggregate types. Table 

3.6 describes the characterizations of the main test groups, and Table 3.7, 3.8 and 3.9, 

illustrates in detail a description of group one, two, and three. 

 
Table 3.6 Characterizations of test groups  

Specification Approximate values 

Purity 98% 

Sodium carbonate 0.5% 

Sodium chloride 0.02% 

Group number Group 1 Group 2 Group 3 

S
p

ec
if

ic
a
ti

o
n

s 
 Water/cement 

ratio 
0.4 0.5 0.6 0.4 0.5 0.6 0.4 0.5 0.6 

Curing 

temperature 
40°C 60°C 80°C 

Aggregate type (A) (B) (A) (B) (A) (B) 
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3.3.1 Group G1:  

The curing temperature of the mortar specimens in this group was 40°C, and the group 

contained of 18 samples that were divided into three different sections, according to 

the water cement ratios. However, there were six mortar bars in each section of this 

group, divided equally in to aggregate (A) and aggregate (B). Also, all of six samples 

were casted with the same water/cement ratio and placed in the same soaking solution 

(1N NaOH). Table (3.7) clarified the distribution of the samples in the first group. 

 
Table 3.7 Group one distributions 

  
  
  
  
  
G

ro
u

p
 o

n
e 

Group description  

Water/cement 0.4 0.4 0.5 0.5 0.6 0.6 

Aggregate 

type 
(A) (B) (A) (B) (A) (B) 

Curing 

temperature  
40°C 40°C 40°C 40°C 40°C 40°C 

 Soaked 

solution 
NaOH NaOH NaOH NaOH NaOH NaOH 

 

3.3.2 Group G2:  

The curing temperature of this group was 60°C and contained of 18 mortar bars that 

were divided into three sections, and distributed according to the amount of 

water/cement ratios in the mixture. Where each sample had 6 bars, three of them made 

from aggregate (A), and aggregate (B). Also, all of the tested samples in this group 

was immersed in hydroxide solution. Table 3.8 shows group two distributions. 

Table 3.8 Group Number 2 distributions 

G
ro

u
p

 t
w

o
 

Group description 

Water/cement 0.4 0.4 0.5 0.5 0.6 0.6 

Aggregate 

type 
(A) (B) (A) (B) (A) (B) 

Curing 

Temperature 
60°C 60°C 60°C 60°C 60°C 60°C 

Soaked 

solution 
NaOH NaOH NaOH NaOH NaOH NaOH 
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3.3.3 Group G3: 

In this group, there were eighteen samples, divided exactly according to the same 

classification system of group one and group two. These samples were divided into 

three different sections, each section had 6 samples, three of which was made from 

aggregate (A), and aggregate (B). The curing temperature in this group is 80°C. 

However, the following table show the distributions of this group. 

Table 3.9 Group Number 3 distributions 

G
ro

u
p

 t
h

re
e
 

Group description 

Water/cement 0.4 0.4 0.5 0.5 0.6 0.6 

Aggregate type (A) (B) (A) (B) (A) (B) 

Curing 

temperature 
80°C 80°C 80°C 80°C 80°C 80°C 

 Soaked 

solution 
NaOH NaOH NaOH NaOH NaOH NaOH 

 

3.4  Preparations of Test Equipment  

The preparation of the equipment’s before the test was necessary to achieve accurate 

results, avoid errors that cost money and time, because different variations will appear 

on the required ratios, if the preparation was neglected. However, five pieces of 

equipment were used in this experimental program, described in the following 

sections: 

3.4.1 Oven Dry  

The preparation was accomplished by operating the oven dry before one day of casting, 

to inspect the device ability to conserve heat without seepage, also to ensure that the 

oven has reached the required temperature. 

 

 

Figure 3.1 Oven dry. 
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3.4.2 Molds   

In this test, the required molds for casting six samples of mortar bars was three molds, 

with a  dimension of  25*25*250 mm. Each mold was equipped with two identical 

pins to cast in mortar bars for taking expansion measurements. In this test, the molds 

were prepared before casting. At first the molds were fully cleaned by dry wipes , this 

step is important to ensure dust removal from the molds, then plastic sheets (See figure 

below), was used to cover the molds, which was used  to reduce corrosion in molds, 

and to prevent  the bars to  broke when it’s removed from molds. At last the edge of 

the molds from the inside and the place where the pins are placed in, was covered in 

oil for the same reasons above. 

 

  

Figure 3.2 Mold covered with plastic sheet. 

 

3.4.3  Mixer  

According to ASTM C-305, the mixing process must be done in three revolutions: 

slow, medium and fast. The mixer that used in the laboratory had two revolutions: slow 

at 62 Rev/min and medium at a speed of 165 Rev/min. Based on the standard, the 

revolutions were accepted. Figure 3.3 showed the mechanical mixer. 

 

Figure 3.3 Mechanical mixer. 
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3.4.4 Plastic Containers  

Rectangular containers were used to match the length of mortar bars, the placement of 

the bar samples in the containers required a distance between the edge of the container 

and the bar, as well as a distance from bar to bar. The plastic number is important for 

the quality of the container, plastic number 5 was used in this test because it is 

lightweight and resist heat. The containers can withstand temperatures up to 100ºC. 

Also, the lid of the container must be well closed to prevent evaporation. The following 

figure shows the organization of mortar bars inside the plastic container. 

 

  

Figure 3.4 Plastic container. 

3.4.5 Reading Device   

Reading device was used to record length change (expansion) on mortar bars. Before 

measuring, the device must place in flat surface, then the reading rod is used to gain 

zero reading (0.00), before placed mortar bars in the device, as shown in figure below. 

 

 

Figure 3.5 Calibration of reading device. 
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3.5  Experimental Tests 

This experimental study used three test methods to achieve the final result, starting 

with the accelerated mortar bar test method (AMBT), and scanning microscopy with 

energy x-ray dispersive (SEM/EDX). 

3.5.1  Accelerated Mortar Bar Test (AMBT) 

The potential reactivity of tested aggregate was measured through using AMBT, with 

ASTM C 1260. In this test two kinds of aggregates were used aggregate (A), and 

aggregate (B). However, the test started with mixing process and casting, because 

increasing the quality of casting perform accurate results. This test used ASTM C 305 

as a reference for mixing process, as follow: 

1. The mixing materials were adding to the same bowl as described in ASTM C1260, 

the mixing materials was 440g of cement and 990g of aggregate, where the type of 

used aggregate depends on tested group.  

2. The cement and aggregates were mixed in dry-state, the mix speed started with slow 

speed for 30 second, to ensure consistency between cement and aggregate particles 

with water.  

3. While mixing, water was supplied according to the required water/cement ratio in 

tested group, after that the mixer speed changed to medium. Then the mixer was stand 

for 90 seconds, to mix all of mortar that collected in the bottom of mixer together. 

4. The mixer housing was closed, and the mixing was in medium speed for 60 second. 

Figure (3.6) shows cement and aggregates that used of sample preparation. 

 

  

Figure 3.6 Mixing process where (A) Cement and aggregate, (B) medium mixing speed.  

A 

 

B 
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After mixing, mortar was casted in the molds on two layers, within two minutes, where 

each layer was hammered around 15 to 30 times to remove air bubbles, then the surface 

of the molds was trimmed to get rid from excessive mortars (Figure 3.7). Few hours 

after casting, the surface of the molds covered in a moist sheet, to conserve inner 

humidity from fast evaporation (Figure 3.8), then the samples placed in room 

temperature at 24○C for one day. Then the mortar bars removed from the molds and 

immersed in water, the specimens were stored in the oven according to their group 

number, then after one day the initial length was measured by reading device. 

 

 

Figure 3.7 Fresh mortars in the molds. 

 

Figure 3.8 The steps of mixing and casting of mortar bars. 

After the initial length was taken, the samples must be immersed in alkaline solution 

for 28 days. In this experimental study, sodium hydroxide was used as a solution in 

which the samples were immersed for the required interval time of the experiment. 

The required amount of sodium hydroxide solution was constant of all samples, the 

concentration of 1N (equivalent to one mole of solute per liter of solution), sodium 
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hydroxide must be dissolved in distilled water. The test used 40 g of sodium hydroxide 

with 900 ml of distilled water, where water poured into a glass flask and mixed with 

40 g of sodium hydroxide. Since sodium hydroxide has a corrosive effect on the skin 

and eyes, safety instructions must be followed.  

 

Figure 3.9 NaOH solution preparation. 

After sodium hydroxide prepared, the mortar bars was fully immersed in, and placed 

in oven, the temperature of oven depends on group number as explained in section 

(3.3). However, the expansion of mortar length was measured every three days and 

recorded as presented in Figure (3.10). 

 

 

Figure 3.10 Expansion measurement. 

 

3.5.2 Scanning Electronic Microscope with Energy Dispersive X-Ray 

Spectroscope (SEM/EDX)  

The scanning electron microscopy with energy dispersive X-ray spectroscope (SEM/ 

EDX,) method is considered as non-destructive test methods that can detect the effect 
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of alkali-silica reaction with the reaction products, especially alkaline gel, on the 

microstructure of concrete or mortar. Figure (3.10) shows (SEM/EDX) device, which 

has four detectors. The first detector is a secondary electron detector that produces 

topographic and morphological data as well as 3-D images. The second detector is the 

5-segment backscatter electron detector, which provides atomic composition and Z-

contrast information. These detectors provide a clear image of the alkaline gel, with 

different magnification levels, because the device has resolution of 1.20 (nm) to 3.00 

(nm), with a magnification of 30× to 1,500,000×. Also, the voltage of the device is 

ranged from 0.5 to 30 (kV). However, the final detector is the EDS detector, which is 

used to identify the elemental constituents that produced from alkali silica reaction, 

with a graphical EDX mapping that clarifies the elemental concentrations and 

distributions throughout the sample. 

 

  

Figure 3.11 Scanning electron microcopy device with Energy Dispersive X-Ray Spectroscope 

(SEM/EDX). 

 

The specimens of mortar bars must be prepared before using (SEM/EDX), the 

methodology of test is explained below. 

3.5.2.1 Test Methodology and Preparation 

After 28 days of test duration, the specimens have reached the maximum expansion 

caused by alkali-silica reaction, the silica-gel has formed in the infrastructure of the 

mortar bars. In order to study the impact and the formation of alkali silica products on 

the mortar bars, scanning electron microscope with x-ray energy spectroscope was 

used to serve this purpose. The (SEM/EDX) was divided into two phases, namely, 

secondary electron image (SE) and backscattered electron imaging (BE). Samples 

must prepare before imaging to ensure high resolution for microscope images. Two 
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methods was followed to prepare samples for scanning image dry method and wet 

method, but in this experimental study, since the specimens are previously dried, dry 

method was followed, and no-epoxy was used. The mortar bars were taken from the 

sodium hydroxide solution because the bars were fully saturated in the solution and 

left for one day to dry, under the laboratory degree. Then the samples were placed in 

the oven for 24 hours, with a temperature of 65°C. However, oven temperature must 

not exceed 65°C, and the most important step in this method is to ensure evaporation 

of water content of  the mortar samples by using oven drying, because water interferes 

with the polymerization and on the resolution of the SEM images, and that lads to 

reduce image accuracy [94]. To ensure high quality of mortars microscopy, 

preparation process is important, the mortar samples were taken from oven and placed 

in laboratory degree for 24 hours. After that samples was cut into slices, and classified 

according to its original groups, as shown in figures below. Each group contain of six 

bags made from aggregate (A) and (B). The classification of the plastic bags for each 

group was distributed according to curing temperature and water/cement ratio. The last 

step is dust removal, by using brush, the outer surface of the samples was brushed to 

remove fine obstacles before scanning. Then the specimens were taken to the central 

laboratory to start the (SEM/EDX). Before starting the tests, the SEM samples were 

prepared with the following LEICA ACE 200 Coating Device (Figure 3.12). It allows 

the surfaces of non-conductive samples to be made conductive. It can be automatically 

coated homogeneously with conductive metals or carbon. 

 

 

Figure 3.12 LEICA ACE 200 coating device. 
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CHAPTER 4  

RESULTS AND DISCUSSION  

This chapter shows the results and discussion of the experimental study in three 

sections. The first section of this chapter shows the expansion curves of the tested 

mortar bars through 28 days, using the (AMBT) method with ASTM C 1260 to 

estimate the reactivity of the aggregates. In the second section, scanning electron 

microscopy and energy dispersive x-ray spectroscopy (SEM /EDX) was used to 

analyze the ASR products. In the third section, the results of (AMBT) and (SEM 

/EDX) were discussed. 

4.1  Group Classifications and Expansion Results 

In this experimental study, 54 mortar bars were cast and divided into three major 

groups according to curing temperatures and water/cement ratios, as shown in Table 

(4.1). 

Table 4.1 Group classification according to curing temperature and w/c. 

Group ID Water/cement Curing temperature 

Group 1 0.4 0.5 0.6 40 ºC 

Group 2 0.4 0.5 0.6 60 ºC 

Group 3 0.4 0.5 0.6 80 ºC 

 
 
The preparation and measurement of mortar bars in this study was accomplished by 

using (AMBT), the reactivity of tested aggregates was measured in the 14th day of the 

test period, and determined according to ASTM C 1260. Also, standard categorized 

aggregates as harmless or innocuous, if the expansion value was lower than 0.1%. 

While aggregates classified as potentially-reactive or harmful, if the expansion 

percentage was extended from 0.1% to 0.2%, but if the expansion value exceed the 

percentage limit of  0.2%, then the aggregates classified as highly reactive [20]. 

However, expansion percentage of mortar bars was calculated by this equation. 

L = ((L
t

− Lrt) − (L
0

− LR0)/250) ∗ 100L                   Eq (4.1)                  
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Where (L) is change in length and expressed in percent %, (L0) is the initial comparator 

reading, and (LR0) is initial reading of reference bar, Lt is at day, comparator reading. 

Groups divisions were discussed in chapter 3, section 3.3. The following subtitles 

shows the average expansion results of each group: 

4.1.1 Expansion Results of Group 1  

The following figures  shows the expansion of eighteen bars made form aggregate (A) 

and aggregate (B) at altered amounts of water/cement ratios (0.4, 0.5, and 0.6), with 

constant curing temperature of 40ºC for all samples.  

In the first section of this group, w/c was 0.4, with curing temperature of 40ºC, as 

shown in figure below.   

 
  

 

 

 

 

 

 

                  

 

                 Figure 4.1 Expansion curves of tested aggregates at w/c: 0.4 and 40 ºC. 

Figure (4.1) illustrates the average expansion curves of two types of aggregates within 

28 days. As shown, the percentage expansion value of aggregate (A) at day 14 was 

0.013%, while in aggregate (B) was 0.018%.  

Figure (4.2) provides the expansion curves of both types of aggregates when 

water/cement ratio increased to 0.5, where the expansion percentage of aggregate (A) 

was 0.019%, and 0.015% for aggregate (B).  
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       Figure 4.2 Expansion curves of tested aggregates at w/c: 0.5 and 40 ºC. 

 

 

      Figure 4.3 Expansion curves of tested aggregates at w/c: 0.6 and 40 ºC. 

 
Figure (4.3) illustrates the performance of aggregate (A) and aggregate (B). Where the 

expansion percentage of aggregate (A) was 0.024%, and for aggregate (B) was 

0.019%. 
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          Figure 4.4 Comparison between tested aggregates at w/c: (0.4, 0.5 and 0.6) and 40 ºC. 

Figure (4.4) shows the limited differentiations between tested aggregates in day 14 

with the end of test duration, when water/cement ratio raised to 0.6, the reactivity of 

aggregate (A) in day 14 was higher than aggregate (B), then after day 14 the opposite 

has occurred. 

4.1.2  Expansion Results of Group 2 

This group illustrates the expansion results of two types of aggregates at a curing 

temperature of 60ºC, and different water cement ratios as follow: 0.4, 0.5 and 0.6, as 

appeared in figures below. 
 

 

       Figure 4.5 Expansion curves of tested aggregates at w/c: 0.4 and 60 ºC. 
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The previous figure (Figure 4.5) shows the expansion curves of tested aggregates at 

0.4 w/c. Where the expansion percentage of aggregate (A) was 0.043%, and 0.078% 

to aggregate (B). 

 

    Figure 4.6 Expansion curves of tested aggregates at w/c: 0.5 and 60 ºC. 
 

Figure (4.6) illustrates the reactivity of tested aggregates at w/c: 0.5. Where the 

expansion value of aggregate (A) in day 14 was 0.1%, and for aggregate (B) was 

0.137%.  

 

       Figure 4.7 Expansion curves of tested aggregates at w/c: 0.6 and 60 ºC. 

Figure (4.7) shows the expansion values of tested aggregates at 0.6 w/c, the expansion 

values of both types of aggregates were similar to each other and higher than 0.1%.  
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Figure (4.8) provides comparison between all of expansion curves of group 2, and 

temperature of 60ºC. As shown the reactivity of aggregates gradually increases as 

water/cement ratio increases. Also, the reactivity of both types of aggregates was 

deleterious at 0.5 and 0.6 w/c. 

   Figure 4.8 Comparison between tested aggregates at w/c: (0.4, 0.5 and 0.6) and 60 ºC. 

 

4.1.3  Expansion Results of Group 3 

In this group the expansions due to alkali silica reaction were measured, through 

increasing the curing temperature to 80ºC, and altered water/cement ratios (0.4, 0.5, 

and 0.6).  

 

 

             Figure 4.9 Expansion curves of tested aggregates at w/c: 0.4 and 80 ºC. 
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Figure (4.9), shows expansion of 6 mortar bars under a curing temperature of 80°C, 

and 0.4 water/cement ratio. The expansion percentage of aggregate (A) was 0.178%, 

while in aggregate (B), the expansion value was 0.219%. 
 

 

       Figure 4.10 Expansion curves of tested aggregates at w/c: 0.5 and 80 ºC. 

 

Figure (4.10) shows the reactivity of tested aggregates at 0.5 water/cement content. 

Where the expansion percentage of aggregate (A) was 0.180%, and 0.223% to 

aggregate (B). The reactivity of aggregate (B) was higher than aggregate (A). 
 

 

   Figure 4.11 Expansion curves of tested aggregates at w/c: 0.6 and 80 ºC. 
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In Figure (4.11) the potential-reactivity of aggregate was measured by increasing the 

amount of water/cement ratio up to 0.6. Where the expansion percentage of aggregate 

(A) was 0.220%, and 0.226% to aggregate (B). Therefore, the reactivity of aggregate 

(B) was higher than aggregate (A). 

 

 

Figure 4.12 Comparison between tested aggregates at w/c: (0.4, 0.5 and 0.6) and 80 ºC. 

 
The comparison of all expansion curves of group 3 at a temperature of 80ºC was shown 

in Figure (4.12), where most of the potential reactivity of tested aggregates was highly 

deleterious and exceeded 2%. However, for aggregate (A) at (0.4 and 0.5) w/c, the 

behavior of aggregates was deleterious, possibly because of temperature seepage from 

containers. 

4.2   Evaluation of Scanning Electron Microscopy With Energy-

Dispersive  X-ray Spectrom  (SEM/EDX) Results 

 The second part of this chapter, scanning electron microscopy and energy dispersive 

x-ray (SEM /EDX) was employed ASR microstructure, especially the alkali gel. The 

following (SEM) images show the alkali gel, crack distributions, and the other ASR 

products. X-ray was used to study chemistry of the ASR products. Figure (4.13) 

clarified the basic constituents of mortar specimens after ASR. Also, Figure (4.14) 

showed some of the main products produced as a result of the ASR. 
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Figure 4.13 Shows the surface of cement mortar sample, where white zones shows un-hydrated 

cement paste (1), light-gray zones shows hydrated cement paste (2), dark-gray zones shows un-

hydrated cement particles (3), dark zones shows aggregate particles (4). 

 
 
 
 

 
 

Figure 4.14 Alkali silica products, where (A) shows fridels salt (FS) and calcium hydrates (CH), 

columnar ettringite ( (B), silicon dioxide or stishovite (C),  rosette-shape of ASR gel and ettringite 

(D). 

4.2.1 SEM/EDX-Results of Aggregate (A) at Different W/C Ratios and 40○C 

Curing Temperature 

The following SEM images, showed the impact of ASR on mortar bars samples under 

a curing temperature of 40°C, and different amounts of water/cement ratios (0.4, 0.5 

and 0.6). The specimens were made from aggregate (A). The specimens were 

2 

4 

1 

3 
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completely immersed in NaOH solution for 28 days before SEM imagining. 

Additionally, it was used EDX map spectra to show elemental ratios resulting from 

the ASR. Figures 4.15, and Figure 4.16 were presented at different resolutions, with 

SEM images of 100 (µm) resolution, showing the main features of the internal 

structure. While SEM images at 10 (µm) resolution clearly show the hydration 

products. The SEM images of the specimen prepared with aggregate (A), and 0.4 w/c 

ratio, as can be seen in Figure 4.15, where initial ettringite has formed. 

 

 

Figure 4.15 SEM image shows aggregate (A) at w/c: 0.4 with curing temperature of 40○C. 

 

 

Figure 4.16 SEM image shows hydration products of aggregate (A) at w/c: 0.4 and 40○C. 

 
Figure (4.16) provides the hydration products formed at w/c: 0.4, where there was an 

intense formation of calcium hydroxide (CH), Friedel salt (FS) and calcium-silicate-

hydrate C-S-H. Also, the shape of hydration products at this phase was in the form of 
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foils, and they were homogenous. Figure (4.17) displays an SEM image of the sample 

that was created using aggregate (A) and w/c: 0.5. The image revealed the presence of 

numerous short needle-shaped ettringite formations on the cement paste's surface. 

Although micro-cracks can be seen throughout the cement paste, the cracks are narrow 

and short in length. 
 

 

Figure 4.17 SEM image of aggregate (A) at w/c: 0.5 with a curing temperature of 40○C. 

 

 

Figure 4.18 SEM image of aggregate (A) at w/c: 0.6 with curing temperature of 40○C. 

Figure (4.18) illustrates a SEM image of a specimen prepared with aggregate (A) and 

a water/cement ratio of 0.6. The image shows a longitudinal micro-crack formed 

between the hardened cement pastes, aggregates and distributed into cement paste. The 

SEM images presented earlier showed the surface of mortar paste, its hydration 

products, cracks under the of influence various w/c ratios, and curing temperature of 

 

 

Aggregate particle   

Cement paste 

 
Ettringite  

 Crack 



53 

 

 

40°C. The findings indicated that when w/c ratio was 0.4, no evidence of alkali-silica 

reaction was observed, and most of the hydration products were initial products such 

as friedel salt, calcium hydrate, and C-S-H. However, with an increase in the w/c ratio 

to 0.5 and 0.6, the formation of ettringite increased, and the C-S-H changed from foils 

to fibers (needle shape) with short rods. Furthermore, the EDX results provide an 

analysis of the chemical elements that resulted from the ASR under the influence of 

40°C and different amounts of w/c ratios, i.e., 0.4, 0.5, and 0.6 for samples made from 

aggregate (A). 

a) 

 

b) 

 

c) 

   
Figure 4.19 EDX-results, a) electron image, b) EDS layered image of combined elements, c) 

elemental ratios with Map sum spectrum of aggregate (A) at w/c: 0.4 and 40○C. 
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In Figure 4.19 a strong formation of silicate elements was observed over the inner 

surface of specimen at w/c: 0.4. While the results in Figure 4.20 indicate a high 

distribution of the calcium element inside air voids and on the face of the hardened 

mortar paste when water/cement ratio reaches 0.5. 

a) 

 

b) 

 

c) 

 

 
 

Figure 4.20  EDX results, a) electron image, b) EDS layered image of combined elements, c) 

elemental ratios with Map sum spectrum of aggregate (A) at w/c:0.5 and 40○C. 
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a) 

 

b) 

 

c) 

 

 
Figure 4.21  EDX results, a) electron image, b) EDS layered image of combined elements, c) 

elemental ratios with Map sum spectrum of aggregate (A) at w/c: 0.6 and 40○C. 

 
In Figure 4.21, the formation of calcium was higher than that of silica, while the 

combination of sodium and potassium was lowest, as shown in section (c). However, 

the formation of calcium occurred mainly near the aggregate particles, at the edge of 

the cracks, and on the aggregate particles, as shown in section (b). In order to compare 

between all of above figures, Table (4.2) shows the elemental ratios due to ASR of the 
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samples which were made from aggregate (A) with different water/cement ratios at a 

curing temperature of 40°C. 

 
  Table 4.2 Elemental ratios of aggregate (A) with various amounts of w/c ratios at 40 ºC. 

Water/cement Ca/Si (Na+K)/Si 

0.4 0.14 0.08 

0.5 2.91 0.52 

0.6 1.35 0.13 

 
Referring to Table 4.2 and previous EDX-results, the concentrations of the elements 

potassium and sodium were higher when at w/c: 0.4, while calcium element appeared 

more intensely when the water cement ratio was increased to 0.5 and 0.6. The ratio of 

Ca/Si indicated that the formation of silicate decreased when calcium increased. This 

explains why Ca/Si ratio was higher when w/c ratio were 0.5 and 0.6. 

 

4.2.2 SEM/EDX-Results of Aggregates (B) at Different W/C Ratios and 40○C 

Curing Temperature  

The following SEM images, showed the effect of ASR on the mortar bar samples, 

under a curing temperature of 40°C, and three different values of w/c ratios 0.4, 0.5 

and 0.6. The mixture content of the specimens made from aggregates (B), where they 

completely immersed inside the solution of sodium hydroxide for 28 days. By the end 

of the test duration, SEM images were taken using EDX map spectra to analyze the 

chemical elements that resulted from ASR.  

 

 

Figure 4.22 SEM image of aggregate (B) at w/c: 0.4 with curing temperature of 40○C. 
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Figure (4.22) illustrates the hydration of mortar paste, of the sample that made from 

aggregates (B), and 0.4 w/c with a curing temperature of 40°C. Where the image 

showed micro-cracks distributed on the mortar-paste, and between mortar-paste and 

aggregates. In addition to un-hydrated cement paste (white areas). Figure (4.23) 

belongs to the same sample that exist in Figure (4.22) but it had different resolution. 

  

 

Figure 4.23 Hydration products of samples made from aggregate (B) at w/c: 0.4 and 40○C. 

Figure (4.23) clarified close image of hydration products such as, friedel salt (FS), and 

monosulfo-aluminate. In addition to high formation of calcium hydroxide (CH). 

 
 

 

Figure 4.24 SEM image of aggregate (B) at w/c: 0.5 with a curing temperature of 40○C. 

 

Figure (4.24) showed a foliated ASR gel covered the whole surface of mortar paste of 

the sample prepared from aggregate (B), and water/cement ratio of 0.5, with micro-

cracks. Another product appears due to water absorption, which was hemi carbo-

aluminate (HC). 

  

Micro-crack 

HC  
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Figure 4.25 SEM image of aggregate (B) at w/c: 0.6 with curing temperature of 40○C. 

Figure (4.25) illustrates microstructure of the specimen made from aggregate (B), 

where the amount of water/cement content in this sample raised to 0.6, and the image 

shows formation of secondary ettringite filled in the voids. The following SEM image 

(Figure 4.26) was belonged to the same sample in Figure 4.25, but it had different 

resolution. 

 

 

Figure 4.26 SEM images shows rosette crystals of ASR gel on aggregate (B) with at w/c: 0.6 and 

40○C. 

Figure 4.26 showed the influence of ASR on mortar paste at w/c: 0.6 with 40○C, where 

the image illustrates the crystallization of alkali gel in rosette lamellar shape. The 

outcomes of previous SEM images of aggregate (B) at different water/ cement ratios 

and 40○C, indicates that when the water/ cement ratio increased, the alkaline gel 

appears on the form of soft layer covering the specimen surface, as showed in Figure 

4.26. Also, other products such as, hemi carbo-aluminate (HC) was formed in 
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abundance when the w/c was increased to 0.5 and 0.6. Furthermore, all of the cracks 

that shown in the previous SEM images was described as micro-cracks with no-

deleterious effect. However, the following (EDX) results, provides the chemical 

elements that resulted from the ASR under the influence of 40○C, and different 

amounts of water cement ratios, respectively 0.4, 0.5, and 0.6, for samples prepared 

from aggregate (B).  

a) 

 

b) 

 

c) 

 

 
Figure 4.27 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (B) at w/c: 0.4, and curing temperature of 40○C. 
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Figure (4.27) shows clear formation of silicate and aluminum throughout mortar paste 

and aggregates. In Figure 4.28, formation of calcium is higher than that of silicate, 

while the formation of aluminum and potassium is lowest. However, the formation of 

calcium is strongly distributed in the center of the mortar paste surface, because as 

shown in section (a) from this figure calcium hydroxide was produced intensively. 
 

a) 

 

.b) 

 

2c) 

 
 

Figure 4.28 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (B) at w/c: . 0.5 and curing temperature of 40○C. 
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a) 

 

b) 

 

c) 

 
 

Figure 4.29 EDX-results, .a) electron image, .b) EDS layered image, c) elemental ratios with Map 

sum spectrum of aggregate (B) at w/c: 0.6 and curing temperature of 40○C. 

 
When w/c ratio changed to 0.6, as shown in Figure 4.29, a high production of silicate 

was formed, and the concentration of silicate was higher than that of calcium, as shown 

in section (c) of this figure, and the concentration of additional alkalis such as sodium 

and potassium was negligible. However, Table (4.3) shows the elemental ratios due to 
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ASR of the samples made from aggregate (B), at different water/cement ratios of 0.4, 

0.5, and 0.6, and under the effect of curing temperature of 40°C. 

 
         Table 4.3 Elemental ratios of aggregate (B) with various amounts of w/c contents at 40 ºC. 

Water1/cement .Ca/Si (Na1+K.)/Si  

0.4 0.26 10.37 

0.5 3.21 0.19 

0.6 0.83 0.06 

 
According to Table 4.3, the elements that formed intensively at low water/cement 

content was potassium and sodium, but when water/cement contents increased to 0.5 

and 0.6, calcium was formed intensively.   

 

4.2.3 SEM/EDX-Results of Aggregates (A) at Different W/C Ratios and 60○C 

Curing temperature  

The SEM images in this section were taken from samples of aggregate (A), and three 

ratios of water/cement contents (10.4, 0.5, and 0.6.), the samples were placed at a 

temperature of 60°C within 28 days. Also, SEM images were taken with EDX map 

spectra. However, The SEM images in Figure 4.30, and Figure 4.31, showed the 

behavior of alkali silica reaction on the microstructure of sample made from aggregate 

(A), and water/cement content of 0.4, at curing temperature1 of 60°C. Figure 4.301 

illustrate the hydrated cement paste in (light gray zones) covered by ettringite. In 

addition to micro-cracks and voids.  

 

Figure 4.30 SEM image of aggregate (A) at w/c: 0.4 with curing 1 temperature of 60○C. 
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Figure 4.31 SEM image shows blade-crystal of ettringite of aggregate (A) at w/c: 0.4 and 60○C. 

 
Figure 4.31 had a close resolution of (10.0 µm) to show the shape of ettringite, 

ettringite found as prismatic thick ettringite (1), and fine needles-ettringite (2). 

 

 

Figure 4.32 SEM image of aggregate (A) at w/c: 0.5 with curing temperature of 60○C. 

 
When water/cement content0 increased to 00.5 the destructive behavior of ASR begins 

to appear on the head of mortar paste, as revealed in Figure 4.32, where width and 

length of these cracks increased, and most of the cracks were completely fill with ASR 

gel, where the alkali gel had a spongy texture. 

Figure (4.33) illustrates section (1-1) to show some of the ASR products caused by 

high temperatures and 0.5 w/c, such as portlandite and silicon dioxide. While Figure 

(4.34) had a resolution of (40.0 µm) and shows the producing cracks that resulted from 

increasing the amount of water/cement contents up to 0.5. 

Ettringite  

(1-1)

 

2 

1 
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Figure 4.33 Section (1-1) shows portlandite and alkali gel of aggregate (A) at w/c: 0.5 and 60○C. 

 

 

Figure 4.34 Cracks that appeared on the surface of mortar paste. 

In Figure (4.34) two types of cracks were formed as a result of the deleterious effect 

of ASR, where the first crack (1) was micro-crack, and formed through cement mortar 

paste, and the second crack (2) is massive crack, and it was formed between cement 

paste and aggregate.  

The following SEM images showed the influence of ASR on mortar pastes, at w/c: 

0.6. As clarified in Figure (4.35) a massive crack with a large width has formed around 

the aggregate particles, with formation of ettringite in a shape of bands. Figure (4.36) 

shows section (1-2), which illustrating the ASR products.  

 

 

Portlandite 

Silicon dioxide  

1 

2 
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Figure 4.35 SEM image of aggregate (A) at w/c: 0.6 and curing temperature of 60○C. 

 

 

Figure 4.36 Section (1-2) shows ASR products of aggregate (A) at w/c of 0.6 and 60○C. 

Figure (4.36) shows an excessive formation of portlandite, silicon dioxide, and 

ettringite. The ettringite forms in fibrous bundles at this stage, because of the existence 

of high water cement content in the mixture. 

Comparing the preceding microscopic images, the reactivity of ASR was shown by 

develop of microscopic cracks at 0.4 w/c, to deleterious cracks around the aggregate 

particles at 0.5, and 0.6 w/c. Where the dimensions of these cracks increasing by 

enlarged the value of water/cement ratio. Portlandite and silicone dioxide also occur 

more frequently at 0.5 and 0.6 w/c. Moreover, the form of ettringite appears as fibrous 

bundles as the w/c content increases. In order to analyze the chemical elements that 

(1-2)

 

Ettringite band 

Massive crack 

Ettringite  

Portlandite 
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appeared from the various amounts of water/cement contents, the following (EDX) 

results, shows the chemical elements that resulted from the ASR, under the influence 

of 60○C, for samples prepared from aggregate (A). 

 

a) 

 

b) 

 

c) 

 

 
 

Figure 4.37  EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (A) at w/c: 0.4 and curing temperature of 60○C. 
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Figure (4.37) shows the distribution of chemical element ratios on the surface of mortar-

paste, and as showed in section (c), the contraction of silicate was the highest, while 

calcium, aluminum, and potassium were lower than silicate and sodium. 

a) 

 

b) 

 

c) 

 

 
Figure 4.38 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (A) at w/c: 0.5 and curing temperature of 60○C. 

 
In Figure (4.38), as the water/cement content increased, two elements were intensively 

formed, silicate and calcium, and the concentration of silicate was higher than calcium. 
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As shown in section (b), calcium formed mainly in the areas where cracks formed, 

while silica was distributed over the entire specimen surface. 

a) 

 

 

b) 

 

 

c) 

 

 
 
Figure 4.39 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (A) at w/c: 0.6 and curing temperature of 60○C. 

When the amount of water/cement content increased to 0.6, the concertation of calcium 

was increased and distributed all over the specimen surface as show in Figure 4.39, 

where the amount of calcium was higher than silicate. Furthermore, Table (4.4) shows 

the chemical elements ratios that formed from aggregate (A) at a curing temperature 
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of 60°C, with altered water/cement ratios. As shown, the (Ca/Si) ratios increases by 

increasing the quantity of water/cement content, the concertation of calcium was 

increased by water. 

 
Table 4.4 Elemental ratios of aggregate (A) with various amounts of w/c contents at 60 ºC. 

Water/cement Ca/Si (Na+K.)/Si 

0.4 0.24 0.59 

0.5 0.67 0.1 

0.6 2.39 0.17 

 

4.2.4 SEM/EDX-Results of Aggregates (B) at Different W/C Ratios and 60○C 

Curing Temperature 

The following SEM images shows the effect of ASR of sample made from aggregate 

(B), and changeable amounts of water/cement contents 0.4, 0.5, and 0.6. The samples 

were cured at a temperature of 60°C for 28 days, and soaked in NaOH solution. Also, 

SEM images were taken with EDX map spectra of the chemical elements, resulting 

from the presence of different water/cement ratios. The following image (Figure 4.40) 

illustrate the influence of ASR on the sample that made from water cement content of 

0.4, where alkaline gel cover the surface of hydrated cement paste. Section (1-3) 

illustrates some of ASR products (See Figure 4.41). 

 

 

 

Figure 4.40 SEM image of aggregate (B) at w/c: 0.4 with curing temperature of 60○C. 

 

1-3 

ASR gel 

DEF 
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Figure 4.41 Section (1-3) shows tobermorite (1), columnar ettringite (2), and blade shape of ettringite 

(3). 

 

 

Figure 4.42 SEM image of aggregate (B) at w/c: 0.5 with a curing temperature of 60○C. 

 

Figure (4.42) shows the surface of hydrated surface, when the water/cement content 

raised to 0.5, where an excessive amount of ettringite has formed. Also, the alkali-gel 

has a spongy texture, and cover the surface of the sample.  

The following SEM images were made from aggregate (B), and 0.5 water/cement 

content, but they had different resolutions to show ASR products. Figure 4.43 and 

Figure 4.44, shows a high formation of columnar ettringite, portlandite, and bentonite 

on the surface. Also, to the appearance of cracks all over the sample. The cracks were 

classified as massive crack with deleterious effect. 

2 

1 

3 
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Figure 4.43 SEM image shows columnar shape of columnar ettringite (1), portlandites (2), cracks on 

cement filled with ASR gel (3).  

 

 

Figure 4.44 SEM images shows bentonite. 

Figure 4.44 shows one of the most of ASR products that produced due to the 

deleterious effect of ASR, which was bentonite. However, the following SEM images 

Figure 4.45 and Figure 4.46 illustrated the effect of ASR when water/cement content 

was 0.6, for sample made from aggregate (B). However, the images were presented at 

different resolutions, with SEM images of 100 (µm) resolution to provide the main 

features of the internal structure of the sample surface, and SEM images of 10 (µm) 

resolution to show the hydration products due to ASR. In Figure 4.45, a massive gel 

was observed on the inner structure of the sample. While Figure 4.46 appears a non-

3 

2 

1 
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homogenous crystallization of ASR products covered the mortar paste. Most of the 

products includes ASR gel, portlandites, bentonite, silicon dioxide, and ettringite 

(needle –shape). 

 

 

Figure 4.45 SEM image of aggregate (B) at w/c: 0.6 with a curing temperature of 60○C. 

 

Figure 4.46 SEM image shows jennite. 

 
Through comparing the preceding microscopic images at different water/cement 

content, the influence of alkali-silica reaction was shown by the different formation of 

ASR products and cracks appearance. However, when the amount of water cement 

content increased the length and width of the cracks increasing and distributed through 

cement paste and around aggregate particles. Also, by increasing the amount of water 

cement content the ASR products changed from tobermorite to jennite. The following 

Ettringite band  

Jennite 
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(EDX) results, provides the chemical elements that resulted from the ASR, under the 

effect of 60○C, and different amounts of water/cement contents (0.4, 0.5, and 0.6), for 

samples made from aggregate (B).  

 
 

a) 

 

b) 

 

c) 

 

 

 
Figure 4.47 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum for aggregate (B) at w/c: 0.4 and curing temperature of 60○C. 

Figure 4.47 shows the concentration of elements of the sample prepared from 

aggregate (B) under the w/c of 0.4, where silicate formed intensively on the upper 

micro-surface of mortar paste. Also, section (b) in this figure displays a high 
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concentration of calcium in the air voids, while the formation of aluminum and 

potassium was the lowest. 

 
a) 

 

 

b) 

 

 

c) 

 

 

 

 
Figure 4.48 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum for aggregate (B) at w/c: 0.5 and curing temperature of 60○C. 

 
In Figure 4.48, when the w/c ratio increased to 0.5, the concertation of silicate was the 

highest, while the concertation of aluminum and sodium was equal. Also, the 

concertation of calcium and sodium was the lowest, as showed in section (c). 
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a) 

 

 

b) 

 

 

c) 

 

 
  

Figure 4.49 EDX-results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum for aggregate (B) at w/c: 0.6 and curing temperature of 60○C. 

 

The map spectra in Figure (4.49) observed a high concentration of silicate compared 

with other elements the concentration of silicate was 45.3 %, while the concentration 

of other chemicals did not exceed 6 %.  

Table 4.5 shows the chemical elements ratios that formed from aggregate (B), at a 

curing temperature of 60°C, with different water/cement ratios.  
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Table 4.5 Elemental ratios of aggregate (B) with various amounts of w/c contents at 60 ºC. 

Water/cement Ca/Si (Na+K)/Si 

0.4 0.72 0.31 

0.5 0.1 0.36 

0.6 0.13 0.04 

 

4.2.5  SEM/EDX-Results of Aggregate (A) at Different W/C Ratios and 80○C 

Curing Temperature  

The following SEM images show the effect of ASR on specimens prepared from 

aggregate (A) and water/cement contents of 0.4, 0.5, and 0.6. The specimens were 

placed under a temperature of 80°C within 28 days, and completely immersed inside 

NaOH solution. By the end of the test period, SEM images were taken and EDX map 

spectra were used to plot the chemical elements. The following images (Figure 4.50 

and Figure 4.51) shows the effects of ASR on the specimens with a water/cement 

content of 0.4 and aggregate (A). 

 

 

Figure 4.50 SEM image of aggregate (A) at w/c: 0.4 and curing temperature of 80○C. 

In Figure 4.50, a massive gel formed on the surface of mortar paste, with cracks passed 

through mortar paste and near aggregate particles. 

The figure below show SEM image with resolution of (10 µm) of the sample made 

from 0.4 w/c ratio, to clarify the hydration products. 

 

Cracks 
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Figure 4.51 SEM image shows CaO (1), ettringite with short rods (2), bundles of ettringite (3). 

 
When the amount of water cement/ content increases to 0.5, the surface shape of 

cement mortar paste appears as in Figure (4.52). The image shows two types of cracks, 

crack (1) is expansive cracks formed around aggregates particles, while the second 

crack (2) formed on cement paste and passed near aggregates. Section (1-4) in the 

figure shows the deterioration of ASR on mortar paste surface, but in different 

resolution (See Figure 4.53). Also, Figure (4.54) illustrate a close image of the crack 

(1), but in different resolution.   

 
 

 

Figure 4.52 SEM image of aggregate (A) at w/c: 0.5 with a curing temperature of 80○C. 

1 

3 

2 

ASR gel 

crack (1) 

Ettringite 
Crack (2) 
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Figure 4.53 Section (1-4) shows deterioration of ASR on aggregate (A) sample at w/c: 0.5 and 80○C. 

 

 

Figure 4.54 Close image of crack (1). 

 

In Figure 4.54 the deterioration of ASR was showed by a massive crack formed 

through cement paste and aggregate. In addition to the formation of ettringite near the 

crack. 

Figure 4.55, and Figure 4.56 clarified the destructive behavior of ASR at 0.6 water 

/cement content, where a massive gel covered the whole surface area of mortar paste. 

Moreover, there was a high distribution of ettringite, where the shape of ettringite 

appears as bundles with long needles. Also, excessive formation of calcium oxide 

(CaO) covered the surface, as shown in Figure 4.56 (resolution of 10 µm). 

CaO 

Ettringite 
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Figure 4.55 SEM image of aggregate (A) at w/c: 0.6 with a curing temperature of 80○C. 

 

 

Figure 4.56 SEM image shows massive formation of calcium oxide. 

  

By comparing the previous SEM images with different water cement contents, the 

images indicates to a high formation of massive gel, and calcium oxide, which were 

increasing by raising the amount of water/cement ratios, as shown when the 

water/cement contents were 0.4 , 0.5, and  0.6. Also, an expansive crack has formed 

around aggregate particles, as a result of the destructive behavior of ASR at 80°C. 

Furthermore, the width and length of the cracks increased by increasing the amount of 

water/cement ratios. The following Figures (4.57, 4.58, and 4.59) represent the EDX 

results of samples made from aggregate (A), and different amounts of water cement 

contents (0.4, 0.5, and 0.6), with 80○C. 

Ettingite band  
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a) 

 

b) 

 

c) 

 

 

 
Figure 4.57 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (A) at w/c: 0.4 and curing temperature of 80○C. 

 

In Figure 4.57, the concentration sodium and silicate were similar, as shown in the map 

spectrum in section (c). Also, a strong variation between the concertation of aluminum 

and potassium with other elements, where the potassium had a concertation of 0.4%, 

and aluminum had a concertation of 1.4% 
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a) 

 

b) 

 

c) 

 

 

   
Figure 4.58 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with Map sum 

spectrum of aggregate (A) at w/c: 0.5 and curing temperature of 80○C. 

Figure 4.58 shows the concentration of the resulting elements at 0.5 w/c, where the 

silicate formed strongly and had a percent concentration of 38.8%, calcium with a 

percent concentration of 4.6%, and sodium with a percent concentration of 4.2%. While 

the percent concentration of the other elements such as, aluminum and potassium did 

not exceed 1%. 
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a) 

 

b) 

 

c) 

 

 

 
Figure 4.59 EDX- results, a) electron image, b) EDS layered image, c) elemental ratios with Map 

sum spectrum of aggregate (A) at w/c: 0.6 and curing temperature of 80○C. 

In Figure 4.59, the concentration of the resulting elements at 0.6 w/c, was 35.9% for 

silicate, then a concentration gap was occurred between silicate and other elements. 

Also, the EDS layered image showed an obvious formation of aluminum and potassium 

on the edges, while the formation of calcium was centered near the crack. 
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Table 4.6 shows the chemical elements ratios that formed from aggregate (A), at a 

curing temperature of 80°C with different water/cement ratios.  

 
Table 4.6 Elemental ratios of aggregate (A) with various amounts of w/c contents at 80 ºC. 

Water/cement Ca/Si (Na+K)/Si 

0.4 0.58 0.97 

0.5 0.12 0.11 

0.6 0.08 0.26 

The elemental ratios indicates that when the amount of water /cement content increased, 

the amorphous gel contain higher silica and less amount of calcium and other alkalis 

(potassium and sodium).  

4.2.6  SEM/EDX-Results of Aggregate (B) at Different W/C Ratios and 80○C 

Curing Temperature 

The following SEM images show the effect of ASR of sample made from aggregate 

(B), and various water/cement contents (0.4, 0.5, and 0.6). Samples cured under a 

temperature of 80°C for 28 days and soaked in NaOH solution. At the end of the test 

duration, SEM images were taken, and EDX map spectra used to show the chemical 

elements that results from the presence of different water/cement ratios. 

 
 

 

Figure 4.60 SEM image of aggregate (B) at w/c: 0.4 with a curing temperature of 80○C. 

 

Figure (4.60) shows massive alkali gel formed on the surface of mortar paste, with 

high formation of ettringite and cracks near aggregates. 

Crack with ASR gel 

ASR gel 
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Figure 4.61 Close section of mortar paste surface of aggregate (B) at w/c: 0.4 and 80○C. 

 
 

Figure 4.61 shows a close section from Figure 4.60 with different resolution. The 

image provides the surface of cement mortar paste covered with calcium hydroxide, 

and ettringite. Also, the surface to porous shape of the surface. 

When the amount of water cement content increased to 0.5, the surface shape of 

cement mortar paste appears as figure below (Figure 4.62). Where a massive crack 

filled with ASR gel and formed near aggregate particles. 

 
 

 

Figure 4.62 SEM image of aggregate (B) at w/c: 0.5 with a curing temperature of 80○C. 

Figure (4.63) belongs to the same sample above, but it had different resolution. The 

figure shows a formation of ettringite on aggregate grains, with high amount of 

Crack 
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calcium oxide. The ettringites has two shapes as shown either individual long needles 

(1), or bundles with long needles (2). 

 

 

Figure 4.63 SEM image shows ettringite shape at w/c: 0.5 with a curing temperature of 80○C. 

 
 
 

 

Figure 4.64 SEM image shows aggregate (B) surface at w/c: 0.6 with curing temperature of 80○C. 

 
Figure 4.64 shows the performance of ASR at 0.6 water/cement content and 80○C, 

where a massive gel has covered the mortar paste. Also, most of ASR products covered 

the whole specimen surface.  

Figure 4.65 had a close resolution of (10 µm), to illustrate the resulted ASR products, 

which were excessive formation of calcium oxide (CaO), with jennite. Other SEM 

1 

2 
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image was taken with different resolution to describe the manifestation of destruction 

on the outer surface of the specimen, as illustrated in Figure 4.66. 

 

Figure 4.65 SEM image shows an excessive formation of jennite on aggregate (B) surface at w/c: 0.6 

and 80○C. 

 

 

Figure 4.66 SEM image shows delayed ettringite formation (1), cracks with ASR gel (2), spherical air 

voids (3), voids filled with ASR gel (4). 

Figure (4.66) illustrates the external surface of the specimen with a resolution of 2.00 

(µm), the image shows a formation of delayed ettringite (DEF). 

Through comparing the previous SEM images that contain of different water/cement 

ratios, the impact of alkali silica reaction was shown by high formation of calcium 

oxide, silicon dioxide, and jennite, these products were increased by increasing the 

amount of water cement contents. Also, most of the reaction products distributed over 

jennite 

CaO 

1 

3 

4 

2 
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the inner surface, and formed on aggregate particles. The following (EDX) results, 

provides the chemical elements that resulted from the ASR, under the effect of 80○C, 

and various amounts of water cement contents (0.4, 0.5, and 0.6), for samples prepared 

from aggregate (B). 

a) 

 

b) 

 

c) 

 
 
Figure 4.67 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with map sum 

spectrum of aggregate (B) at w/c: 0.4 and 80○C 

In Figure 4.67, the element ratios indicate extensive formation of calcium around the 

cracks, as seen in EDS layered image, while obvious formation of aluminum and 

Spot (1) 
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sodium was concentrate mainly at spot (1). Moreover, the concentrations of aluminum 

and sodium were similar, while potassium concertation was the lowest as shown in 

map spectra.  

a) 

 

b) 

 

c) 

 
 

Figure 4.68 EDX results, a) electron image, b) EDS layered image,  c) elemental ratios with map sum 

spectrum of aggregate (B) at w/c: 0.5 and of 80○C. 

 

Figure 4.68 shows the distribution and concentration of the elements when the ratio of 

w/c is expand to 0.5. The results show a high concentration of calcium on the micro-
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surface of mortar paste with a percent concentration of 24.9%, while the lowest 

formation is for potassium with a percent concentration of 0.4%. 

 

a) 

 

b) 

 

c) 

 

 

 
Figure 4.69 EDX results, a) electron image, b) EDS layered image, c) elemental ratios with map sum 

spectrum of aggregate (B) at w/c: 0.6 and 80○C. 

In Figure 4.68, the concentration of the resulting elements at 0.6 w/c, was 31.4% for 

calcium, then a concentration gap was occurred between calcium and other elements 

such as, silicate, sodium, aluminum, and potassium. However, the concertation of other 
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elements did not exceed the percentage of 10%. Table 4.7 shows the chemical elements 

ratios that formed from aggregate (B) at a curing temperature of 80°C, with different 

water/cement ratios.  

        Table 4.7 Elemental ratios of aggregate (B) with various amounts of w/c ratios at 80ºC. 

Water/cement Ca/Si (Na+K)/Si 

0.4 2.28 0.24 

0.5 1.61 0.36 

0.6 3.17 0.3 

 
 
According to the table above the Ca/Si ratio indicated to increasing of calcium element, 

with increasing the amount of w/c ratio to the mixture. Also, the ratio of alkalis raised 

by enlarged the amount of w/c ratio to the mixture, while the formation of silicate 

decreases. 

4.3  Discussion  

This section focuses on the results found by the accelerated mortar bar method 

(AMBT), and scanning electron microscopy with energy dispersive x-rays (SEM 

/EDX). In the first part of the discussion, the response of aggregates is studied in terms 

of expansion percentage under the effect of test conditions. The subsequent part 

analyzes how the test conditions affect the microstructure of the tested samples. In 

order to asses the potential reactivity aggregates tested, different curing temperatures 

and water/cement ratio were used in this investigation. 

4.3.1 Accelerated Mortar Bar Method (AMBT) 

In the first group, the effect of ASR of aggregates was tested at a curing temperature 

of 40ºC, and water/cement ratios of 0.4, 0.5, and 0.6. The results exhibited that the 

expansion values of aggregates at 0.4, 0.5 and 0.6 w/c, respectively, were 0.013%, 

0.019%, and 0.024% for aggregate (A) and 0.018%, 0.015%, 0.019% for aggregate 

(B). Based on ASTM C 1260’s deleterious expansion limit, 0.1%, the aggregate did 

not produce harmful expansion at 40ºC. 

Previous study confirmed that the effect of alkali silica reaction at low temperatures is 

not harmful [85]. The reactivity of the tested aggregates in Figure (4.4) confirms this 

statement. Also, the different water/cement ratios at 40ºC had a minor effect on 
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increasing the expansion values. The reason for the lack of reactivity at this stage of 

the test is due to the limitation of the alkali gel, where the gel hinders seepage from 

the pore structure because the viscosity of the gel is high [79].   

At a temperature of 60ºC, the expansion of samples begins to increase gradually with 

the amount of water/cement ratio increases. At first, when the w/c content was 0.4, the 

expansion percentage of aggregate (A) was 0.043%, and 0.078%, according to ASTM 

C 1260’s the reactivity of tested aggregate was harmless. Then when the amount of 

water/cement contents raised to 0.5, the expansion values increased to be 0.1% for 

aggregate (A), and 0.137% of aggregate (B), based on the standard, the tested 

aggregates had deleterious effect. In Figure (4.7), the expansion values at 0.6 w/c were 

higher than 0.1% and were considered harmful. 

Comparing the expansion results at w/c of 0.4 and 0.5, the reactivity of aggregate (B) 

was higher than aggregate (A), but when the water/cement ratio enlarged to 0.6, the 

opposite has occurred, especially for the final expansion values (See Figure 4.8). 

Previous study indicate that there is no relationship between the final expansion and 

temperature [78]. While other study state that high temperatures causes to leach the 

alkalis in quick form, and that leads to consume the amount of alkalis from pore 

solutions, and that explains the lower final expansions by time [77].  

On a temperature of 80ºC, the expansion values of tested aggregates exceeds the limit 

of 0.2%, and relied on the standard the aggregates were highly deleterious.  Some 

explanations detect that reactive aggregates have the ability to absorb water, and the 

absorption rate depends on the amount of water they contain [75]. Which explains the 

increasing in expansion rate of the samples as water/cement content increases at 80ºC. 

The expansion values at 0.4, 0.5, and 0.6 water/cement content were 0.178%, 0.180%, 

and 0.22% for aggregate (A), and 0.219%, 0.223%, and 0.226% for aggregate (B). The 

reactivity of aggregate (B) was higher than aggregates (A).  

 

4.3.2 Scanning Electron Microscopy with Energy Dispersive and X-Ray 

(SEM/EDX) 

First, the SEM /EDX analysis was performed to observe the effects of different 

water/cement contents on the cement mortar at different curing temperatures of 40ºC, 

60ºC and 80ºC. This investigation was carried out for both types of aggregates, and 
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the results were recorded and analyzed.  At a curing temperature of 40ºC, the SEM 

images of aggregate (A and B) at w/c: 0.4 showed hydration products such as: calcium 

hydrate (CH), friedel’s salt, and primary ettringite, in addition to the formation of 

monosulfo-aluminate on the specimen made from aggregate (B). Moreover, the 

distribution of hydration products was homogenous, as showed in Figure (4.16). The 

reason of homogenous distribution related to the development of dense layer of C-S-

H, when the amount of water/cement content is low, which causes a well-organization 

of hydration products [73]. When the amount of water/cement ratio increased to 0.5, 

the formation of ettringite in the specimens prepared from aggregate (A and B) 

increased, and the ettringite has formed in short rods, but in the specimen prepared 

form aggregate (B), hemi carbo-aluminate (HC) was also formed (See Figure 4.24). 

When the water/cement content was 0.6, a poor features of ASR appeared in the form 

of excessive ettringite formation on the interior surface of the specimens made from 

aggregate (A and B). In addition, secondary ettringite was formed on the specimen 

made from aggregate (B), as showed in Figure 4.25. It was found that the formation of 

secondary ettringite (SE) has no harmful effect and does not contribute in the 

expansion [41].  

At curing temperature of 60ºC, the effect of ASR start to appear clearly on mortar 

paste. The results showed significant amount of ettringite with needle shape formed 

on the mortar paste, and increased by increases the amount of water/cement ratio. 

Previous study confirmed that the fast crystallizing of hydration products in short time 

leads to form fibers with long needles [30].  

For aggregate (A) at 0.4 w/c, the ettringite was shaped in a bundles. The formation of 

ettringite in bundles, related to the growth of ASR. [40]. At 0.5 w/c, portlandite and 

silicon dioxide has appeared intensively (See Figure 4.33), and when the amount of 

w/c increased to 0.6, a massive crack was observed. For aggregate (B) at w/c of 0.4, 

blade shape of ettringite was formed in addition to the formation of columnar ettringite.  

Also, high formation of ettringite, portlandite, and bentonite on the surface of mortar 

cement paste were observed at 0.5 w/c. It’s important to mention that the formation of 

bentonite caused from high alkali region. However, at w/c: 0.6 massive gel was formed 

on mortar-paste surface, as showed in Figure 4.45. 
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At a temperature of 80ºC, the reactivity of ASR showed in spherical voids, and 

irregular massive cracks formed close to aggregate particles, which increase by 

water/cement ratios. The appearance of theses massive cracks, refers to the pressure 

that causes by water evaporation due to the high temperature, which leads to the 

destructive in pore walls collapse [84]. Where a previous study showed that the cracks 

that pass through cement paste and around aggregate contain higher amount of calcium 

compared with silica, and these cracks formed by the swelling of alkali gel [101]. The 

SEM images of the specimens made from aggregate (A) at 0.4 w/c showed two types 

of ettringite formation, first type was ettringite with short rods, and the second type 

was bands of ettringite with needle-shape. Also, there was a clear formation of calcium 

oxide when the w/c increased to 0.5, in addition to the formation of massive crack, as 

showed in Figure 4.54. When the value of water/cement content increased to 0.6, 

massive gel with excessive formation of calcium oxide were formed, as illustrated in 

Figure 4.55 and Figure 4.56. For aggregate (B) at 0.4 w/c, the surface of mortar paste 

has a porous shape, and covered with calcium hydroxide Ca(OH)2, and ettringite with 

long needle shape (See Figure 4.61), but when w/c was 0.5 a deleterious massive crack 

was formed, and filled with ASR gel. The excessive formation of calcium oxide and 

massive cracks were detected when the w/c raised 0.6, the formation of calcium oxide 

increases with increasing water/cement ratio. A previous study explained that the 

formation of calcium oxide is formed through the disbanding of portlandite under the 

effect of high temperatures [84]. Additionally to the appearance of delayed ettringite 

(See Figure 4.66). The fast growth of ettringite under high curing temperature, leads 

to initial deterioration of sample microstructure, and this case is called delayed 

ettringite formation (DEF) [70].   

Previous study confirmed that the ratio of (Ca/Si) determine some minerals, such as 

tobermorite and jennite. When the ratio range between (0.83 - 1.5) tobermorite 

appears, and when the ratio exceed 1.5, jennite appears [37]. Also, the amount of 

calcium silica ratio gives an indication of alkaline gel texture. For example, when the 

amount of (Ca/Si) is 0.4, the texture displays in rosette crystal gel, and its caused after 

84 hour of test duration [43]. Other study mention that when the amount of (Ca/Si) 

range from 0.82 to 1.2, spongy gel formed, and when the ratio range from 0.55 to 0.61, 

a massive gel formed [43]. In this study the ratio of (Ca/Si) at 40ºC, of the specimens 
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prepared of aggregate (A) were 0.14, 2.91, and 1.35, and for aggregates (B) were 0.26, 

3.21, and 0.83. A rosette shape of alkali gel appeared on aggregates (B), at 0.5 w/c 

(See Figure 4.26). The reason for these variations in Ca/Si ratios, related that these 

samples were taken from different locations. For clarification, the concentricity of 

chemical elements in the middle of the sample is different from its edges. However, 

the ratios of Ca/Si increased by increasing the amount of water cement ratios. 

At 60ºC, when water/cement ratios were 0.4, 0.5, and 0.6, respectively, the ratios of 

Ca/Si were 0.24, 0.67 and 2.39 of aggregates (A), and for aggregates (B) were 0.72, 

0.1 and 0.13. The results found that when the amount of water /cement content 

increased, the ratio of Ca/Si increased. Also, the higher ratio of Ca/Si indicates to high 

formation of calcium, while low ratios of Ca/Si shows high formation of silica. The 

variation of these ratios was related to SEM images were taken from different 

locations, as explained before. The exudation of alkali gel continued when the w/c 

increased, caused to form a spongy gel, and massive gel, as shown in SEM images 

(Figure 4.32, Figure 4.42, and Figure 4.45). Spongy gel leads to deterioration to the 

inner structure of the sample, the deterioration demonstrated by SEM images, as cracks 

partially filled of ASR gel, and  the width of the cracks increased by increases the 

amount of water/cement ratio, while the orientation of cracks were intensively 

distributed on the surface of mortar-paste and near the aggregate particles. It was 

revealed that the cracks that appeared near the aggregate particles, reflected a high 

level of amorphous gel with a small amount of calcium ions inside. This case occurred 

only when the expansion caused by ASR was harmful [97]. Moreover, in the samples 

that prepared from aggregates (B), when water cement/ratio was 0.4w/c, tobermorite 

has appeared as showed in Figure 4.41, and when the water/cement content raised to 

0.6w/c, jennite has formed ( See Figure 4.46). At 80ºC, the ratios of Ca/Si of aggregate 

(A) were 0.58, 0.12, and 0.08 (when water/cement contents were 0.4, 0.5, and 0.6, 

respectively). For aggregate (B), the ratios of Ca/Si were 2.88, 1.61, and 3.17.  The 

variation of these values was explained before. However, these results indicate to high 

formation of jennite minerals as showed in Figure 4.65.  

The following table (Table 4.8) describes the influence of ASR on mortar-paste 

samples, under the effect of numerous ratios of water/cement contents and curing 

temperatures. 
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Table 4.8 Description of ASR products at (0.4, 0.5 and 0.6) w/c with 40ºC, 60ºC, and 80ºC. 

Curing 

temperature 

Fiber’s 

description 

Hydration 

products 

Alkali gel 

morphology 

Crack 

statement 

4
0
  
ºC

 

Short fibers 

1-Calcium hydrate 

(CH) 

Foliated gel 

 

Micro-cracks 

distributed 

through 

cement paste. 

2-Friedel's salt (FS) 

3- Hemi carbo 

aluminate (HC) 

4- primary ettringite 

6
0
  
ºC

 

Long 

needles 
1- Silicon dioxide 

 

Spongy gel 

Micro-cracks 

throughout 

cement paste, 

expansive 

cracks around 

aggregate 

grain. 

Columnar 

ettringite 

 

3- Portlandite 

4- Bentonite 

5- Tobermorite 

8
0
  
ºC

 

 

Very long 

needles 

 

1-Calcium oxide 

(CaO) 

 

Massive gel 

Expansive 

cracks inside 

cement paste 

and near 

aggregate 

particles. 

2- Jennite 

 

3- Excessive 

formation of 

ettringite covering 

the cement paste 

surface (DEF) 
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CHAPTER 5 

CONCLUSION 

The main goal of this experimental study was to exposing the two types of aggregates 

(A and B) to altered curing temperatures of 40°C, 60°C, and 80°C, and various 

amounts of water/cement ratios (0.4, 0.5, and 0.6), for investigate the effect of ASR 

on tested aggregates under these conditions. In addition to performing SEM /EDX 

analysis to detect the reaction products. Where the study yielded on the following 

results. 

 The ASR expansion at temperature 40°C was negligible and the expansion of 

mortar bars was insignificant. Also, the water/cement ratios had minor effect 

on ASR expansion at 40°C. 

 The temperature effect on ASR expansion was seen at 60°C, and the 

deleterious effects of ASR occurred with an increase in water/cement ratio on 

the expansion curves at this temperature. 

 The findings demonstrated a positive relationship between the increase in 

curing temperature with water/cement ratios, and expansion of the specimens. 

 At 40 ºC the distributions of hydration products in SEM images were 

homogenous. 

 Ettringite with needle-shape has formed in intensive form when the curing 

temperature were 60 ºC and 80 ºC. Where the length of ettringite (needle-

shape) and the diameter depends on the water absorption. If the amount of 

absorbed water increases at high temperatures, the needle becomes longer, and 

the diameter becomes smaller. 

 Most of ASR products changed from foils to fibrils with heterogeneous 

distribution, especially at 60 ºC and 80 ºC.  

 New minerals were formed at 60ºC and 80 ºC, which were tobermorite, and 

jennite. 
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 When the temperature exceeds 60ºC, high formation of calcium oxide 

produced as a result of portlandite dissolution, in addition to delayed ettringite 

formation. 

 The alkali gel texture and type depends mainly on curing temperature. The 

SEM images showed a foliated gel at 40ºC, spongy gel at 60ºC, and when the 

curing temperature raised to 80ºC massive gel has formed. 

 The amount of initial products such as, calcium hydrate, friedel salt, primary 

ettringite, and C-S-H, was higher than that of external products (alkali gel) at 

low temperature, and the reverse was true at high temperature. This explains 

the uniform distribution of the initial products at low temperature, and the 

heterogeneous distribution of the outer products at high temperature. 
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RECOMMENDATION 

  

ASTM C 1260 utilizes 0.47w/c and curing temperature of 80ºC. Based on the results 

of this limited study, it is recommended to modify the water to cement ratio as 0.5, and 

the curing temperature to 60 ºC.    
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