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ABSTRACT  

Over the last decades, researchers have proposed a number of tools for the condition assessment of concrete 

infrastructure affected by alkali-silica reaction (ASR). Amongst those, increasing attention has been given 

to the Stiffness Damage Test (SDT), Damage Rating Index (DRI), and Residual Expansion (RE) laboratory 

test procedures that aim to determine the cause and extent (i.e., diagnosis) of damage along with the 

potential of further deterioration (i.e., prognosis) of affected concrete. Yet, most of the data gathered so far 

while using the aforementioned tools has been obtained on laboratory test specimens presenting distinct 

conditions from affected structural members in the field, especially regarding restraint effects. This work 

aims to understand the impact of restraint on ASR-induced expansion and damage. Thirty-two 450 mm by 

450 mm by 675 mm concrete blocks with various reinforcement configurations (i.e., unreinforced, 1D and 

2D reinforcement) and incorporating highly reactive coarse and fine aggregates (i.e., Springhill coarse and 

Texas sand) were manufactured and stored in conditions enabling ASR-induced development (i.e., 38°C 

and 100 R.H). Two expansion levels were selected for analysis (i.e., 0.08% and 0.15%); once reached, cores 

were extracted from three different directions (i.e., longitudinal, transversal and vertical) of all blocks and 

mechanical (i.e., SDT and compressive strength), microscopic (i.e., DRI, scanning electron microscope, 

etc.) and expansion (i.e., RE) test procedures were conducted on the concrete cores. Results suggest that 

the presence of restraint influences the induced expansion, resulting in an anisotropic response of the 

specimens. Furthermore, similar to the expansion behavior, an anisotropic distribution of induced damage 

and mechanical properties reduction are observed for the restrained concrete blocks in which the restraint 

configuration seems to significantly affect ASR-induced damage development and features. This led to the 

observation of a higher number of damage features, ASR development and mechanical properties reduction 

in cores obtained from unrestrained directions. Yet, some anticipated results from the current research will 

be studied in detail in the near future where the reliability of the existing techniques (i.e., residual expansion 

and soluble alkalis) for appraising ASR potential for further induced development and distress (i.e., 

prognosis) in affected concrete presenting distinct restraint scenarios will be evaluated.  

Keywords: alkali- Silica reaction (ASR), damage rating index, stiffness damage test, residual expansion, 

restraint effects.
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FOREWORD 

This PhD thesis presents and evaluates the results of a comprehensive investigation performed by the author 

on laboratory-made concrete specimens displaying various restraint configurations. The main goal of this 

study is to perform an in-depth assessment of the multi-level assessment, combining microscopic (i.e., 

Damage Rating Index) and mechanical (i.e., Stiffness Damage Test) techniques for improving the current 

understanding of the impact of reinforcement (e.g., restraint) on ASR physicochemical development and 

ultimately on the multi-level assessment outcomes. 

This work is divided into a number of sections, with the core of the document corresponding to five 

scientific papers covering specific but complementary themes of the research. In order to make the content 

of this paper-based PhD thesis clearer to readers, initially section 1 introduces the global context and the 

structure of this document. A brief literature review of the current state-of art on the diagnosis and prognosis 

of ASR affected unrestrained and reinforced concrete elements is presented in section 2. Next section 

(section 3) displays a problem statement and the objectives of the study. The following section (section 4) 

gives a summary of the global experimental program proposed to achieve the above objectives, which is 

followed by a summary of the scope and technical content of the five scientific papers (section 5). Later, 

after conducting all required testing procedures and analyzing their results, the draft of five scientific papers 

are presented in sections 6 to 10. It is worth noting that the following papers have currently been 

submitted/published: a) first paper (Microscopic Assessment of ASR-Affected Concrete Under Restraint 

Conditions) has been peer-reviewed and published (April 2021) in Cement and Concrete Research Journal 

(Volume 145, pp.106456); b) second paper (Evaluation of the induced mechanical deterioration of alkali-

silica reaction affected concrete under distinct restraint conditions through the Stiffness Damage Test) has 

been peer-reviewed and published (November 2021) in Cement and Concrete Composites Journal (Volume 

126, pp.104343); c) third paper (Overall Assessment of Alkali-Silica Reaction Affected Concrete Under 

Restraint Conditions: Reactive Sand Versus Reactive Coarse Aggregate) has been submitted to the journal 

of Cement and Concrete Research and it is currently under evaluation; d) fourth paper (Improving the 

Knowledge of Visual Inspection on ASR Affected Concrete Under Various Restraint Conditions) has been 

submitted to the journal of Construction and Building Materials. The fifth and last paper is anticipated to 

be submitted over the fall 2021 to the journal Cement and Concrete Research. 

Finally, based on the results gathered in this work, a series of future works, scientific contributions as along 

with conclusions and recommendations were prepared and are presented in sections 11, 12 and 13 of this 

document, respectively.  
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1. INTRODUCTION  

Alkali -aggregate reaction (AAR), a chemical reaction between certain mineral phases from the aggregates 

and the alkali hydroxides from the pore solution of concrete, is one of the most important distress 

mechanisms affecting concrete infrastructure around the world [1]. AAR is generally divided into two main 

reaction types: Alkali-Silica Reaction (ASR) and Alkali-Carbonate Reaction (ACR). ASR is undoubtedly 

the most common reaction type identified worldwide and is the deterioration mechanism selected for this 

research. Over the past decades, a number of test protocols and recommendations have been developed, 

including a variety of laboratory test procedures to appraise the potential alkali reactivity of aggregates and 

the validity of preventive measures such as controlling the concrete alkali content, using supplementary 

cementitious materials (SCMs), etc., before their use in concrete. Currently, most researchers agree that, in 

general, building concrete infrastructure with low risk of ASR is possible. However, there is still no general 

agreement on the implementation of effective methods to mitigate ASR-affected structures in the field.  

Several test protocols have been developed/optimized to assess the condition of critical infrastructure to 

determine the cause and extent of damage (i.e., diagnosis) and the potential of further distress (i.e., 

prognosis) of ASR-affected concrete. Those are critical steps in optimizing the rehabilitation methods and 

efficient application periods for ASR-affected concrete infrastructure. Amongst the proposed techniques, 

the multi-level assessment conducted through the use of the Stiffness Damage Test (SDT) and the Damage 

Rating Index (DRI) (respectively mechanical and microscopic procedures) showed to be quite suitable to 

appraise ASR-induced expansion and deterioration in concrete under unrestrained (i.e., free expansion) 

conditions [2,3] which does not reflect the real scenario of reinforced concrete members in the field [4,5].  

Moreover, the use of Residual Expansion (RE) test methods has been widely used to investigate the 

potential of further deterioration of ASR-affected structures with more or less efficiency, depending on the 

structure type and condition [6]. Although few recent works have suggested the efficiency of the multi-

level assessment and RE methods to appraise the condition of affected aging infrastructure [7ï10], there is 

currently a lack of ñquantitativeò information on the effects of confinement (e.g., reinforcement) on ASR-

induced physicomechanical development (i.e., kinetics and induced expansion, damage generation and 

propagation, crack pattern and orientation) and ultimately on the multi-level and RE outcomes. Therefore, 

this study aims to focus on a detailed laboratory investigation to assess the current and future condition of 

ASR-affected concrete blocks incorporating different reactive aggregate types (i.e., fine and coarse), 

displaying distinct reinforcement configurations (i.e., none, 1D and 2D) and expansion levels (i.e., 0.08% 

and 0.15%) through the use of the multi-level and RE test protocols. It is worth noting that the word 

ñconfinementò is defined in this work as any restraint provided by the reinforcement bars to ASR-induced 

development in a given direction.  
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2. LITERATURE REVIEW  

2.1 ASR distress mechanism in concrete under free expansion 

ASR is a complex physicochemical reaction between the alkali hydroxides (i.e., Na+, K+, OH-) from the 

concrete pore solution and certain unstable mineral phases found in the aggregates used to make concrete; 

ASR produces a secondary reaction product (ASR gel) that swells upon moisture uptake, leading to 

expansion and cracking of the affected material [1ï3]. ASR-induced expansion generates tensile stresses 

within the reactive aggregate particles along with compressive stresses at the particlesô edges [4,5]. Hence, 

ASR cracks are initially generated within the aggregate particles and propagate to the cement paste with 

the increase in induced expansion [6,7]. Moreover, the ITZ often remains intact during ASR development, 

except in locations close to the radial cracks formed within the particles (Figure 1) [8,9]. The degree of 

deterioration of ASR-affected concrete is normally expressed by its level of expansion; although the 

relationship between expansion and deterioration is not necessarily linear, it is anticipated that the higher 

the expansion level, the higher the overall deterioration (i.e., loss of mechanical properties, physical 

integrity and stiffness) of affected concrete [10,11]. 

A) B) 

 

Figure 1: Signatures of concrete damage due to alkaliïsilica reaction (ASR): A) a model and B) 2 mm size aggregate 

under thin section microscopy [6] (Reproduced with permission of Elsevier). 

Regardless of the aggregate type, Sanchez et. al. [12] developed a qualitative and descriptive model to 

describe ASR-induced damage generation and propagation under unrestrained conditions (Figure 2) [12]. 

At low expansion levels (e.g., 0.05%), sharp and onion skin type cracks (represented by A and B in Figure 

2, respectively) are generated within the reactive aggregate particles. As the reaction progresses, not only 

are new cracks formed in the aggregate particles but, more importantly, the previously developed cracks 

increase in length and width and may even begin to slightly extend into the cement paste at moderate 

expansion levels (e.g., 0.12%) [13,14]. As ASR continues to further develop, the previously formed cracks 

reach the cement paste at both ends of the aggregate (e.g., 0.20% of expansion), which drastically impacts 
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the physical integrity and mechanical properties of the affected material [10]. Finally, at very high 

expansion levels (e.g., 0.30%), cracks developed at distinct aggregate particles start linking together, which 

creates an important crack network in the affected concrete, thus further reducing its durability and 

mechanical properties [12]. Although the aforementioned model was shown to be quite accurate to describe 

ASR-induced damage development under free expansion, its suitability to describe ASR-induced damage 

generation and propagation under restrained conditions is still unknown and should be further investigated. 

 

Figure 2: Qualitative model of crack propagation in ASR-affected concrete [12] (Reproduced with permission of 

Elsevier). 

2.1.1 ASR gel production 

Recently, several studies have been conducted to simplify the mechanism of ASR and explain the 

fundamentals of this reaction (e.g., [15ï18]), where they commonly agreed that the reactive aggregate is 

simply represented by their metastable silica components (SiO2). According to Varsheneya and Mauro [19], 

the interior part of the latter are mainly composed of a network of tetrahedral SiO2 with one silicon atom is 

surrounded by four Oxygen atoms which are connected by the Oxygen vertices to form siloxane (ſSiïOï

Siſ) bonds (ñſò indicate that each Si atom is connected to 3 other oxygen atoms). The exterior part of the 

abovementioned network ends with either Si+ or O- ions which cause siliceous material to be unstable 

[20,21], in which the hydrolysis takes place on the surface when such unstable material is exposed to water 

as per reaction 1[21]. Later, the siloxane bonds have been progressively attacked by the hydroxyl ions (OH-

) in an alkaline environment of pore solution to dissolve silica and form Si(OH)4 following reaction 2 and 

as per Figure 3 [16,20,21].  

ḳὛὭȟḳὛὭὕ Ὄὕᴾ ςḳὛὭὕὌ  Reaction  1 

ḳὛὭὕὌ σὕὌ ᴾ ὛὭὕὌ  Reaction  2 
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Figure 3: schematic diagram of silica structure that has undergone surface hydrolysis [21]. 

Hereafter, the alkali ions from the cement paste could replace hydrogen in ὛὭὕὌ  as per reaction 3 which 

is typically known as ion exchange, where A stands for alkalis (i.e., Na and K): 

ὛὭὕὌ ὃ ᴾ ὕὌ ḳ3Éὕ ὃ Ὄ  Reaction  3 

Subsequently, the products of reaction 3 join together and undergo the condensation process as per reaction 

4 and form nano-colloidal silica sol. This step is a very time-consuming process at high pH, since one of 

those reactants needs to donate one OH-, which is a huge barrier due to the high concentration of hydroxyl 

ions in the aqueous solution.  

 ς ὕὌ ḳ3Éὕ ὃ ᴾ ς ὕὌ ḳ3Éὕ ὃ Ὄὕ Reaction  4 

Lastly, the silica gel with a three-dimensional network could be formed through the polymerization process, 

however the presence of alkali ions would reduce the kinetics of condensation and polymerization. 

Conversely, the presence of calcium could significantly increase the kinetics of the condensation and 

polymerization of the silica species [22]; calcium from the pore solution could replace alkalis incorporated 

in silica gel which recycled the alkali ions back into the concrete pore solution and thus maintain a high pH 

in the latter [23], as per reaction 5. According to Rajabipour et al. [16], the final product of reaction 5 could 

be alternatively written as H6CaSi2O8 or CS2H3 in cement chemistry notation.  

ς ὕὌ ḳ3Éὕ  ὅὥ ᴾ ὕὌ ḳ3Éὕ #Á/ 3Éḳ ὕὌ  Reaction  5 
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Unlike the several studies conducted on the effect of calcium on ASR gel, there is still no agreement 

amongst researchers on the exact role of calcium in suppressing or escalating ASR deterioration [24]. On 

one hand, several authors suggested the essentiality of calcium for the formation of the ASR gel; the 

presence of calcium is necessary for the alkali silicate species condensation which leads to the gelation 

[25,26]. On the other hand, a few works observed the mitigation nature of calcium where a calcium-rich 

gel could be considered as non-swelling gel [24,27,28]. This clearly suggests that the mere presence of ASR 

gel does not always result in concrete deterioration; according to Kawamura and Iwahori [29], the different 

chemical compositions of ASR product can play an important role for the latter to be considered deleterious 

or innocuous.  

2.1.2 Characteristics of ASR gel 

ASR gel has a general composition of (SiO2)·(Na2O)n·(K2O)k·(CaO)c·(H2O)x, known as alkaliïcalciumï

silicateïhydrate [30ï34] (Figure 4). Although ASR gel consists of various chemical elements, the most 

important compositional parameters of an ASR gel are the atomic ratios of Ca/Si, K/Si, Na/Si and (Na + 

K)/Si, as per several authors (e.g., [7,31,35]). After reviewing several available literatures on the 

composition of ASR gel obtained from the laboratory made concrete/mortar specimens (e.g., [35ï38]) as 

well as those retrieved from the real structures (e.g., [36,39ï43]), the author concluded that the chemical 

composition of ASR gel in most of the studies comprise as follow: 0 < Na/Si < 0.55, 0 < K/Si < 0.45, 0 < 

Ca/Si < 1.2,  , 0.1 < (Na + K)/Si < 1.2. Such a wide range of chemical compositions of ASR gel could 

clearly confirm that those ASR products with only certain compositions can be considered deleterious while 

other compositions might be innocuous. A deleterious gel is the one that has a high hydrophilic potential 

as well as a high free and restrained swelling capacity [32,33,44]. The free swelling capacity of ASR gel is 

the ability of the latter to swell when there is no resistance against its expansion, while the restrained 

swelling capacity is a measure of how much confining pressure the gel could withstand prior to flowing 

into adjacent capillary pores and microcracks of the surrounding paste [32,33,44]. As per Gholizadeh et al. 

[31ï33], those hydrophile and expansive ASR gels, and at the same time have a high viscosity could be 

considered as the most deleterious ASR product [31ï33]. Prezzi et al. [45] described the role of monovalent 

(i.e., Na+ and K+) and divalent (i.e., Ca 2+ and Mg2+) cations on the swelling behavior of ASR gel through 

the use of electric double-layer theory. The authors [45] suggested that relatively high swelling pressures 

in ASR gel can be observed after a diffuse layer containing monovalent cations offsets the negative charges 

on silica particles. Otherwise,  Kawamura et al. [29] and Gholizadeh et al. [32] observed that a diluted ASR 

gel contained a high amount of alkali could expand freely, yet they might not be able to impose deleterious 

pressure to its surrounding environment because of slightly low viscosity which make them flow easily and 

relieve their stress.  
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Figure 4: Schematic molecular model of a typical alkali-silica reaction gel [46] (Reproduced with permission of 

Elsevier). 

Viscosity is the most important rheological property of ASR gel [32]; viscosity is generally known as the 

internal resistance of a fluid to flow [47]. Previously, several computer models have been developed for 

simulating the kinetics and mechanisms of ASR expansion [48ï51]. Most of those assumed that ASR gel 

is a Newtonian fluid that could flow immediately upon formation into the bulk cement paste in the close 

vicinity of the aggregate particles. However, as per Gholizadeh et al. [32], ASR gel is deemed to display a 

non-Newtonian yield stress behavior where the latter showed an elastic behavior until the stress exceeds a 

certain limit. A direct way to measure the yield stress and thus the viscosity of ASR gel obtained from real 

concrete structures as well as laboratory made specimens has not yet been found, therefore, researchers 

intended to use synthesized ASR products which have been proved to have an identical molecular and 

nanoscale structures as the one retrieved from in-service concrete [52]. The studies on the synthesized gels 

with various chemical compositions, once again attested that monovalent and divalent cations are playing 

a crucial role in the various rheological properties of those gels [21,31,33]. As such Rajabipour et al. [16], 

suggested that increasing trend of calcium in ASR gels may increase the viscosity and yield strength of 

those gels. 

The above information clearly confirms the effects of chemical composition and their molar ratio (primarily 

Ca/Si and Na or K/Si) on the rheological (e.g., yield stress) and swelling properties of ASR gels. As such, 

Gholizadeh et al. [32] proposed that the gel having intermediate calcium and high sodium contents could 

represent an ASR gel with the highest swelling capacity. Likewise, such chemical composition and molar 

ratios could significantly change the mechanical properties of ASR gel [44,53]. As such, those gels with 
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lower calcium and higher alkali content (i.e., generally could be found in the center of aggregate particles 

with a crystalline structure [20,30,34,35,53]- Figure 5), showed to have significantly lower modulus of 

elasticity and hardness compared to those have higher calcium and lower alkali content (i.e., can be found 

either at the edge of the aggregate particles or cement paste with amorphous structure- Figure 5) [30,53]. 

Accordingly, Leemann et al. [30] observed that the modulus of elasticity and Vickers hardness of crystalline 

ASR gel are range from 9-11 GPa and 13-18, respectively, while those properties increase significantly for 

the amorphous product to maximum values of 45 GPa and 270, respectively. Moreover, after reviewing the 

available literature investigating the modulus of elasticity of ASR gel [30,38,43,53ï55], the authors 

observed a large variation among distinct works; while a range of 5-40 GPa was reported by Wu et al. [38] 

and Hu et al. [53], Zhang et al. [43] found that the modulus of elasticity of ASR gel is around 65 GPa. Such 

a huge variation in the modulus of elasticity of ASR gel could be attributed to the complex nanostructures 

of the latter (e.g., pores, defects, and cracks) or even the different testing procedures that they have used. 

 

Figure 5: ASR product morphology: a rosette-like (or plate-like) micro-texture in the center of reactive aggregate 

particles and amorphous structure at the edge of the aggregate particle [30] (Reproduced with permission of Elsevier). 

2.2 ASR effects on the mechanical properties of affected concrete under free expansion 

Conventional ñsoundò concrete is known to have a relatively high compressive strength and modulus of 

elasticity, yet a low tensile strength. However, the aforementioned mechanical properties may significantly 

change over time whether concrete is affected by damage mechanisms [10,11,56ï59]. Therefore, 

understanding the impact of deterioration mechanisms on the mechanical properties of affected concrete is 

crucial while assessing the condition of aging infrastructure [60].  

Research studies have shown a significant reduction of tensile strength (i.e., down to 65%- Figure 6A) and 

modulus of elasticity (i.e., down to 50%-Figure 6B) at low/moderate expansion levels (i.e., from 0.05% to 
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0.12%) in ASR-affected concrete [10]. Conversely, compressive strength only becomes significantly 

affected at high (i.e., 0.20%) or very high (i.e., 0.30%) expansion levels [1,10,58,61]. For instance, Esposito 

et. al. [59] and Ono [62] demonstrated that the reduction in compressive strength of ASR-affected concrete 

can be as high as 40ï60% at expansion levels higher than 0.30%. Conversely, other studies reported a 

limited impact of ASR on the compressive strength of affected concrete [16ï18]; this is attributed to the 

low reactivity of the aggregates used in the concrete mixtures which could likely not generate high levels 

of expansion [9]. 

The reduction of modulus of elasticity in ASR-affected concrete is influenced by the stiffness of the 

aggregate particles. ASR cracking is more likely to develop at the microscopic level within the aggregate 

particles; thus, stiffness reduction can be already observed at low expansion levels (i.e., 0.05%). Likewise, 

a significant reduction in tensile strength is verified at the early stages of ASR (i.e., from 0.05% to 0.12%) 

since porous media such as concrete are dependent on the existence and importance (i.e., size) of cracks as 

per fracture mechanics concepts. Thus, ñstress concentrationò peaks are developed at the tips of ASR-

induced cracks in affected concrete under tension, leading to crack propagation and eventually failure [10]. 

On the other hand, the mechanism of failure in compression is much more ductile, being characterized by 

the failure of the ñcement pasteò, where cracks are initially formed at the interfacial transition zone (ITZ) 

at distinct locations, propagating to the bulk cement paste and connecting to one another at later stages, 

causing instability and ultimately failure of the system [63]. Thus, since ASR-induced cracks are initially 

formed within the aggregate particles and only extend to the cement paste at later stages, ASR development 

causes a progressive compressive strength loss of affected concrete [10]. 
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A) 

 

B) 

 

Figure 6: Mechanical properties reduction of ASR affected concrete. A) Tensile Strength reduction B) Modulus of 

Elasticity reduction [10] (Reproduced with permission of Elsevier). 

2.3 Effects of confinement on ASR-induced expansion 

Although the vast majority of existing research on ASR has been performed using laboratory specimens 

under unrestrained (i.e., free expansion) conditions [10,56,61], a few works have been conducted to 

understand the effect of confinement on ASR-induced development. Some of these studies [64,65] observed 

no to negligible ASR-induced expansion in restrained directions; moreover, no transfer of induced 
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expansion and thus deterioration has been noticed to directions with less or no confinement [55,66]. 

However, according to Morenon et. al. [67] and Multon et. al. [68,69], the reduction of ASR-induced 

expansion in the confinement direction directly yields a transfer to unrestrained directions. The same 

observation has been made by a number of researchers [65,70ï74]. These conflicting results can be 

attributed to numerous reasons, such as the specimen size (i.e., scale effect), casting direction, confinement 

ratio and orientation [75]. Generally, it is agreed that confinement helps to mitigate ASR-induced expansion 

of affected concrete [68]; accordingly, it has been observed that restrainment may decrease from 15 to 70% 

ASR-induced expansion in the direction of confinement [67,68,73,74,76]. Therefore, such an expansion 

reduction in the restrained direction results in anisotropic development of ASR-induced damage; the higher 

the ASR-induced advancement, the higher the anisotropic behaviour [77]. The latter means that the use of 

an average induced expansion (i.e. average value from distinct directions) observed in concrete members 

with non-symmetrical reinforcement configurations is not appropriate for analysis in most cases [73ï75]. 

Moreover, anisotropy of ASR-affected restrained concrete could lead to major deformations [77]. As such, 

Allard et. al. [77] reported that heavily reinforced thick slabs displaying non-symmetrical configurations 

with a rectangular cross section deformed into trapezoidal sections after moderate to high (i.e., 0.20%) 

average ASR-induced expansion.  

The óóexpansion transferôô phenomenon was initially reported on uniaxial specimens with two unrestrained 

directions [78]. They performed ñthe classical analysisò on ASR-induced expansion measurements where 

the transfer of expansion from restrained to both stress-free directions are equal. Although ASR-induced 

expansion of specimens under 3D confinement is reduced [79], ñthe classical analysisò cannot point out 

conclusions about real ASR-induced expansion [80]. Therefore, to have a more reliable assessment, 

investigating the multiaxial stress state of affected concrete is essential. Accordingly, Multon and 

Toutlemonde [68] carried out the ASR expansion measurements on the axially loaded concrete specimens 

restrained by steel rings in the radial directions (Figure 7).  Although very promising, the specimens do not 

represent the real scenario of concrete under a multiaxial stress state, where the lateral confinement was 

only activated when concrete expanded laterally. Thus, the conclusion regarding the volumetric expansion 

may not be accurate and could not apply to concrete structures in which concrete has been subjected to 

stresses even before the reaction takes place [80]. 
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Figure 7: Scheme of Multonôs [68] tests [67] (Reproduced with permission of Elsevier).  

2.3.1 Effects of confinement on ASR-induced crack orientation and mechanical properties 

Although several studies have been carried out on the mechanical properties of ASR-affected unrestrained 

concrete [10,61], not many have considered the effects of confinement on the ASR-affected reinforced 

members [56,75]. Despite the fact that reinforcement could restrain the expansion caused by ASR, 

understanding of the effects of ASR on the structural behaviour of restrained concrete members is limited 

or often contradictory. Thus, improving the current knowledge on the rate of losses in mechanical properties 

is essential for a more reliable assessment of ASR-damaged concrete structures [81]. 

The progression and orientation of the induced cracks are significantly influenced by the boundary 

conditions and the reinforcement configuration of ASR-affected concrete structures/structural members. 

Confined reinforced concrete elastically restrained in the reinforcement direction causes tensile stresses in 

the reinforcement bars; thus, ASR-induced expansion is mostly suppressed in the main reinforcement 

direction [82]. Hence, most of ASR induced cracks in reinforced concrete members tend to be generated 

parallel to the main rebars [77,81ï83] as observed by Hansen et. al. [84] in laboratory and field structural 

members. 

Although limited, some works have addressed the effect of confinement on ASR-induced development and 

the reduction of mechanical properties such as compressive strength [67,75,83,85ï88]. Some of these 

studies [86] observed little to no difference in the compressive strength of cores extracted perpendicular 

and/or parallel to the main confinement direction of ASR-affected concrete. Conversely, others have 

reported significant differences [67,75,83,85]: i.e., cores extracted perpendicular to the main confinement 

direction demonstrated significantly lower compressive strength than those cored parallel to the main 

reinforcing bars, with differences in the range of 7-35% [67,75,83,85]. Moreover, it has been verified by 

some authors that the modulus of elasticity is more sensitive to the confinement ratio and configuration, 

and crack orientation than the compressive strength [87]. Jones [89] observed that the modulus of elasticity 

of cores extracted perpendicular to the main confinement direction was significantly lower than those cored 

parallel to it. Such an observation can be due to the presence of higher amount of ASR cracks in cores 
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extracted perpendicular to the main confinement [90ï92]. Likewise, Gautam et al. [87], after conducting 

research on the effect of distinct multi-axial stress applications (none, uniaxial, biaxial and triaxial) on the 

mechanical degradation of ASR affected concrete, observed that concrete members under triaxial 

conditions display lower mechanical degradation than all the other multi-axial stress applications.  

Few works have been conducted on the impact of confinement on the distinct ASR petrographic distress 

features and crack orientation of reinforced members [83,85,86,93]. Barbosa et.al. [83]  noticed various 

crack patterns and orientations on distinct concrete cores extracted from affected structures; in this work, 

cores were retrieved from bridge slabs in distinct directions (i.e., vertically and horizontally), where ASR-

induced cracks perpendicular to loading were observed in vertically cored specimens (Figure 8A) while a 

network of cracks parallel to loading was noticed in the horizontally cored specimens (Figure 8B). 

Accordingly, cores extracted from distinct directions of affected concrete behave quite differently during 

compressive strength tests; several ñsplittingò cracks are generated perpendicular to the ASR-induced 

cracks over loading in vertically cored specimens (Figure 8A), while ñinclined shearò cracks are formed in 

cores retrieved horizontally (Figure 8 B). Hence, it is expected that cores extracted from ASR-affected 

structures in distinct directions and displaying different cracks patterns and orientations present distinct 

mechanical responses.   

 

Figure 8: Distinct cracking orientation on A) vertically extracted core and B) horizontally extracted core having ASR 

induced cracks before loading (black arrows) and after loading (dashed red arrows) [83] (Reproduced with permission 

of Elsevier). 

A) 

 

B) 
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Moreover, very few studies [81,84] were performed to investigate the effects of different reactive aggregate 

types (i.e., fine vs coarse aggregate) on the development of ASR-induced deterioration in restrained 

concrete. Barbosa et. al. [81] and Hansen et. al. [84] observed that concrete members incorporating reactive 

fine aggregates displayed a much more pronounced deterioration degree when compared to those 

incorporating reactive coarse aggregates; moreover, the authors also reported significantly wider cracks in 

ASR-affected members bearing reactive fine aggregates. No further explanation has been addressed in this 

regard.  

Although the current literature data are very useful and demonstrate the effect of reinforcement on the 

physicochemical development of ASR, to the best of the authors' knowledge, there is still a need to 

systematically and quantitatively evaluate this effect on the microscopic distress features and mechanical 

response of concrete samples having various reinforcement conditions, exhibiting different expansion 

levels and incorporating different reactive aggregate types (i.e., fine versus coarse aggregates). 

2.4 Assessment of cause and extent of damage 

As previous studies [94ï97] have suggested, establishing a correlation between the ASR damage features 

and the reductions of mechanical properties and durability of the affected concrete members, is one of the 

biggest challenges for engineers.  Therefore, a number of test protocols have been developed to determine 

the induced expansion and damage attained to date in the different locations of the structure (i.e., diagnosis). 

Among those, a comprehensive multi-level protocol (i.e., coupling of microscopic and mechanical test 

procedures, particularly the Stiffness Damage Test (SDT) and Damage Rating Index (DRI) respectively), 

are the most common and considered to be reliable. 

2.4.1 Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) is a mechanical and cyclic test procedure used to assess the condition of 

concrete affected by internal swelling reaction (ISR) mechanisms (e.g., ASR) [10,98]. The SDT was 

initially developed by Walsh who observed a good correlation between the crack density and the cycles of 

loading/unloading (i.e., stress/strain relationship) of rock specimens [99]; Crouch then adapted this 

procedure for concrete specimens in 1987 [100]. The test procedure, which is based upon five compression 

cycles of concrete specimens (cylinders or cores), was initially performed using fixed loads of 5.5 (Chrisp 

et. al. [101,102]) or 10 MPa (Smaoui et. al. [103]), at the loading rate of 0.10 MPa/s. The modulus of 

elasticity, dissipated energy (hysteresis area), plastic deformation (plastic strain) and the non-linearity index 

(NLI; the ratio of secant modulus at half of the maximum load and the secant modulus at the peak load) of 

the first and/or over the four last cycles were the selected outcomes of the test [98,104]. Later, Sanchez et 

al. [98,104] optimized the test procedure following an in-depth study using a wide variety of reactive 

aggregate types and concrete mixture proportions. Sanchez et al. [98,104] proposed that the SDT should be 
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performed using a percentage (40%) of the ultimate capacity (compressive strength) of the concrete under 

analysis instead of a fixed load; moreover, the authors suggested using indices as outcomes of the test 

procedure, namely the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI) to increase the 

diagnostic character of the test. The SDI and PDI represent, respectively, the ratio of dissipated energy to 

total energy, and plastic deformation to total deformation in the system (i.e., SI / (SI+SII) and DI / (DI+DII) 

over the five cycles as presented in [98,104,105] and Figure 2; where SI is the irreversible deformation 

energy, SII is the elastic deformation energy, and DI and DII represent the plastic deformation and elastic 

deformation, respectively, over the loading-unloading process). Moreover, the modulus of elasticity 

(average secant modulus of the 2nd and 3rd cycles) along with the NLI (Sec 1/Sec 2 in the first cycle and the 

average Sec1/Sec2 value of the last four cycles ï Figure 2) as proposed by Chrisp et al. [101,102] were also 

considered efficient SDT outcomes for determining the damage extent and orientation (i.e., NLI is 

greater/lower than unity for cracks oriented perpendicular/parallel to loading) respectively, in affected 

concrete. Although, the SDT has been shown to be quite suitable to appraise ASR-induced expansion and 

deterioration in concrete under unrestrained (i.e., free expansion) conditions, the effect of confinement on 

mechanical properties reductions and SDT outcomes remains mostly unknown. 

 
Figure 9: Calculation of the stiffness damage index (SDI) and Plastic Deformation (PDI) [105] (Reproduced with 

permission of Elsevier). 

2.4.2 Damage Rating Index (DRI) 

Grattan-Bellew et. al. [106,107] proposed the Damage Rating Index method (DRI), a semi-quantitative 

microscopic tool used to appraise damage in concrete. Distress features are counted in 1 by 1 cm squares 

drawn on the surface of polished concrete sections using a stereomicroscope at 15-16x magnification. The 

damage features are then multiplied by weighing factors whose purpose is to balance their relative 

importance towards the corresponding distress mechanism (e.g., ASR), as proposed by Villeneuve & 

Fournier [108]. The DRI number is therefore calculated and the higher the DRI number, the higher the 

damage degree [10]. Ideally, a surface of at least 200 cm² should be assessed however, for comparative 
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purposes the final DRI value is always normalized to a 100 cm² area. DRI results are generally illustrated 

by the charts enabling easy visualization of the different distress features in affected specimens (Figure 10).  

 

Figure 10: Example of DRI chart for damaged concretes with different levels of distress incorporating reactive coarse 

aggregate. 

The petrographic features included in the DRI assessment are listed in Figure 11A along with their 

corresponding weighing factors; some of the distress features can be observed and identified in Figure 11B 

and Figure 12.  

A B 
 

Petrographic features 
Weighing 

factors 

Cracks in aggregate (CCA) 0.25 

Opened cracks in aggregates 

(OCA) 
2 

Crack with reaction product in 

aggregate (OCAG) 
2 

Coarse aggregate de-bonded 

(CAD) 
3 

Disaggregate/corroded aggregate 

particle (DAP) 
2 

Cracks in cement paste (CCP) 3 

Cracks with reaction product in 

cement paste (CCPG) 
3 

 

Figure 11: Damage Rating Index: A) Current weighing factors as per [108] and B) Micrograph illustrating a 1cm2 

section where some of the petrographic features listed in A can be observed and identified (Reproduced with 

permission of Elsevier).  
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Figure 12: Petrographic features of ASR in concrete incorporating reactive coarse aggregates.  The distance between 

the vertical lines is 1 cm as [108]. A. closed cracks in the coarse aggregate particle; B. opened crack with Gel in the 

coarse aggregate particle; C. open crack in the coarse aggregate particle propagates to cement paste, and D. cracks 

with reaction products in the coarse aggregate particles and the cement paste. 

The proposed weighting factors as per Villeneuve & Fournier [108] aim not only to distinguish the 

importance of different types of features but rather reducing the variability between operators; for instance, 

the same weighing factor is given to a crack with or without reaction product (i.e., ASR gel) since its 

identification and interpretation may vary between operators [109]. Moreover, analyzing the distinct DRI 

petrographic features, one verifies that the closed crack in the aggregates (CCA) is a feature that may be 

caused by, for instance, ASR independent processes such as weathering or aggregates manufacturing; 

therefore a low importance is attributed to this feature (i.e., weighing factor of 0.25). Conversely, an 

increase in open cracks in the aggregate particles without or with gel (OCA and OCAG, respectively) is 

frequently observed as a function of ASR-induced development; thus, a weighing factor of 2 is given to 

such distress features. Lastly, a weighing factor of 3 is attributed to cracks in the cement paste without or 

with gel (CCP and CCPG, respectively), since those cracks reflect a more severely damaged concrete. 

Besides the use of the conventional DRI method, Sanchez et. al. [12,110] proposed the utilization of 

supplementary petrographic analyses through the so-called ñextended DRI versionò, where the microscopic 

distress features presented in Figure 11 are evaluated in absolute (counts) and relative (%) manners, without 

the application of any weighing factors; it has been found that supplementary observations and evaluations 
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made through the extended DRI version may help towards a more comprehensive assessment and 

understanding of ASR-induced development of affected concrete. The extended DRI also allows the 

calculation of the crack density (CD), which represents the summation of the opened cracks in the 

aggregates and cement paste (with or without gel), in the system, and helps identifying the overall damage 

degree of the affected material. Finally, although the DRI has proven to be quite effective to appraise the 

extent of damage in ASR-affected concrete under unrestrained conditions, the effect of restraint on the 

ASR-induced petrographic distress features and thus DRI outcomes remains mostly unknown.  

2.5 Potential for Further expansion of ASR affected concrete 

As previously stated, monitoring the current condition and extent of damage, as well as the potential for 

future deterioration, are important for optimizing the rehabilitation strategies of ASR-affected concrete 

infrastructure. In order to better understand the potential of further damage in ASR-affected concrete, a 

combination of laboratory activities/investigations and field (in-situ) testing is proposed. The selection of 

the activities to be carried out will be depended on the condition and importance of the structure, the amount 

of time available to generate the data, and the degree of precision expected [111]. For instance, to develop 

a more comprehensive data for affected structures, obtaining data from in-situ monitoring of expansion is 

the most appropriate method. However, considering the seasonal and thermal effects, it will generally take 

a minimum of 2 to 3 years to obtain reliable data from that approach. Yet, detailed lab investigations on 

cores obtained from the structure will generate data in 6 to 12 months [111]. 

2.5.1 In-situ investigations 

Detailed field investigations are carried out through site inspection and expansion, deformation and 

displacement measurements on the structure. Concrete members are regularly monitored by measuring their 

length change over time through the use of extensometers on installed metallic references/devices at the 

affected members' surface. Moreover, invar wires/rods and optical systems can also be used, with 

deformation measurements being performed and the data sent automatically to central servers for further 

treatment [111]. 

2.5.2 Detailed laboratory investigations 

Laboratory investigations permit a relatively fast assessment of the concreteôs further potential expansion 

compared to the in-site monitoring of damaged structures. It also acts as an important tool to plan 

maintenance and costs involved. However, there are only few studies that deal with the subject up to date 

(e.g., [112ï114]). This therefore causes several uncertainties on both the methodical approach for such 

measurements and the data analysis when compared to field structures exposed to complex environmental 

conditions [112,113]. Amongst the methods proposed to assess ASR-prognosis, the residual expansion 
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(RE) and Hot-Water Extraction (soluble alkali -SA) seems to be the simplest and most reliable procedures 

worldwide. 

2.5.2.1 Residual Expansion (RE) Tests 

As previously mentioned, the ability of laboratory procedures (i.e., RE test) to yield results in a relatively 

short period of time, e.g., 6 months to 1 year, promote them as fairly popular techniques for assessing the 

potential for further expansion of ASR-affected concrete (i.e., prognosis). Residual expansion tests derive 

from a generic concept that aims to assess the remaining expansion that might occur in affected structures 

[115].  Most RE tests are performed either under storage conditions of 38 °C and saturated air (100% RH) 

or in water or NaOH solutions [96]. Although RE test methods are quite easy and straightforward to be 

conducted, the vast majority of the results gathered from those tests have been found to be inaccurate when 

compared to the swelling behaviour of the respective structure in the field [96] and several potential issues 

have been raised with respect to adopted test setups (i.e. alkalis leaching or extremely aggressive solution). 

Moreover, concrete structures are often under different stress conditions (due to confinement effects, 

presence of reinforcement, loadings, etc.) when compared to laboratory tests, which make the 

physicochemical process to be different [116]. Another problem of the RE tests data analysis is the 

anisotropy between longitudinal and diametral expansions, which has often been observed and analyzed in 

detail [113,117]. Therefore, researchers aim to validate different test methods to obtain a more reliable 

testing protocol to predict the future of affected concrete elements, such as recovering aggregate particles 

from the cores extracted from the affected structures [116]. Even though the latter was found very 

promising, more reliable data is needed for the results obtained from that testing procedure to be considered 

reliable. Overall, while requiring further research, óóclassicalò RE procedures have shown more reliable 

results both for laboratory research programs [113,115] and in-situ investigations [118,119]. Thus, the RE 

test's output is generally used to assess the prognosis of the affected structures and is sometimes used as 

input data in numerical tools to predict their mechanical behaviour [120]. 

2.5.2.2 Hot-Water Extraction (soluble alkali -SA) 

As previously mentioned, in the presence of ASR, reaction products are formed that contain silica, calcium, 

and alkalis, which were originally present in the pore solution. As ASR progresses and more reaction 

products are formed, the alkali concentration in the solution progressively decreases, leading to the 

reduction of [OH-] and the intensity of ASR. Some experiments suggest that ASR expansion in the presence 

of highly reactive natural aggregates can be minimized when the alkali concentration in the pore solution 

falls under 0.6N [NaOH + KOH] in the long term [2,111,121]. On the other hand, the higher the alkali 

concentration in the pore solution, the higher the OH- concentration (thus the pH), and the higher the risk 

for ASR. Therefore, the precise measurements of the above concentrations seem to be a promising tool to 

evaluate whether or not it is sufficiently high for ASR to maintain the deterioration process. The latter could 
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also play an important role in the process of selecting remedial actions. Moreover, since it is very difficult 

to extract pore solution from the concrete specimens, which could then be chemically analyzed for alkali 

and OH- concentrations, an indirect way consists in measuring the active- or water-soluble alkali content of 

concrete, on a kg/m3 Na2Oeq basis by subjecting a representative ground sample of concrete to hot-water 

extraction proposed by Rogers and Hooton [122] for the first time. Although very promising, the 

experimental variability of this test method is relatively high (i.e., 10 to 15%) even when using a control 

concrete, this may seem difficult to draw reliable conclusions from progressive measurements on the ASR 

damage development in a given ASR-affected concrete. 

2.6 Tools for assessment of future damage caused by ASR 

Recently, a number of test protocols have been developed to forecast the potential of ASR affected concrete 

for further distress over time (i.e. prognosis). Among the methods proposed to assess ASR-prognosis, the 

residual expansion techniques (RE) and Hot-Water Extraction (soluble alkali -SA) seem to be the simplest 

and the most widely used procedures around the globe. 

2.6.1 Residual Expansion Test (RE) 

As previously mentioned, Residual Expansion (RE) tests aim to assess the potential of further induced 

expansion that might occur in affected structures. Those tests are carried out on the cores extracted from 

ASR-affected structures and then the cores are monitored in terms of expansion over time. The specimens 

are stored in a controlled temperature (usually 38 °C for ASR) and moist environment in the laboratory and 

measured over one year. Usually, laboratory test setups and storage conditions are controlled, whereas 

concrete structures in the field are exposed to different environmental conditions. Therefore, the inner 

chemical reaction and swelling behaviour might be different under laboratory conditions, which may not 

represent the real scenario. Currently, to assess the residual expansion of ASR-affected concrete in Canada, 

two storage conditions are considered: a) 38oC temperature and 100 RH and b) 38oC temperature and 1M 

NaOH solution. Although these conditions may quickly trigger further ASR-development in the laboratory, 

the reliability of this approach is still unknown. It has been suggested that some RE laboratory conditions 

such as very aggressive and unrealistic environments (e.g., 1M NaOH), alkali leaching and stress relaxation 

(i.e., specimens are under non-restrained or free conditions in the laboratory) may endanger the test 

outcomes.  

2.6.2 Hot-Water Extraction (soluble alkali -SA) 

Hot-Water Extraction (soluble alkali -SA) is known as a method for predicting the further expansion of 

affected concrete through the chemical composition of specimens [121,123]. The latter may vary 

considerably within a given structure and even within a single member [121,123]. This may be due to 

variations in the concrete mixture proportioning, the extent of ASR (which consumes alkalis) and cracking 

(alkali concentration through evaporation or alkali leaching along cracks), and in the exposure conditions 
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which may greatly affect the water-soluble alkali content in the near-surface concrete (external sources of 

alkali, alkali migration in/out of the sampled zones, alkali concentration at the surface through evaporation, 

or alkali leaching by rain). Thus, it is suggested that the test method must be applied to concrete samples, 

usually cores, taken in different members exposed to various conditions. Later, the cored specimens should 

be wrapped in plastic film/sheets and placed in sealed plastic bags immediately after coring, to prevent any 

drying (or wetting). In order to find the soluble alkali content of a concrete specimen, an indirect way of 

measuring the chemical composition of concrete pore solutions may be used, where a representative sample 

of a minimum 2 kg (4.5 lbs) of concrete should be crushed with a hammer to < 25 mm (1 in) and allowed 

to dry immediately before testing. Later, two 10 gr subsamples of ground concrete (>160 µm) are taken as 

representative sub-samples. Two 10 gr representative sub-samples of a control concrete with a well-known 

water-soluble alkali content are also prepared and tested in parallel. Each10 gr sub-sample of the concrete 

are boiled in water for 10 minutes and the solution is left at room temperature to stand overnight. The next 

morning, the suspensions are filtered, and the solution volume topped to 100 mL by adding distilled water. 

Then, the Na and K concentrations of the solution are measured by using flame photometry or atomic 

absorption in accordance with Clause 17.1 (ñTotal Alkalisò) of ASTM C 114 [124]. Finally, the average 

results are expressed on a kg/m3 Na2Oe basis. 

2.7 Predicting ASR expansion and damage through modeling 

Several analytical, numerical and empirical models have been proposed previously [125ï132] to predict 

ASR-kinetics and induced expansion in the laboratory (i.e., materials level) and its impact on the 

mechanical properties and performance of affected structures/structural components in the field. Amongst 

those, Lariveôs analytical model [131] is probably one of the most accepted approaches by the ASR 

community [132]. Lariveôs model was initially proposed to determine the induced expansion behaviour of 

unrestrained concrete specimens in the laboratory but has also been used to predict the expansion rate of 

concrete structures in the field. It consists of a semi-empirical approach that was established based upon an 

extensive experimental campaign. In this model, ASR-induced expansion is demonstrated as a function of 

three main parameters: ultimate expansion (ŮÐ), latency (Űl), and characteristic (Űc) times (Eq. 1). Latency 

time (Űl) corresponds to the period of time that the reaction requires to kick off, whereas characteristic time 

(Űc) corresponds to the rate of development of the swelling. Ultimate expansion (ŮÐ) is the value of the 

strain at the end of the swelling process. Figure 13 illustrates an expansion curve resulting from Lariveôs 

analytical model. 
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Figure 13: ASR-induced expansion curve obtained from Lariveôs model [131] (Reproduced with permission of 

Elsevier). 

Although interesting, the approaches proposed by Larive are only valid under constant conditions (i.e. 

temperature, moisture, exposure, etc.) [132]. Later, researchers aimed to develop a modified Lariveôs model 

accounting for the most important (and measurable) parameters that affect the physicochemical reaction 

(i.e., aggregate type and nature/reactivity, alkali content, temperature, and relative humidity) and thus be 

able to fully describe ASR-kinetics and unrestrained expansion in the laboratory. However, it is not yet 

appropriate to be used for real confined structures. 
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3. OBJECTIVE  

As previously stated in the sections above, there is a need to thoroughly and quantitatively understand the 

effect of restraint on ASR-induced expansion and damage (i.e., cracks generation and propagation) 

development, mechanical properties degradation as well as on the potential of further expansion of affected 

reinforced concrete. The multi-level assessment proposed by Sanchez et al. in 2017, was found to be an 

effective tool to assess damage development in ASR-affected concrete under free expansion and also to 

appraise the overall damage of affected concrete infrastructure. Yet, the impact of restraint on the damage 

generation and propagation and ultimately on the multi-level protocol outcomes needs further investigation. 

Furthermore, although somewhat criticized, some test procedures such as the residual expansion have been 

frequently used in various countries to assess the potential of further deterioration (i.e., prognosis) of 

concrete affected by ASR and should be further investigated. This work aims to answer the following 

questions through the use of the aforementioned tools to properly and reliably appraise ASR-affected 

concrete infrastructure: 

¶ What is the difference between ASR-induced expansion and damage generation and propagation in 

ñfreeò vs. ñrestrainedò scenarios?  

¶ How do distinct restraint configurations impact the reduction of mechanical properties of restrained 

members? Whatôs the difference between mechanical degradation of concrete under unrestrained and 

restrained conditions as a function of ASR-induced development? 

¶ How do the distinct type/nature of the reactive aggregate (i.e., fine versus coarse aggregate) impact on 

the damage development and mechanical properties losses of restrained ASR-affected concrete? 

¶ How do the various restraint conditions affect the chemical composition and mechanical properties of 

ASR gel? 

¶ How to reliably collect and use data from restrained and unrestrained members for a better condition 

assessment of affected infrastructure?  

Hence, this work focuses on the improvement of the current knowledge and understanding of the effects of 

restraint on ASR physicochemical development (i.e., induced expansion and damage generation and 

propagation) as a function of the restraint configuration. It is also expected that this study develops a more 

reliable protocol to predict the potential for future induced development and distress in affected concrete, 

presenting distinct restraint scenarios. Therefore, concrete blocks incorporating reactive coarse and fine 

aggregates (Springhill coarse and Texas sand) and displaying distinct reinforcement configurations (i.e., 

none, 1D and 2 D) were fabricated in the laboratory and monitored over time. At distinct expansion levels 

(i.e., 0.08% and 0.15%) the blocks were cored in three distinct directions (i.e., longitudinal, transversal, and 

vertical) and the multi-level assessment and RE tests were conducted on each of those. Finally, comparisons 
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on the damage development and mechanical properties losses of restrained versus unrestrained concrete 

blocks at distinct deterioration levels are performed. In addition, the reliability of RE tests to predict the 

potential for further damage in restrained concrete will be appraised and discussed in the future.
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4. RESEARCH PROGRAM 

As mentioned before, the objective of this study is to improve the current knowledge and understanding of 

restraint effects on ASR-induced physicochemical and microstructural development. Upon completion, this 

work should enable infrastructure owners to develop better management protocols and optimized 

rehabilitation strategies of ASR-deteriorated concrete infrastructure. To achieve the proposed objectives, a 

series of studies were conducted on concrete cylinders and unrestrained/restrained concrete blocks 

manufactured in the laboratory. The work methodology proposed for this research is described in the 

following sections, as illustrated in Figure 14. 

 

Figure 14: Structure of the PhD project. 

4.1 Experimental procedures 

A number of concrete blocks of 450 by 450 by 675 mm were manufactured using a concrete mix with a 

design strength of 35 MPa. A highly reactive sand [14] (i.e., Texas- Polymictic sand) and coarse aggregate 

(i.e., Springhill - Greywacke) in combination with non-reactive aggregate particles (i.e., Ottawa natural 

sand-OT and Ottawa limestone coarse aggregate-LS, respectively) from local quarries were used for 

concrete fabrication. It is worth noting that the reactivity level of non-reactivity aggregate particles was 

evaluated through ASTM C 1293 [1] and found to be less than 0.04% of expansion for both OT and LS 

aggregate particles. A conventional CSA Type GU (i.e., ASTM type 1) high alkali (0.88% Na2Oeq) 

Portland cement was used for both concrete mixtures. Moreover, the total alkali content of both mixtures 

was raised to 1.25% Na2Oeq, by cement mass, to accelerate ASR-induced development. The concrete 

mixtures were divided into the following two series: base series and complementary series. The mixture of 

the base series (Springhill-SP+ Ottawa natural sand-OT) was chosen to provide initial/base results/data to 

serve as the background for further analysis throughout the testing of the mixtures of the complementary 
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series. The base mixture was the subject of three scientific articles (Papers I, II, and V) of this PhD thesis 

(i.e., section 6.4.1). The results of the testing carried out on the test specimens of the complementary series 

were discussed in the other two scientific papers of this PhD thesis (Paper III and IV). 

A total of 6 blocks from each reinforcement configuration (i.e., unrestrained, 1D and 2D) incorporating the 

SP coarse aggregate (eighteen concrete blocks) and 6 blocks bearing a 2D confinement configuration 

incorporating the TX fine aggregate were fabricated in the laboratory (i.e., a total of 24 concrete blocks). 

For comparative purposes, 40 concrete cylindrical specimens of 100 X 200 mm were also fabricated using 

the same highly reactive fine and coarse aggregates (i.e., 20 concrete cylinders per aggregate type) and 

using the same mix proportions as the concrete blocks. It is worth noting that for the restrained blocks, a 

reinforcement ratio of 2% was selected in each restrained direction, which is representative of a moderately 

high level of internal restraint in reinforced concrete members [15]. 

All concrete samples were demolded after one day and moist cured for another 24 hours at 20°C. Then, 

four holes with 10 mm in diameter by 55 mm in length, were drilled in the three main surfaces of the 

concrete blocks: a) top, b) longitudinal and c) transverse. Moreover, tiny holes of 8.5 mm in diameter by 

19 mm in length, were also drilled at each end of all cylinders. Later, stainless-steel studs were placed using 

a fast-setting cement paste slurry for longitudinal expansion measurements in all concrete specimens. Forty-

eight hours from manufacturing, the initial readings were recorded as follows: a) for concrete blocks, 

transverse, top longitudinal and side longitudinal expansion measurements (e.g., section 7.4.2), and b) 

longitudinal expansion measurements in the cylindersô case. All blocks were stored at 38oC and 100% RH 

to accelerate ASR development. The concrete cylinders were stored in sealed buckets lined with a damp 

cloth and placed in the environmental chamber. All specimens were monitored for length changes regularly 

until they reached the expansion levels selected for this study, i.e., slight (i.e., 0.08% ± 0.01%) and moderate 

(i.e., 0.15% ± 0.01%). As per ASTM C 1293 [1], all concrete specimens were placed in 23°C conditions 

for 16 ± 4 hours before periodic expansion measurements. It is worth mentioning that the expansion level 

of 0.08% ± 0.01%  (i.e., slightly deterioration) was selected since ASR-induced cracks are expected to be 

transitioning from the aggregate particles to the cement paste as per Sanchez et al [14] at this expansion 

level; on the other hand, the selection of 0.15% ± 0.01% (i.e., moderate deterioration) was based on the fact 

that most of the cracks are present in the cement paste at this expansion level [14].  

Upon reaching the targeted expansion levels, concrete specimens were removed from the environmental 

chamber and three blocks from each distinct restraint configuration and aggregate type were cored to 

produce seven cores of 100 by 450 mm in the vertical and the transverse directions and four cores of 100 

by 675 mm in the longitudinal direction for further analysis (e.g., section 6.4.2). Later, all concrete 

specimens were saw cut to lengths of 200 mm, wrapped in plastic film, and stored at 12°C until testing to 
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stop further ASR-development as per [6]. Note: All characteristics of the aggregates and concrete 

mixture used in this PhD work are presented in the third scientific paper of the Thesis (e.g., section 

8.4.1). 

The testing program performed on various concrete specimens of this study at different expansion levels 

included visual inspection, mechanical testing (SDT, modulus of elasticity, compressive strength 

determination and micro-indentation) and microscopic testing procedures (semi-quantitative petrographic 

analysis -DRI and SEM/EDS analysis). Table 1 and Table 2 demonstrate the typical testing program to be 

carried out on cores extracted from each set of distinct restrained concrete block and concrete cylinders 

respectively, in this part of the project. To compare the results obtained from the deteriorated concrete 

blocks under various restraint conditions with undamaged specimens, a number of control concrete 

cylinders were manufactured displaying the same mix-proportioning and ingredients (i.e., Portland cement 

and aggregates), and stored under 12°C over time for further analysis. The selection of 12°C has been made 

to stop further ASR-induced development as per Sanchez et al. [6] 

Table 1: Testing matrix for cores obtained from each set of distinct restrained concrete blocks. 

Test carried out 
Coring 

direction 

Number of specimens per direction for a given 

expansion level 

0.08% 0.15% 

SDT/CS 

Vertical 3 3 

Transversal 3 3 

Longitudinal 3 3 

DRI/SEM/Micro-

indentation 

Vertical 2 2 

Transversal 2 2 

Longitudinal 2 2 

   Total Samples: 30 

Table 2: Testing matrix for each family of concrete cylinders. 

Test carried out 

Number of samples per direction for a given expansion level 

Control specimens 0.08% 0.15% 

SDT/CS 3 3 3 

DRI/SEM/ Micro-

indentation 
1 2 2 

   Total Samples: 14 

4.1.1 Visual inspection 

Visual inspection is a non-destructive method for identifying potentially damaged members. ASR is 

typically identified on the concrete surface through its visual integrity (i.e., surface damage) such as map 

cracking, exudation of products on the surface, spalling, and discoloration [2]. Fournier et al. proposed the 

cracking index (CI) as an alternative to traditional qualitative visual inspection [3,4]. The cracking index 

(CI), a quantitative visual inspection technique, is a crack mapping process that averages out the crack 



35 

 

widths and frequencies along the vertical and horizontal directions on a grid with typical dimensions of 0.5 

x 0.5 m [3,4]. First, a 0.5x0.5m grid is constructed (i.e., as a base length) on the surface of the most damaged 

face [3,4], with each segment divided into ten intervals. After recording the width of the largest crack 

intercepting each interval (i.e., along vertical and horizontal segments), the CI can be calculated by eq (2) 

as follows: 

                                                                     ὅὍ 
ВὅὶὥὧὯ έὴὩὲὭὲὫ 

ὄὥίὩ ὰὩὲὫὸὬ
                                                                    ς 

in which ВὧὶὥὧὯ έὴὩὲὭὲὫ the sum of all crack widths measured across the base length (i.e., generally 

0.5 m). Such method gives a quantitative assessment of the extent of cracking in the affected members 

[3,4]; as per Fournier et. al. [3], a concrete member with CI > 0.5 mm/m (and/or cracks of width > 0.15 

mm) require more detailed investigations to identify the extent of cracking. 

4.1.2 Stiffness Damage Test (SDT) 

Three specimens from distinct coring directions per set of concrete blocks (i.e., vertical, longitudinal and 

transverse; a total of 9 specimens per distinct directions per expansion level) as well as three concrete 

cylinders displaying the same expansion levels were subjected to five cycles of loading/unloading at the 

controlled loading rate of 0.10 MPa/s. Prior to conducting the SDT, all specimens were reconditioned in 

the moist curing room for 48h (enabling the samples rewetting and thus lessening the testôs variability) 

according to CSA23.2-14C [5], and as per Sanchez et al. works [6]. Moreover, both ends of all concrete 

specimens (cylinders and cores) were mechanically ground to generate appropriate flatness of the 

specimenôs end surfaces for mechanical tests in compression as per CSA23.2-9C [7]. The SDT was 

performed then following the procedure proposed by Sanchez et. al. [6,8]; i.e., loading up to 40% of the 

28-day concrete strength of the specimens tested. 

4.1.3 Compressive strength 

In this research, the compressive strength was measured using two distinct approaches with different and 

specific goals. First, the 28-day compressive strength of the mixture used to manufacture both the blocks 

and cylinders was determined on control samples. Considering that the concrete mixture contained a highly 

reactive coarse aggregate, one could not follow ASTM C 39 [9] since some ASR might have been generated 

while moist curing. Thus, in order to avoid ASR-induced development, the control specimens were wrapped 

in the plastic film upon demoulding and placed at 12°C for 47 days as per Sanchez et al. [6], which is 

equivalent to 28 days at 20°C according to the maturity concept (i.e., ASTM C 1074 [10]). This approach 

has proven to be effective to suppress ASR development in the laboratory [6]. The ñequivalentò 28-day 

compressive strength collected from this procedure was then used to determine the SDT loading level (i.e., 
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40% of this value). Second, compressive strength measurements were also conducted on the concrete 

cylinders/cores following the SDT to verify the compressive strength losses of the material as a function of 

ASR-induced development. The SDT using 40% of the 28-day compressive strength has been found to be 

non-destructive by Sanchez et al. [6]; thus, mechanical results such as compressive strength obtained 

following the SDT are considered valid [6]. Finally, the compressive strength losses were calculated in this 

work (for both cylinders and cores) as the difference between the results obtained after the SDT (for distinct 

expansion levels, restraint conditions, and directions) and the ñequivalentò 28-day values obtained on 

control samples. 

4.1.4 Damage Rating Index (DRI) 

Before the microscopic evaluation, two consecutive specimens per the direction of the blocks (i.e., 6 

specimens per restraint configuration) and two cylinders per damage degree were initially cut axially in two 

followed by subsequent mechanical polishing with grits of 30, 60, 140, 280 (80ï100 µm), 600 (20ï40 µm), 

1200 (10ï20 µm) and 3000 (4ï8µm). Once the surface of the polished concrete section was properly 

polished, a 1 x 1 cm grid was drawn on the surface of the samples before the microscopic evaluation. 

Distress features of 1mm in size or higher observed in the cement paste and aggregate particles were 

evaluated using the weighting factors proposed by Villeneuve et. al. [37] (Figure 11) to compute the DRI 

numbers. Ultimately, it is worth mentioning that the damage orientation of concrete specimens has been 

evaluated using an image analysis protocol following the procedure proposed by Zahedi et al. [16], where 

the observed damage features in each 1x1 cm DRI grid (Figure 11) drawn on the polished concrete 

specimens were highlighted through the use of a commercial software. 

4.1.5 SEM/EDS and micro-indentation 

Two concrete cores per coring direction of each concrete block was initially cut longitudinally into 10 mm-

thick slabs with the aid of a diamond bladed masonry saw followed by subsequent mechanical polishing 

using liquid paraffin oil with grits of 30 (coarse), 60, 140, 280, 600, 1200 and 3000 (very fine). The slabs 

were then evaluated through a stereomicroscope to find some cracks filled with ASR gel, and further cutting 

was performed to produce a proper size sample for further testing. Later, the proper cut specimens were 

finely polished (i.e., up to 0.25µm) based on the procedure proposed by Leemann et al. [11] and Zhang et 

al. [12] as shown in Table 3. Finally, the finely polished specimens were protected in air-tight plastic bags 

and subjected to SEM/EDS and micro-indentation within 24h after the completion of the polishing 

operations:  
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Table 3: Polishing procedure used in this study [11-12]. 

 

¶ SEM/ EDS analysis 

Backscattered electrons (BEC) imaging was performed on two specimens containing propagated ASR filled 

cracks within aggregate particle to cement paste per direction of each concrete block using scanning 

electron microscopy (SEM- JEOL 6610LV) with operating parameters set at 15 kV and a beam current of 

200ï220 mA. Energy-dispersive X-ray spectroscopy (EDX) was also used to analyze the chemical 

composition of the reaction product (i.e., ASR gel). It is worth mentioning that the concrete specimens were 

placed in 50o C for one day (24 hours) and then a thin layer of Au-Pd was used to coat them. 

¶ Micro indentation  

Indentation measurements were performed on similar specimens as per SEM analysis (i.e., two samples 

with ASR gel formed in aggregate particles and propagate into cement paste per direction of each concrete 

block) with a Vickers micro-hardness tester (Struers Duramin 1 micro hardness). The latter has an indenter 

with a square-based pyramid shape with an angle of 136 (Figure 15A) [13]. The Vickers hardness value, 

HV, is generally calculated using the indenter load L and the actual surface area of the impression Ac [13] 

as shown in Figure 15B. The load used in this study is either 12.5mN, 25mN (only for cracks in aggregate 

particles) or 50 mN (for cracks in aggregate particles and cement paste) similar to the one proposed by 

Leemann et al. [11]. As the authors [11] suggested, the increase of linear loading takes 20 s and then the 

maximum load is kept constant for 5 s and later linear unloading takes 20 s (Figure 15C). After conducting 

the indentation procedure, the diagonal width (i.e., d- Figure 15A) is measured under a microscope at 400X 

which helps to find the hardness of the material. It is worth noting that the indentation procedure was carried 

out on aggregate particles and cement paste as per the distance shown in Figure 16. 
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Figure 15: A) Schematic of Vickers hardness [13], B) Vickers hardness calculation [13] and C) typical load-

indentation depth (P-h) curve. 

 
Figure 16: Indentation distance profile across a crack in aggregate particles and cement paste. 
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5. CORE OF THE THE SIS ï SCIENTIFIC PAPERS 

5.1 General overview 

In order to analyze the results gathered from the various experimental procedures implemented in this PhD 

work, five scientific papers were prepared. They cover all the major themes of the research, thus enabling 

them to fully meet the various objectives of the PhD project. Figure 17 display the links between the papers. 

 

Figure 17: Core of the PhD Thesis ï links between the scientific papers. 

Generally, the scientific paper I and II, investigate the effects of restraint on ASR physicochemical 

development and ultimately on the DRI and SDT outcomes after conducting various testing procedures on 

affected concrete specimens under restrained and unrestrained conditions 

Then paper III deals with a global appraisal (i.e., using a microscopic/mechanical coupling) of ASR 

development through the study of various aggregate types (i.e., fine vs coarse) and restraint configurations. 

For paper III of this PhD project, the diagnostic potential of DRI and SDT has already been demonstrated 

(i.e., after the first two scientific papers) so that a full understanding of the coupling between ñmicro features 

of damage and macro mechanical behaviorò of concretes incorporated various aggregate types, restraint 

conditions and affected by ASR is possible. Paper IV presents the deterioration data obtained from various 

visual inspection techniques and expansion measurements (i.e., internal- through steel barôs strain gauges 

vs external- Stainless steel gauge studs /demec gauges) of various concrete blocks of this project. Also, 

Paper IV proposed a correlation between the crack size (i.e., width) obtained through visual inspection and 

the damage degree of affected concrete blocks obtained through the paper I. Finally, paper V deals with the 

microscopic and mechanical characterization of ASR gel obtained from aggregate particles, ITZ and cement 

paste of various directions of concrete blocks of this study.  
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5.2 Scope and objectives of the scientific papers 

A summary description of the content of each scientific paper, as well as their specific objectives, is given 

hereafter. 

5.2.1 Paper I (Chapter 6): Microscopic Assessment of ASR-Affected Concrete Under Restraint 

Conditions 

Initially, a brief literature review on the use of the Damage Rating Index (DRI) on ASR-affected concrete 

as well as the impact of restraint on the ASR-induced damage development is presented in this scientific 

paper. Then, it focuses on the analysis of the results of DRI gathered from distinct concrete specimens 

extracted from un/reinforced concrete blocks, stored under highly controlled conditions, and incorporating 

a highly reactive coarse aggregate (SP coarse aggregate- base series) 

Three different restraint conditions (i.e., none, 1D and 2D) were selected for this study, from which a 

number of concrete blocks (450 by 450 by 675 mm in size) were manufactured and then stored under 

conditions enabling ASR development. Upon reaching the two expansion levels chosen for this work (i.e., 

0.08% and 0.15%), they were cored in three main directions (i.e., vertical, transverse and longitudinal) and 

two consecutive specimens per direction of each block were tested through damage rating index (DRI). The 

effect of restraint on ASR-induced expansion, damage generation and propagation has been thoroughly 

investigated through the conventional and extended DRI versions. The development of the petrographic 

features of ASR distress (crack pattern and orientation) was then evaluated as a function of expansion and 

restraint configurations.  

5.2.2 Paper II (Chapter 7): Evaluation of Alkali-Silica Reaction (ASR)-Induced Mechanical 

Deterioration Under Unrestrained and Restraint Conditions 

This paper first presents a brief literature review on the effect of ASR on the mechanical properties of 

affected concrete under unrestrained and restraint Conditions. Then, it focuses on the analysis of the results 

of stiffness damage testing and compressive strength of a series of laboratory-made concrete blocks, stored 

under highly controlled conditions, and incorporating a highly reactive coarse aggregate (SP coarse - base 

series). 

The specimens used for this work were gathered from the same test blocks used for the first paper of this 

thesis. Three cored specimens per direction of each block were tested through stiffness damage test (SDT) 

and compressive strength test. The effect of restraint on the mechanical properties of ASR affected concrete 

under various restraint configurations as well as the diagnostic potential of various output parameters of 

SDT (SDI, PDI and Modulus of elasticity - ME) was thus evaluated. The Damage Rating Index (DRI) was 
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also performed on companion concrete samples in order to validate the mechanical response of various 

cored specimens. In addition, a statistical analysis (i.e., two-variable ANOVA and complementary ñt-testò) 

was also performed in order to determine whether the conclusions drawn through the analysis of the data 

could be considered statistically significant. 

5.2.3 Paper III ( Chapter 8): Overall Assessment of Alkali-Silica Reaction Affected Concrete Under 

Restraint Conditions: Reactive Sand Versus Reactive Coarse Aggregate 

This scientific paper presents a global analysis of the results obtained in the first two papers of PhD research 

through the coupling of the microscopic features of deterioration (DRI observations) against the mechanical 

responses obtained on companion specimens tested through SDT, modulus of elasticity and compressive 

test. Moreover, the different deterioration mechanisms of ASR when it is triggered by a reactive coarse 

(i.e., SP) or a reactive fine (i.e., TX) aggregate in affected concrete under various restraint configurations 

is thoroughly investigated. Finally, a comprehensive quantitative AAR damage chart is proposed. 

5.2.4 Paper IV (Chapter 9): Improving the Knowledge of Visual Inspection on ASR Affected 

Unrestrained and Restrained Concrete  

Initially, a brief literature review on distinct visual inspection methods used for condition assessment of 

deteriorated concrete as well as the impact of ASR on the external surfaces of affected concrete have been 

presented in this scientific paper. Then, it focuses on the analysis of the results obtained through various 

visual inspection techniques, expansion measurements (gathered from steel bars and concrete surface) as 

well as the Damage Rating Index (DRI) performed on the surface of concrete blocks and the cored 

specimens used in paper 3. Later, this paper compared the expansion results obtained from the steel bars 

and surface of concrete elements as well as the external damage (obtained through visual inspection and 

performing DRI on the external surfaces of concrete blocks) and internal deterioration (obtained through 

DRI on the cored specimens) of ASR affected concrete under various restraint conditions. Finally, at the 

end of this paper, a correlation between the visual inspection (cracking index - C.I) and the expansion levels 

of distinct surfaces of concrete specimens as well as the qualitative ASR distress models on the surface of 

the concrete have been proposed. 

5.2.5 Paper V (Chapter 10): Influence of the restraint configuration on alkali-silica reaction (ASR) 

reaction productôs features 

This paper first presents a brief literature review on the chemical composition and mechanical properties of 

ASR gel obtained from various concrete elements. Then, it focuses on the analysis of the SEM/EDS and 

micro-indentation results obtained from the concrete blocks used for the first two papers of this PhD study 

(a highly reactive coarse aggregate -SP coarse - base series).  
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The cored specimens reached the higher expansion level of this study (0.15%) were properly cut and 

polished and prepared for the abovementioned tests. Comparison of the chemical composition and 

mechanical properties of ASR gel obtained from concrete blocks with various restraint configurations as 

well as those obtained from the distinct directions of each concrete block has been conducted.



44 

 

6. MICROSCOPIC ASSESSMENT OF ASR-AFFECTED CONCRETE 

UNDER RESTRAINT CONDITIONS 

Andisheh Zahedi 1, Cassandra Trottier 2, Leandro Sanchez 3, Martin Noël 4  

Abstract 

The Damage Rating Index (DRI), a semi-quantitative microscopic procedure, has been successfully used 

to describe alkali-silica reaction (ASR) damage development of concrete under ñfree expansionò conditions. 

Yet, the restraint impact on ASR-induced cracksô generation and propagation has not been fully 

investigated. This work aims to understand the influence of restraint on ASR development through the DRI. 

Eighteen concrete blocks incorporating a highly reactive coarse aggregate and distinct reinforcement 

configurations were manufactured, stored in conditions enabling ASR development, and monitored over 

time. Two expansion levels were selected for analysis (0.08% and 0.15%) and once reached, cores were 

extracted from three different directions (longitudinal, transverse and vertical) and the DRI conducted on 

those. Results demonstrate that ASR-induced expansion and deterioration change according to the direction 

and restraint configuration. Moreover, distinct crack features and orientations are generated in restrained 

concrete, which attests that ASR displays different damage mechanisms under free and restraint conditions. 

Keywords: Alkali -Silica Reaction (ASR), Damage Rating Index (DRI), Expansion, Damage transfer, 

Restraint, Crack orientation. 

6.1 Introduction  

Alkali-Silica Reaction (ASR) is one of the most important damage mechanisms affecting the durability and 

serviceability of concrete infrastructure worldwide [1]. Over the last years, a number of test procedures 

have been developed to assess the current condition (i.e., diagnosis) and the potential for further 

expansion/distress (i.e., prognosis) of ASR-affected concrete; those are fundamental steps towards the 

optimization of management protocols and rehabilitation strategies of deteriorated concrete infrastructure. 

Amongst the proposed techniques, the Damage Rating Index (DRI), a semi-quantitative microscopic 

procedure, was found to be quite suitable to appraise ASR-induced expansion and deterioration in concrete 

under unrestrained (i.e., free expansion) conditions, which does not reflect the real scenario of reinforced 

concrete members in the field [1,2]. Although few recent works have suggested the efficiency of the DRI 

to appraise condition of affected aging infrastructure [3ï6], there is currently a lack of ñquantitativeò 

information of the effects of restraint (e.g., reinforcement) on ASR-induced physicochemical development 

(i.e., kinetics and induced expansion, damage generation and propagation, crack pattern and orientation) 

and ultimately on the DRI outcomes. This work aims to use the DRI to assess the condition of ASR-affected 
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concrete blocks displaying distinct reinforcement configurations (i.e., none, 1D and 2D) and expansion 

levels (i.e., 0.08% and 0.15%). 

6.2 Background 

6.2.1 ASR-induced development under free expansion 

ASR is a complex physicochemical reaction between the alkali hydroxides (i.e., Na+, K+, OH-) from the 

concrete pore solution and certain unstable mineral phases found in the aggregates used to make concrete; 

ASR produces a secondary reaction product (ASR gel) that swells upon moisture uptake, leading to 

expansion and cracking of the affected material [7,8]. ASR-induced expansion generates tensile stresses 

within the reactive aggregate particles along with compressive stresses at the particlesô edges [9]. Hence, 

ASR cracks are initially generated within the aggregate particles and propagate to the cement paste with 

the increase in induced expansion [9,10]. Moreover, the ITZ often remains intact during ASR development, 

except in locations close to the radial cracks formed within the particles (Figure 1) [11,12]. The degree of 

deterioration of ASR-affected concrete is normally expressed by its level of expansion; although the 

relationship between expansion and deterioration is not necessarily linear, it is anticipated that the higher 

the expansion level, the higher the overall deterioration (i.e., loss of mechanical properties, physical 

integrity and stiffness) of affected concrete [13,14]. 

a) b) 

 

Figure 1: Signatures of concrete damage due to alkaliïsilica reaction (ASR): a) a model and b) 2 mm size aggregate 

under thin section microscopy [9] (Reproduced with permission of Elsevier). 

Regardless of the aggregate type, Sanchez et. al. [1] developed a qualitative and descriptive model to 

describe ASR-induced damage generation and propagation under unrestrained conditions (Figure 2) [1]. At 

low expansion levels (e.g., 0.05%), sharp and onion skin type cracks (represented by A and B in Figure 2, 

respectively) are generated within the reactive aggregate particles. As the reaction progresses, not only are 

new cracks formed in the aggregate particles but, more importantly, the previously developed cracks 

increase in length and width and may even begin to slightly extend into the cement paste at moderate 

expansion levels (e.g., 0.12%) [15,16]. As ASR continues to further develop, the previously formed cracks 
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reach the cement paste at both ends of the aggregate (e.g., 0.20% of expansion), which drastically impacts 

the physical integrity and mechanical properties of the affected material [13]. Finally, at very high 

expansion levels (e.g., 0.30%), cracks developed at distinct aggregate particles start linking together, which 

creates an important crack network in the affected concrete, thus further reducing its durability and 

mechanical properties [1]. Although the aforementioned model was shown to be quite accurate to describe 

ASR-induced damage development under free expansion, its suitability to describe ASR-induced damage 

generation and propagation under restrained conditions is still unknown and should be further investigated. 

 

Figure 2: Qualitative model of crack propagation in ASR-affected concrete [1] (Reproduced with permission of 

Elsevier). 

6.2.2 Effect of confinement on ASR-induced development 

Although the vast majority of existing research on ASR has been performed using laboratory specimens 

under unrestrained (i.e., free expansion) conditions [13,17,18], a few works have been conducted to 

understand the effect of confinement on ASR-induced development. Some of these studies [19,20] observed 

no or negligible ASR-induced expansion in restrained directions; moreover, no transfer of induced 

expansion and thus deterioration was noticed to directions with less or no confinement [21,22]. Conversely, 

according to Morenon et. al. [23] and Multon et. al. [24,25], the reduction of ASR-induced expansion in 

the confinement direction directly yields a transfer to unrestrained directions. The same observation has 

been made by a number of researchers [20,26ï30]. These conflicting results can be attributed to numerous 

reasons, such as the specimen size (i.e., scale effect), casting direction, confinement ratio and orientation 

[31].  

Generally, it is agreed that confinement helps to mitigate ASR-induced expansion of affected concrete [24]; 

accordingly, it has been observed that various forms of restraint may decrease ASR-induced expansion in 

the direction of confinement by 15 to 70% [23,24,29,30,32]. Therefore, such an expansion reduction in the 

restrained direction results in anisotropic development of ASR-induced damage; the more advanced the 

stage of ASR development, the higher the degree of anisotropy [33]. The latter means that the use of an 

average/overall induced expansion (i.e. average value from distinct directions) observed in concrete 

members with concentrated (i.e. non-uniformly distributed) or anisotropic reinforcement configurations, 

boundary conditions, or sustained loading may not be appropriate for analysis in some cases [29ï31]. Yet, 



47 

 

there is current a lack of discussion in the literature on how ASR anisotropic effect might change the induced 

damage generation and propagation of affected concrete.  

It has been found that anisotropy of ASR-affected restrained concrete could lead to major deformations due 

to increase of expansion in other directions [33]. Allard et. al. [33] reported that thick slabs with 

asymmetrically distributed longitudinal reinforcement about the centroidal axis of the rectangular cross-

section deformed into trapezoidal sections after moderate to high (i.e., 0.20%) average ASR-induced 

expansion. Likewise, the progression and orientation of the induced cracks are significantly influenced by 

the boundary conditions and the reinforcement configuration of ASR-affected concrete structures/structural 

members. Confined reinforced concrete elastically restrained in the reinforcement direction causes tensile 

stresses in the reinforcing bars; thus, ASR-induced expansion is mostly suppressed in the main 

reinforcement direction [34]. Hence, most ASR-induced cracks in reinforced concrete members tend to be 

generated parallel to the main rebars [33ï36] as observed by Hansen et. al. [37] in laboratory and field 

structural members. 

Very few studies have been conducted to date on the effects of confinement on the distinct ASR 

petrographic distress features, crack patterns, and crack orientation of reinforced concrete members 

[35,36,38ï41]. Barbosa et.al. [35,36] observed distinct crack patterns and orientation on various concrete 

cores extracted from affected structures; cores were retrieved from reinforced slab bridges in different 

directions (i.e., vertically and horizontally - Figures 3A and 3B, respectively), where perpendicular ASR-

induced cracks to the loading were observed in vertically cored specimens while parallel cracks to the 

loading were verified in horizontally cored specimens.  

A) 

 

B) 
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Figure 3: A) Vertically extracted cores having perpendicular ASR-induced cracks to the loading (black arrows) and 

B) horizontally extracted cores having parallel ASR-induced cracks to the loading (red arrows) [36] (Reproduced with 

permission of Elsevier). 

Although the above results are very interesting and indeed indicate an important impact of restraint on 

ASR-induced damage development, to the authorsô best knowledge, there is a lack of studies quantitatively 

and systematically appraising this impact on concrete members displaying distinct reinforcement ratios and 

configurations, and presenting distinct damage degrees (i.e., induced expansion levels). 

6.2.3 Damage Rating Index (DRI) 

Grattan-Bellew et. al. [42,43] proposed the Damage Rating Index method (DRI), a semi-quantitative 

microscopic tool used to appraise damage in concrete. Distress features are counted in 1 by 1 cm squares 

drawn on the surface of polished concrete sections using a stereomicroscope at 15-16x magnification. The 

damage features are then multiplied by weighting factors whose purpose is to balance their relative 

importance towards the corresponding distress mechanism (e.g., ASR), as proposed by Villeneuve & 

Fournier [44]. The DRI number is therefore calculated and the higher the DRI number, the higher the 

damage degree [13]. Ideally, a surface of at least 200 cm² should be assessed however, for comparative 

purposes the final DRI value is always normalized to a 100 cm² area. The petrographic features included in 

the DRI assessment are listed in Figure 4A along with their corresponding weighting factors; some of the 

distress features can be observed and identified in Figure 4B.  

 

 

 

A  B 
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Petrographic features  
Weigh ting 

factors 

Closed cracks in aggregates 

(CCA) 
0.25 

Opened cracks in aggregates 

(OCA) 
2 

Opened crack with reaction 

product in aggregate (OCAG)  
2 

Coarse aggregate de-bonded 

(CAD)  
3 

Disaggregate/corroded aggregate 

particle (DAP)  
2 

Cracks in cement paste (CCP) 3 

Cracks with reaction product in 

cement paste (CCPG) 
3  

Figure 4: Damage Rating Index: A) Current weighting factors as per [44] and B) Micrograph illustrating a 1cm2 

section where some of the petrographic features listed in A can be observed and identified (Reproduced with 

permission of Elsevier).  

The proposed weighting factors as per Villeneuve & Fournier [44] aim not only to distinguish the 

importance of different types of features but rather reducing the variability between operators; for instance, 

the same weighting factor is given to a crack with or without reaction product (i.e., ASR gel) since its 

identification and interpretation may vary between operators [45]. Moreover, analysing the distinct DRI 

petrographic features, one verifies that the closed crack in the aggregates (CCA) is a feature that may be 

caused by, for instance, ASR-independent processes such as weathering or aggregates manufacturing; 

therefore a low importance is attributed to this feature (i.e., weighting factor of 0.25). Conversely, an 

increase in open cracks in the aggregate particles without or with gel (OCA and OCAG, respectively) is 

frequently observed as a function of ASR-induced development; thus, a weighting factor of 2 is given to 

such distress features. Lastly, a weighting factor of 3 is attributed to cracks in the cement paste without or 

with gel (CCP and CCPG, respectively), since those cracks reflect a more severely damaged concrete. 

Besides the use of the conventional DRI method, Sanchez et. al. [1,2] proposed the utilization of 

supplementary petrographic analyses through the so-called ñextended DRI versionò, where the microscopic 

distress features presented in Figure 4 are evaluated in absolute (counts) and relative (%) manners, without 

the application of any weighting factors; it has been found that supplementary observations and evaluations 

made through the extended DRI version may help towards a more comprehensive assessment and 

understanding of ASR-induced development of affected concrete. The extended DRI also allows the 

calculation of the crack density (CD), which represents the summation of the opened cracks in the 

aggregates and cement paste (with or without gel), in the system, and helps to identify the overall damage 

degree of the affected material. Finally, although the DRI has proven to be quite effective to appraise the 
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extent of damage in ASR-affected concrete under unrestrained conditions, the effect of restraint on the 

ASR-induced petrographic distress features and thus DRI outcomes remains mostly unknown.  

6.3 Scope of the work 

As stated in the previous sections, there is a need of a thorough, quantitative and systematic evaluation of 

the restraint effects on ASR-induced expansion and microscopic deterioration (i.e., kinetics and induced 

expansion, damage generation and propagation, crack pattern and orientation). Therefore, concrete blocks 

incorporating a highly reactive coarse aggregate and displaying distinct reinforcement configurations (i.e., 

none, 1D and 2D) were fabricated in the laboratory, stored in conditions enabling ASR-induced 

development (i.e., 38 °C and 100% R.H.) and monitored over time. At distinct expansion levels (i.e., 0.08% 

and 0.15%) the blocks were cored in three directions (i.e., longitudinal, transverse, and vertical) and the 

conventional and extended DRI versions were conducted on each of those. Finally, comparisons on the 

damage development, extent, pattern and orientation of restrained versus unrestrained concrete blocks at 

distinct deterioration levels were performed. 

6.4 Materials and methods 

6.4.1 Materials and mixture proportions   

Eighteen concrete blocks of 450 by 450 by 675 mm (Figure 5) were fabricated in the laboratory using a 

concrete mixture with a design compressive strength of 35 MPa. A highly reactive coarse aggregate (i.e., 

Springhill - Sp) combined with a non-reactive fine aggregate (Ottawa natural sand - Ot) from a local natural 

pit were selected for concrete manufacturing. Table 1 provides information on the different aggregates used 

in this study, including the mineralogical composition of the aggregates. The coarse aggregates ranged in 

size from 5 to 20 mm. A conventional Portland cement (CSA Type GU, ASTM type 1) containing a high 

alkali content (0.88% Na2Oeq) was used in the mixture. Reagent grade sodium hydroxide pellets were used 

to raise the total alkali content to 1.25% Na2Oeq, by cement mass, to accelerate ASR-induced expansion. 

The concrete blocks were proportioned using the Concrete Prism Test (CPT) standard mixture proportion 

as per ASTM C 1293 [46] and displayed in Table 2.  

Table 1: Aggregate properties selected for this study. 

Aggregate  
Rock type 

Specific 

gravity 

(g/cm3) 

Absorption 

(%) 

AMBT a 14 

days expansion 

(%) Type Reactivity Location Name 

Coarse Reactive 
New 

Brunswick 
Sp 

Crushed 

greywacke 
2.72 0.602 0.69 

Fine 
Non-

reactive 
Ottawa Ot 

Natural, derived 

granite 
2.65 1.18 0.07 

a) Typical expansion of ASTM C 1260. 
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Table 2: Concrete mix design. 

Materials Quantities in the mix (kg/m3) 

Cement 420 

Fine aggregate (Ot) 681 

Coarse aggregate (Sp) 1044 

Water 176 

 

6.4.2 Manufacture of concrete blocks and cylinders 

To investigate the effect of restraint on ASR-induced expansion, damage generation and propagation, 

distinct confinement conditions/configurations were selected for this study: 1) unrestrained blocks, 2) 1D 

confined blocks and, 3) 2D confined blocks (Figures 5 and 6). Restraint was introduced to the blocks using 

internal steel reinforcing bars at a reinforcement ratio of 2% in a) the longitudinal direction (i.e., 1D 

confined blocks), or b) both the longitudinal and transverse directions (i.e., 2D confined blocks). This 

reinforcement ratio is considered moderately high, and not uncommon for certain reinforced concrete 

member types such as columns or wall boundary elements. Hence, for most structural member types this 

may be viewed as a reasonable upper limit to the degree of restraint provided by internal reinforcement 

where the reinforcing bars are primarily oriented along one or two orthogonal directions. Embedded 35M 

steel reinforcing bars, having a nominal diameter of 35 mm, were selected in order to achieve a sufficiently 

large bar spacing to accommodate core extraction (Figure 6). Moreover, In the case of restrained concrete, 

the concrete cover and spacing between the top and bottom steel rebars is 50 mm and 280 mm, respectively 

(Figure 6C). In the case of 2D confined blocks, the longitudinal and transverse steel reinforcing bars were 

professionally welded to facilitate construction (Figure 6A). It is important to notice that the reinforcement 

was equally distributed between the top and bottom portions of each block to avoid curvatures associated 

with non-uniform expansion. Effects of reinforcement distribution, external boundary conditions, and 

sustained loads are not considered here and are recommended topics for future work. 

All blocks were demoulded after 24 hours and moist cured (i.e., 20°C) for over 24 hours. Four small holes, 

10 mm in diameter by 55 mm long, were then drilled in the three main sides of the blocks: a) top (Figure 

7A - points 1 and 2), b) longitudinal (Figure 7A - points 3 and 4) and c) transverse (Figure 7A - points 5 

and 6). Stainless steel gauge studs were then glued in place with a fast-setting cement slurry for longitudinal 

expansion measurements.  
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Figure 5: Concrete blocks presenting: A) 2D confinement (Top View), B) 2D confinement (Side View), C) 2D 

confinement (Front View) and, D) Environmental chamber at 38oC and 100% RH. 

A)  B)  

C)  

Figure 6: Confinement orientations: A) 2D confinement, B) 1D confinement and C) schematic of restrained blocks 

with 50 mm concrete cover and 280 mm distance between top and bottom steel bars. 
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For comparison purposes, 20 concrete cylinders (i.e., 100 by 200 mm) were also manufactured 

incorporating the same highly reactive coarse aggregate and using the same mixture proportion as the 

concrete blocks. The cylindrical specimens were demoulded after 24 hours and moist cured (i.e., 20°C) for 

24 hours. Small holes, 8.5 mm in diameter by 19 mm long, were then drilled in both ends of each test 

cylinder and stainless-steel gauge studs were glued in place with a fast setting cement slurry for longitudinal 

expansion measurements.  

After 48 hours (i.e., two days from casting), the zero reading was taken (i.e., in case of concrete blocks: top 

longitudinal, side longitudinal and transverse expansion measurements as per Figure 7A, and in case of 

cylinders: longitudinal/axial expansion measurements) and all concrete blocks were stored in an 

environmental chamber enabling and accelerating ASR-induced development (i.e., 38oC and 100% RH). 

Likewise, the concrete cylinders were placed in sealed plastic containers of 22 liters lined with a damp cloth 

(Figure 7B and C) and stored in the same conditions as the concrete blocks. All specimens (i.e., blocks and 

cylinders) were regularly monitored over time and were placed at 23°C for 16 ± 4 hours prior to periodic 

expansion measurements. Upon reaching low (i.e., 0.08%) and moderate (i.e., 0.15%) expansion levels, the 

test cylinders and blocks were removed from the environmental chamber for the DRI analyses. Following 

the removal, three blocks per restraint configuration were cored to produce seven 100 by 450 mm cores 

(Figure 8 D) from the vertical (Figure 8 A) and transverse (Figure 8 B) directions, along with four 100 by 

675 mm cores from the longitudinal (Figure 8 C) direction.  

 

A)

 

B) 

 

C) 

 

Figure 7: A) Gauge studs orientation for blocks, B) sealed bucket arrangement for the 38°C and 100% RH test and, 

C) affected test cylinder. 
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Figure 8: Qualitative sketch of the cores extracted from 2D Blocks A) vertical, B) transverse, C) longitudinal and D) 

core specimens of 100 mm by 450 mm. 

6.4.3 Experimental procedures 

The conventional and extended DRI versions were conducted on concrete cylinders and cores from ASR-

affected blocks at distinct expansion levels (i.e., 0.08% and 0.15%). Prior to the microscopic assessment, 

two consecutive core samples from each of the three coring directions (i.e., vertical, longitudinal and 

transverse; total of 6 specimens per restraint condition per expansion level) and two cylinders per expansion 

level were cut in half longitudinally using a diamond bladed masonry saw followed by subsequent 

mechanical polishing with grits of 30 (coarse), 60, 140, 280, 600, 1200 and 3000 (very fine). Once the 

surface of the polished section was considered suitable for analysis, a 1 by 1 cm grid was drawn on the 

polished surface of the specimens. The distress features were then appraised as per Villeneuve and Fournier 

(i.e., conventional method - Figure 4) [44] and Sanchez et. al. (i.e., extended version) [1,2]. The DRI has 

been conducted in two different, yet related ways. First, the microscopic results were averaged from the 

three coring orientations (i.e., longitudinal, transverse and vertical) to assess the influence of the restraint 

on the ñoverall deteriorationò of ASR-affected blocks (i.e., Results section). Second, the DRI was evaluated 

as per the coring direction (i.e., longitudinal, transverse and vertical) to appraise and quantify ASR 

anisotropic behaviour as a function of the restraint effect (i.e., Discussion section). 
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6.5 Results 

6.5.1 ASR kinetics and development 

Figure 9 presents the average induced expansions (i.e., average value of four consecutive measurements 

per specimen per direction over time with standard deviations ranging from 0.02% to 0.06%) as a function 

of time of the distinct directions of the ASR-affected concrete blocks displaying different reinforcement 

configurations. Figure 9A also displays the average axial expansions of concrete cylinders (standard 

deviation of 0.03%). Analyzing the plots, one observes that all specimens (i.e., concrete cylinders and 

blocks, restrained and unrestrained), were able to reach the two induced expansion levels selected for this 

work (i.e., 0.08% and 0.15%). Yet, the expansion kinetics (i.e., induced expansion rate) of concrete 

cylinders was much faster than the blocks, regardless of their reinforcement configuration (i.e., none, 1D 

and 2D). Furthermore, all concrete blocks presented some shrinkage (i.e., all directions) at the beginning 

of ASR-induced development. The induced expansions from the distinct directions as a function of time 

followed a similar trend (i.e., parallel curves) for all blocks. However, different values were obtained as per 

the distinct directions (i.e., top longitudinal, side longitudinal and transverse - Figure 7A). Moreover, the 

higher the restraint effect, the higher the degree of anisotropy and thus the higher the expansion scattering 

amongst distinct directions.  

In the case of the unrestrained blocks (Figure 9A), the expansion curves are very close to each other, 

although the expansions are slightly higher in the transverse direction, followed by the longitudinal top and 

side directions. The 0.15% expansion level was reached after 175, 190, and 212 days at 38°C and 100% 

R.H on the transverse, longitudinal top and longitudinal side directions, respectively. Otherwise, as Figures 

9B and 9C illustrate, the 1D and 2D restrained blocks displayed a much slower ASR-induced expansion 

development than unrestrained blocks, where a 0.15% expansion was achieved after 190, 212 and 255 days 

by 1D blocks, compared to 235, 275, and 340 days by 2D blocks on the transverse, longitudinal top and 

longitudinal sides, respectively. Furthermore, concrete cylinders showed considerably faster expansion 

levels when compared to all concrete blocks, where an expansion of 0.15% was reached after 70 days on 

average (Figure 9A). The difference between cylinders and blocks could be attributed to the size of the 

samples, which directly affects the moisture transfer and thus may decrease the rate of ASR-induced 

development in larger specimens [47,48]. Moreover, comparing the expansion levels attained by the 

concrete blocks as a function of time, it is clear that the restraint plays an important role on ASR-induced 

development (kinetics and expansion amplitude) since the higher the overall degree of restraint, the slower 

the expansion rate and the lower the amplitude over time. As such, averaging all directions, one observes 

that a 0.15% expansion level is attained by the unrestrained concrete at 190 days followed by the 1D and 

2D concrete blocks at 235 and 270 days, respectively. Likewise, the non-restrained blocks reached (on 
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average) a maximum expansion of 0.27% at 340 days, while the 1D and 2D blocks attained respectively 

expansions of 0.23% and 0.18% (on average) at the same time period. The above influence of restraint on 

ASR-induced expansion kinetics and amplitude has already been reported in the literature [23,49,50]. 

The expansion measurements on distinct surfaces of the restrained blocks revealed the transfer of induced 

expansion from restrained directions to directions with less or no restraint resulting in higher expansion 

levels. As Figures 9B and 9C illustrate, the transverse face reached higher expansion levels followed by the 

top surface then the longitudinal side. This shows that a higher amount of ASR-induced expansion has been 

generated in the non/less-restrained direction of the reinforced blocks (i.e., transverse direction), possibly 

revealing an effect of restraint on constitutive anisotropy of the specimens as previously reported in the 

literature [23,31,50]. Moreover, although the 2D blocks present the same reinforcement ratio in the 

longitudinal and transverse directions (i.e., 2%), the reinforcement configuration is different in these two 

directions (i.e., 2 bars of 35 mm in the longitudinal direction and 3 bars of 35 mm in the transverse 

direction). This difference along with geometric features (i.e., longer size and thus friction per unit width 

for the longitudinal direction) might be among the causes the of the higher expansion obtained for the 

transverse faces. As such, while the side longitudinal surface of 1D confinement (i.e., restrained direction) 

reached 0.15% of expansion at 255 days, the top longitudinal and the transverse surfaces reached 0.17% 

and 0.21% of expansion at the same time period, respectively. Likewise, the longitudinal surface of the 2D 

blocks reached 0.15% at 340 days, while the top longitudinal and the transverse reached 0.18% and 0.22% 

respectively at the same age. The above confirms that the relative expansion levels achieved by the different 

blocksô faces are influenced by the restraint direction (i.e., transverse > longitudinal top > longitudinal side) 

along with reinforcement configuration and geometric features as per [51]. Furthermore, these results 

clearly demonstrate that the longitudinal side of all concrete blocks represents the lowest expansion level 

among all other surfaces as previously observed by [51] since they are not (or at least less) influenced by 

local effects [23,29,30] (i.e., the top drying/wetting cycles, differential restriction between bottom and top 

surfaces) and/or are parallel to the main reinforcement. Therefore, for the sake of further microscopic 

analysis, the expansion level adopted as ñrepresentativeò of a given damage degree was measured on the 

longitudinal side for all concrete blocks (as Figure 7A -longitudinal measurements starting from points 3 

and 4).  
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A) B) 

  

C) 
 

 
Figure 9: ASR kinetics (expansion vs. time) for: A) unrestrained concrete specimens, B) 1D concrete blocks and, C) 

2D concrete blocks incorporating distinct surfaces of the blocks. 

6.5.2 Microscopic distress features and crack density 

The ASR microscopic distress features and crack density (CD) of the concrete specimens as a function of 

expansion were evaluated using the extended version of the DRI as proposed by Sanchez et al. [1,2]. It is 

worth noting that the results presented hereafter are the ñoverallò microscopic distress features and CD 

values (i.e., average of six specimens, two per direction) from the ASR-affected blocks at each expansion 

level tested.  

Figure 10A illustrates the distinct microscopic features appraised in a relative (i.e., as counts, normalized 

to 100 cm2) manner, without the use of the proposed DRI weighting factors. The most common microscopic 

feature in all concrete specimens appraised corresponds to the group of closed cracks in the aggregates 
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(CCA), for both given expansion levels. Although for each concrete type the counts of open cracks in the 

aggregates and cracks in the cement paste increase with expansion, the difference remains in the total counts 

of cracks. The unrestrained concrete blocks present 442 counts at 0.08%; yet, a higher count at 0.15% (i.e., 

565) is observed. Moreover, the 1D and 2D blocks display 463 and 438 counts at 0.08% of expansion, while 

they raise to 512 and 508 at 0.15%, respectively. The latter demonstrates that the microscopic features 

(counts) are affected by the restraint configuration (i.e., counts of unrestrained concrete > 1D > 2D). 

Noticeably, the concrete cylinders present the highest counts of cracks of 502 and 570 for 0.08% and 0.15% 

of expansion, respectively. It is worth noting that the data in brief can be found in Table 4 of the 

supplementary materials section.  

The relative proportions (%) of the microscopic features as a function of the expansion for all concrete 

specimens are illustrated in Figure 10B. The proportions are nearly identical for each concrete type, with 

the proportions of open cracks in the aggregate and cracks in the cement paste increasing with expansion. 

For the slightly damaged (i.e., expansion level of 0.08%) concrete, the groups of closed cracks in aggregate 

and open cracks in aggregate represent between 70 to 80% and 7 to 15% of the microscopic features, 

respectively. On the other hand, for the moderately damaged (i.e., expansion level of 0.15%) concrete, the 

group of closed cracks in aggregate decreases, ranging from 45 to 55%, and the proportion of open cracks 

in aggregate increases, representing between 15 to 25%. The proportion of the group of cracks in cement 

paste however remains quite low for all concrete types at both given expansion levels, being less than 10% 

for the majority of the concrete specimens in this study.  

A) 

 

B) 
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Figure 10: Microscopic features of deterioration as: A) Counts normalized for 100 cm2 surface area and B) 

Percentage without using the weighting factors. 

Figure 11 displays the crack density (CD ï crack counts/cm2) obtained from the distinct concrete specimens 

studied in this research without the use of the DRI weighting factors. At 0.08% of expansion, the 

unrestrained concrete block yielded a CD of 2.59 counts/cm2 while the 1D and 2D concrete blocks displayed 

a CD of 2.55 counts/cm2 and 2.62 counts/cm2, respectively. Noticeably, the CD increases with increasing 

expansion for each type of concrete where, at 0.15% of expansion, the CD is slightly higher for the 2D 

concrete blocks (i.e., 5.10 counts/cm2) followed by the 1D concrete blocks (i.e., 5.05 counts/cm2) then the 

unrestrained concrete blocks (i.e., 4.83 counts/cm2). Similar to the microscopic features, the achieved crack 

density is influenced by the direction of restraint (i.e., CD 2D > CD 1D > CD unrestrained). Furthermore, 

concrete cylinders showed the CD of 2.56 counts/cm2 for slightly damaged concrete (i.e., expansion level 

of 0.08%) and reached 4.73 counts/cm2 for moderately damaged concrete (i.e., expansion level of 0.15%). 

It is worth noting that the data in brief can be found in Table 4 of the supplementary materials section. 
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Figure 11: Crack density as a function of expansion. 

6.5.3 Crack widths/lengths versus degree of expansion/damage 

The maximum length and widths of cracks as a function of expansion may act as indicators to assess the 

development/progress of ASR-induced deterioration in concrete (Figure 12). As proposed by Sanchez et. 

al. [2], the maximum length of cracks (Lmax) was measured for cracks in the cement paste only or cracks in 

aggregates extending into the cement paste. The maximum crack width (Wmax) was measured for cracks 

within the aggregate particles only, as this is considered a more readily/reliably measure than in the case of 

cracks in the cement paste. The maximum lengths and widths of cracks were measured manually using a 

clear comparator card. In this section, the ñoverallò crack length and width results (i.e., average of six 

specimens, two per direction) from the ASR-affected specimens are presented.  

Analyzing the results, one observes that the maximum crack length increases with expansion for each of 

the restraint conditions. At an expansion level of 0.08%, the maximum crack length of 12 mm was measured 

for the unrestrained and restrained concrete blocks while a maximum crack length of 14 mm was seen in 

the concrete cylinders (Figure 12A). At an expansion level of 0.015%, the unrestrained concrete block 

presented the longest crack at 18 mm followed by 1D concrete blocks displaying a maximum crack length 

of 17 mm, while the 2D concrete blocks presented the shortest crack at 16 mm (i.e., Lmax unrestrained > 

Lmax 1D > Lmax 2D). Likewise, the maximum crack width was found to increase with expansion for all 

specimens (Figure 12B); the maximum crack width measured was 0.10 mm at 0.08% expansion for all 

specimens (blocks and cylinders), while different yet quite similar maximum widths of 0.15 mm, 0.14 mm 

and 0.16 mm were gathered for the unrestrained concrete blocks, 1D and 2D blocks (respectively), at 0.15% 

of expansion (i.e., Wmax 2D > Wmax unrestrained > Wmax 1D). Moreover, the concrete cylinders presented a 

maximum crack length and width of 17 mm and 0.15 mm respectively, at 0.15% of expansion. It is worth 

mentioning that the data in brief can be found in Table 4 of the supplementary materials section. 
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A) B) 

  

Figure 12: A) Maximum length and B) Maximum width of cracks for all concrete specimens as function of 

expansion. 

6.5.4 Quantitative assessment of damage through DRI 

Figure 13 represents the ñoverallò DRI values (i.e., average of six specimens, two per direction) for all 

concrete specimens incorporating the Springhill reactive coarse aggregate. In general, microscopic 

investigations verified that the opened cracks (i.e., in the aggregates and in the cement paste) increase with 

expansion, leading to an increase of the DRI number in all concrete specimens. One interesting point to 

notice is that all specimens generally follow the same trend with increasing expansion. As such, the DRI 

numbers for unrestrained concrete were 340 and 575 for slightly damaged (i.e., expansion level of 0.08%) 

and moderately damaged concrete (i.e., expansion level of 0.15%), respectively. The 1D and 2D-confined 

concrete presented similar DRI numbers of 368 and 343 at 0.08%, as well as 579 and 574 at 0.15% 

expansion, respectively. The above suggests that although the microscopic distress features (in counts - see 

section 5.2) are slightly different for distinct restraint conditions, the ñoverallò damage obtained through 

the DRI, that accounts for not only the number of counts but rather the number and importance of the crack 

counts (i.e., counts x weighing factors), is quite similar for the distinct concrete blocks appraised in this 

study. Comparing the DRI numbers of blocks and cylinders, one notices that they generally show similar 

trends with the concrete cylinders displaying a slightly larger DRI number at 0.08% (i.e., 353) and similar 

DRI value to unrestrained concrete blocks at 0.15% (i.e., 575). It is worth saying that the data in brief can 

be found in Table 4 of the supplementary materials section. 
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 Figure 13: DRI number as a function of expansion. 

6.6 Discussion 

6.6.1 Effect of restraint  on the ñoverallò ASR-induced expansion and damage development 

The microscopic assessment (i.e., overall results, disregarding the cores direction) performed during this 

study enabled some key observations to better understand ASR-induced damage features and their 

propagation in restrained concrete. The microscopic features of deterioration (in counts ï Figure 10A), 

cracking density (Figure 11) and maximum cracks lengths and widths (Figure 12A and B) clearly 

demonstrate the influence of the restraint on ASR damage development; i.e., the higher the restraint, the 

slightly lower the cracks counts and maximum lengths, and the slightly higher the crack density. 

Conversely, the crack pattern displayed through the microscopic features of deterioration (in % - Figure 

10B) and DRI number look like very similar for all specimens, regardless of their restraint condition. The 

above means that the overall deterioration of the distinct specimens evaluated is roughly similar, although 

some microscopic distress features seem to ñchangeò according to the restraint configuration. For instance, 

closed cracks in the aggregates (CCA) were more observed in unrestrained specimens; this implies that 

some closed cracks in the aggregates (CCA) might reopen due to ASR-development under restraint. 

Nevertheless, regardless of the restraint condition, the distinct types of cracks and thus overall damage 

increased as a function of ASR-induced expansion, as expected and verified in previous studies [1,3,13,17] 

To better visualize the above discussion, Figure 14 illustrates the detailed overall DRI charts (i.e., average 

of six specimens, two per direction), displaying all the petrographic features identified in the method 

obtained from the distinct unrestrained/restrained specimens. Analyzing the charts, one observes that all 

specimens show a general increase in the number of open cracks in the aggregates without and with gel 

(i.e., OCA and OCAG, respectively) and cracks in the cement paste without and with gel (i.e., CCP and 
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CCPG, respectively) from 0.08% to 0.15% of expansion. Even though the DRI numbers are quite similar 

at 0.15% of expansion for all specimens, the most noticeable differences in damage features between 

unrestrained and restrained concrete are the closed cracks in the aggregates (CCA ï blue chart), open cracks 

in the aggregates (OCA ï red chart) and the cracks in the cement paste (CCP - orange chart). The closed 

cracks in the aggregates (CCA) and the open cracks in the aggregates (OCA) are higher for the unrestrained 

specimens (i.e., å86 vs å72 and å310 vs å280 on average, respectively) whereas the cement paste cracks 

are higher for the restrained concrete (i.e., å190 vs å163, on average). Moreover, open cracks in the non-

reactive fine aggregate particles start to be observed at 0.15% of expansion,  which accounts for almost 16% 

of the total number of open cracks in the aggregates. Cracking of non-reactive particles and the increase in 

cracks in the cement paste of restrained concrete could be due to the anisotropic character of ASR under 

restraint (i.e., decrease in induced expansion and deterioration in the main reinforcement direction and 

transfer to less restrained directions). 

As Figures 13 and 14 illustrate, the average DRI values for the slightly damaged concrete ranges from 340 

to 370, followed by 560 to 580 for the moderately damaged concrete. Notably, the results gathered in this 

study from restrained concrete follow the same trend as proposed by Sanchez et. al. [13] while evaluating 

concrete under unrestrained expansion (Table 3). The latter was proposed with a confidence level of 95% 

after the appraisal of 20 different concrete mixtures presenting distinct mechanical properties (i.e., 25, 35 

and 45 MPa) and incorporating 13 different reactive aggregate lithotypes. It was therefore revealed that the 

distress features and crack propagation in ASR-affected concrete are similar despite the concrete and 

aggregate type; hence, the DRI value correlates quite well (almost linearly) with the amount of ASR-

induced expansion [13].  
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Figure 14: DRI charts all concrete specimens. 

The present results indicate that the chart as per Sanchez et. al. [13] can be used to evaluate the ñoverallò 

(i.e., average results from distinct directions) ASR-induced damage development regardless of the restraint 

condition. In other words, ASR-induced damage does not seem to significantly change the ñoverall 

quantitativeò DRI number as a function of the restraint condition, although some differences in crack 

features (pattern and orientation) were found and will be discussed in the next sections. Nevertheless, from 

Figure 9 one could notice that ASR-induced expansion indeed changes with the restraint configuration; i.e., 

the higher the restraint, the slower the induced expansion (i.e., lower expansion rate) and the lower the 

expansion amplitude at a given time period. Furthermore, the results presented in Figure 9 also indicate that 

expansion transfer takes place in the direction of less restraint (i.e., distinct measured expansions from 

different directions). Hence, a thorough study on ASR anisotropy is required to fully understand the effect 

of restraint on ASR-induced damage generation and propagation. 

Table 3: Classification of the damage degree in concrete due to ASR [13] (Reproduced with permission of Elsevier). 

6.6.2 Effect of restraint  on ASR anisotropy 

It has been observed that the restraint configuration could affect on ASR-induced damage features (i.e., 

pattern and orientation) [36] and their perceived development in affected restrained concrete. To further 

understand this effect, Figures 15, 16 and 17 display the CD, maximum crack length and width, and DRI 

chart, respectively, for concrete cores obtained from distinct directions (i.e., coring orientations ï vertical, 

longitudinal and transverse). It is worth noting that the data in brief of the CD, maximum crack length and 

width, and DRI chart can be found in Table 5 of the supplementary materials section.  For unrestrained 

concrete, there is no significant variation of CD, maximum crack length and width, and DRI values for 

distinct coring orientations for both slightly damaged (0.08%) and moderately damaged (0.15%) concrete. 

The 1D concrete blocksô vertical and transverse cores (i.e., unrestrained/ less restrained directions) on the 

other hand present a 38% higher CD, 37% longer cracks, and 30% and 33% higher DRI values, respectively, 

when compared to the longitudinal cores (i.e., restrained direction) for both slightly damaged and 

moderately damaged concrete. Moreover, even though similar maximum crack widths were verified in 

distinct directions for slightly damaged 1D concrete (0.08%), 25% wider cracks (on average) were observed 

in the vertical and transverse cores (i.e., unrestrained direction) when compared to the longitudinal cores 

Classification of 

ASR damage 

degree (%) 

 

Reference 

expansion level 

(%) [13] 

Assessment of ASR (DRI number) 

Conventional 

Concrete [13] 

Expansion 

level from 

this study 

Unrestrained 

concrete 

blocks 

1D 

concrete 

blocks 

2D 

concrete 

blocks 

Negligible 0.00ï0.03 100ï155  - - - 

Marginal 0.04 ± 0.01 210ï400 0.08% 330-350 328-350 330-355 

Moderate 0.11 ± 0.01 330ï500 0.15% 565-580 540-580 520-580 

High 0.20 ± 0.01 500ï765     

Very high 0.30 ± 0.01 600ï925     
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(i.e., restrained direction) for moderately damaged 1D blocks (0.15%). Comparing the average CD, 

maximum crack length and width, and DRI values of 1D concrete blocks with distinct coring orientations 

for both slightly damaged (0.08%) and moderately damaged (0.15%) concrete, one notices that vertical and 

transverse cores demonstrate higher values than the average, while the longitudinal specimens display lower 

results. This shows that using the average values (or ñoverall deterioration valuesò) clearly underestimates 

ASR-induced damage in unrestrained directions while overestimates restrained orientations. Likewise, for 

2D-confined concrete blocks, the vertical cores (i.e., unrestrained direction) presented the highest amount 

of induced damage, while the transverse and longitudinal cores (i.e., restrained directions) did only display 

a slight difference between them. The vertical 2D cores demonstrated an increase of almost 28% and 69% 

for CD, 60% and 38% for the maximum length, and 29% and 62% for the DRI number for both slightly 

and moderately damaged concrete, respectively, compared to the transverse and longitudinal samples. Yet, 

no significant difference in the crack width for slightly damaged concrete was observed; on average 48% 

wider cracks are identified in the vertical cores (i.e., unrestrained direction) when compared to the 

transverse and longitudinal cores (i.e., restrained direction) for moderately damaged 2D concrete blocks. 

As for the 1D blocks, if one uses the average values (or ñoverall deterioration valuesò) for evaluation of 

ASR-induced deterioration of 2D blocks, one may underestimate the deterioration in unrestrained directions 

while overestimating it in restrained orientations. 

 

Figure 15: Crack density as a function of coring direction for specified expansion in concrete blocks. 

0

1

2

3

4

5

6

7

8

Unconfined
blocks

C
ra

c
k
 d

e
n

si
ty

 (
c
o

u
n

ts
/c

m2 )

Longitudinal
Transverse
Vertical
Average

Plain Blocks Plain Blocks

0.08%

0.15%

                Unconfined           1D                    2D                Unconfined              1D                    

2D 



66 

 

A)  

B)  

Figure 16: Maximum length (A), and width (B) of cracking as a function of coring direction for specified expansion 

in concrete blocks.  

0

5

10

15

20

25

1 2 3 4 5 6

L
 m

a
x
(m

m
)

Longitudinal

Transverse

Vertical

Average
0.08%

0.15%

1D 
Blocks

2D 
Blocks

1D 
Blocks

2D 
Blocks

Plain 
Blocks

Plain 
Blocks

0

0.05

0.1

0.15

0.2

0.25

1 2 3 4 5 6

W
 m

a
x
(m

m
)

Longitudinal

Transverse

Vertical

Average

0.08%

0.15%

A)  unrestrained blocks B)1D blocks 

                Unconfined           1D                    2D                Unconfined              1D                    

2D 

               Unconfined           1D                    2D                Unconfined              1D                      2D 



67 

 

6.6.3 Understanding ASR-induced damage development of unrestrained and restrained concrete 

Previous sections discussed the use of ñoverall damage valuesò for appraising ASR affected unrestrained 

and restrained concrete along with the importance of anisotropic effects generated by members displaying 

different restraint configurations. With this previous understanding, the current section aims to describe and 

compare ASR-induced damage development (i.e., cracks generation and propagation) of unrestrained and 

restrained concrete.  

¶ Unrestrained concrete specimens 

As illustrated by the DRI charts (Figure 17A), there is no considerable difference amongst the various 

damage features in distinct coring directions of both slightly damaged (0.08%) and moderately damaged 

  
 

 

C) 2D blocks 

 
Figure 17: DRI charts as a function of coring direction for specified expansion in concrete blocks. 
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(0.15%) unrestrained concrete. These results attest that the distinct coring directions follow a similar 

damage development (i.e., cracks generation and propagation) than the one proposed by Sanchez et. al. [1] 

for concrete under ñfree expansion conditionsò and displayed in Figure 2. According to Sanchez et al [1], 

ASR-induced cracks (ñsharpò and ñonion skinò crack types) are initially developed within the aggregates 

at low expansion levels (e.g., 0.05%); these cracks enhance in length and width with an increase in 

expansion and start extending to the cement paste at moderate expansion levels (e.g., 0.12%). Finally, the 

cracks reach the cement paste completely at high expansion levels (e.g., 0.20%), linking to each other later 

on, at very high levels of expansion (0.30%). In this work, damage features similar to those proposed by 

Sanchez et. al. [1], including ñsharpò and ñonion skinò crack types were identified in all concrete specimens. 

Figures 18A and 18B illustrate these two crack types, respectively at 0.15% of expansion. Figures 18C and 

18D display open cracks in the aggregates (OCA) slightly extending into the cement paste along with open 

cracks in the aggregates (OCA) with ASR products (i.e., ASR gel), respectively.  

A) Sharp crack in unrestrained concrete blocks (close 

and open cracks in aggregate)  

B) Onion skin crack in unrestrained concrete blocks 

(close crack in aggregate)  

  

C) Open cracks in aggeregate run into cement paste  
D) Open crack in the aggregate with gel in 

unrestrained concrete block  
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Figure 18: Typical cracking features in the unrestrained concrete cylinders/blocks. 

¶ Restrained concrete specimens 

In the case of restrained concrete, ASR-induced development (i.e., cracks generation and propagation) was 

found to be considerably different from unrestrained concrete (especially at moderate expansion levels) due 

to the important anisotropic effects taking place under restraint conditions. Figures 17B and C display the 

DRI charts for 1D and 2D confined blocks, respectively. For slightly damaged concrete (e.g., 0.08%), ASR-

induced cracks seem to have a similar pattern in restrained and unrestrained blocks (i.e., majority of cracks 

within the aggregates - OCA, with some of them extending to the cement paste). This means that the 

descriptive damage development model proposed by Sanchez et al. [1] might still be applied to slightly 

damage concrete under restraint. Conversely, for moderately damaged concrete (0.15%, Figures 17B and 

C), different damage features are observed in restrained concrete (1D and 2D blocks), as follows: a) 

different damage degrees are observed as per the different coring directions (i.e., anisotropic effect) as 

thoroughly discussed in the section 6.2; b) a lower number of closed cracks in the aggregates and open 

cracks in the reactive coarse aggregate particles (CCA and OCA ï blue and red charts from Figure 17, 

respectively) is found in the restrained blocks; c) some non-reactive fine aggregates start displaying opened 

cracks (OCA sand ï white with red stripes chart, Figure 19A) which is not observed in unrestrained concrete 

and; d) a higher number of open cracks presenting ASR products (i.e., OCAG ï green chart, Figures 19B 

and 19C) is identified in restrained concrete. These distress features were observed in all directions of 

restrained specimens. Furthermore, both ñsharpò and ñonion skinò cracks were verified in the distinct 

directions of restrained concrete (Figures 19D and 19E, respectively, at 0.15% of expansion). 

The above differences in distress features observed in restrained concrete emphasizes that ASR-induced 

damage generation and propagation under restraint differs from the model proposed by Sanchez et al [1] 

under ñfree expansionò conditions, especially from moderate expansion levels and onwards. Hence, the 
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microscopic results from Figure 17 seem to indicate that besides the previously reported [20,23ï30] and 

currently identified ASR anisotropy, affected concrete under restraint may develop important (and higher) 

tensile stresses within the aggregates, which could accelerate the process of increasing (in length) ASR pre-

existing cracks, causing the observed reduction of open cracks in the reactive aggregate particles (OCA ï 

red chart from Figure 17) along with the increase of cracks in the cement paste (CCP- orange chart from 

Figure 17). In other words, once ASR is triggered and cracks are initially developed at low expansion levels, 

the stresses generated under restraint may primarily increase ASR previously generated cracks than creating 

new ones in the system from moderate expansion levels. Moreover, these important tensile stresses 

generated under restraint may even reduce the closed cracks in the aggregates (CCA - blue chart from 

Figure 17), transforming then into fast tracks for open cracks in the aggregates (OCA) and developing 

further cracks in the non-reactive fine aggregate particles (OCA sand, white with red stripes chart from 

Figure 17). This clearly suggests that the impact of ASR on the mechanical properties of affected concrete 

might be different from restrained and non-restrained concrete and should be thoroughly investigated in 

future studies.  

A) Open cracks in non- reactive fine aggregate B) Open crack with gel in 1D blocks at 0.15% 

  
C) Open crack with gel in 2D blocks at 0.15% with 1: Magnified sector 
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D) Sharp cracks in restrained concrete blocks (close 

crack in aggregate) 
E) Onion skin crack in aggregate (Open crack in aggregate) 

  
Figure 19: Typical cracking features in the restrained concretes incorporating the variety of restraint configurations.  

6.6.4 Evaluating ASR-induced damage development as a function of the depth of restrained and 

unrestrained concrete 

The microscopic analyses conducted in this work enable the evaluation of ASR-induced deterioration as a 

function of the blocksô depth for restrained and unrestrained concrete. Figure 20 illustrates the results 

gathered from the "surfaceò cores (i.e., 50-250 mm in depth) and ñinnerò cores (i.e., 250-450 mm in depth) 

of all concrete blocks. Analyzing the plots, one verifies that ñsurfaceò cores tend to have a slightly higher 

DRI number and thus damage than ñinnerò cores. This scattering is more pronounced for restrained concrete 

blocks (as expected) due to the restraint provided by the reinforcement which in turn generates an ASR-

induced expansion and deterioration gradient between the blocksô surface and core. The latter has been 

previously reported by other researchers [3]. However, the differences observed in this work between 

"surface" and ñinnerò cores for both confined and unconfined concrete are deemed very minor (< 10%), 

since the typical variability amongst distinct operators while conducting the DRI is about 15% [44]. Hence, 

the DRI numbers from ñsurfaceò and ñinnerò cores may be treated equally in this work and averaging 

ñsurfaceò and ñinnerò cores results is deemed thus reasonable. 
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To further understand the differences between ñsurfaceò and ñinnerò cores, yet in a more detailed fashion 

(i.e., not as an average DRI value of cores extracted from distinct depths but as a function of the depth 

itself), Figure 21 displays a heating map (i.e., damage obtained from the numerous 1cm2 squares evaluated 

through the DRI on two consecutive cores extracted from the 2D blocks in each direction). It is worth noting 

that the damage numbers obtained per 1cm2 from the heat map are classified as follows: 2.25-4.125 (green 

ï negligible/low damage), 4.125-6.00 (yellow ï low/moderate damage), 6.00-7.876 (orange ï 

moderate/high damage) and 7.876-9.75 (red ï high/very high). Analyzing the heat maps from the three 

directions (i.e., vertical, transverse and longitudinal), one observes some interesting points: a) the vertical 

direction presents a much higher ASR-induced damage (i.e., represented by the amount of red and orange 

1cm2 squares), followed by the transverse and longitudinal directions (close results, yet the transverse 

deterioration is slightly higher), as previously reported in past sections of this work and; b) the first 50 mm 

of the cores (i.e., concrete cover - Figure 6C), experiences a higher damage degree when compared to the 

other portions of the specimen. This indicates a higher amount of cracks on the surface due to the so-called 

ASR-induced expansion gradient (i.e., lower restraint and higher alkali leaching at the surface) as verified 

by [52]. 

A) Unrestrained blocks B) 1D blocks 
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C) 2D blocks 

  

Figure 20: DRI number as a function of coring depth for specified coring direction and expansion level in concrete 

blocks. 

 

A) 

 

B) 

 

C) 

 

Figure 21: Heat map of damage distribution for 2D concrete blocks in: A) vertical cores, B) transverse and C) 

longitudinal. 

6.6.5 Evaluating cracks orientation in unrestrained and restrained concrete 

In reinforced concrete members affected by ASR, not only the overall deterioration (i.e., number of cracks) 

matters but also the cracks orientation. The study of the cracks orientation has been performed in this 

research through an image analysis system where the distinct crack features observed and identified in each 
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1 cm2 DRI grid (Figure 4) drawn on the surface of ASR-affected cores were highlighted using a commercial 

software. Two hundred squares were highlighted (one hundred squares per core - two cores per direction) 

and then attached to each other, so that 100 by 400 mm cores could be entirely evaluated. This procedure 

was conducted on cores from the unrestrained and restrained blocks, for comparison purposes. As 

previously reported in the literature [8,25,52,53], the cracks observed in the cores extracted from the 

unrestrained block demonstrated a random distribution; in other words, a common crack pattern described 

as ñmap-crackingò, often displayed on the surface of ASR-affected unrestrained/less restrained field 

members, was found on cores extracted from the unrestrained block regardless of their coring direction 

(Figures 22A). Conversely, a thorough analysis on restrained blocks displaying 1D and 2D reinforcement 

configurations demonstrated that ASR-induced cracks are predominantly oriented parallel to the 

longitudinal reinforcements. This observation has been made by a number of researchers in the past [33ï

37]. Figures 22B and C presents the crack patterns observed in the longitudinal and transverse directions 

(top view) and longitudinal and vertical directions (side/longitudinal view) respectively, of restrained 

blocks displaying a 2D reinforcement configuration. Evaluating the crack orientations, one verifies that the 

vast majority of cracks are aligned parallel to the longitudinal reinforcement bars. Such an observation once 

again confirms the fact that ASR-induced deterioration has been transferred from restrained to 

unrestrained/less restrained areas. As previously stated in 6.3, the aforementioned information will require 

further investigation of the changes in mechanical properties and ultimately structural implications of ASR-

affected reinforced concrete displaying distinct reinforcement configurations as a function of induced 

expansion and deterioration. 

A ï Unrestrained block (Top view) 
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B ï 2D Confined block (Top view) 

 

Cï 2D Confined block (Side/Longitudinal view) 

 

Figure 22: Typical ASR-induced crack orientation obtained through image analysis on cores extracted from:                      

A) Unrestrained block (Top view), B) 2D Confined block (Top view) and, C) 2D Confined block (Side/Longitudinal 

view).   

6.7 Conclusions 

The purpose of this study was to microscopically appraise ASR-induced development in concrete blocks 

displaying distinct restraint configurations (i.e., none, 1D and 2D). The results obtained in this research 

demonstrate that restraint affects ASR-induced development (i.e., induced expansion and deterioration) of 

affected concrete. The following conclusions can be drawn from the findings of this work:  

¶ ASR-induced expansion kinetics (i.e., expansion rate) and amplitude are influenced by the 

specimenôs size. Concrete blocks (restrained and unrestrained) displayed slower expansion rate and 

lower expansion amplitude as a function of time when compared to concrete cylinders. These 

results indicate that the moisture transfer is likely affected in larger specimens, decreasing the rate 

of ASR-induced development within the time periods (1 year) and expansion levels (0.15%) 

evaluated in this research.   

¶ The higher the restraint degree, the slower the expansion rate and the lower the expansion amplitude 

as a function of time. Moreover, an investigation of ASR-induced expansion as per the different 

directions/surfaces of the blocks (i.e., longitudinal top, longitudinal side and transverse) 

demonstrated that ASR development (i.e., expansion and deterioration) under restraint displays an 

anisotropic behaviour; i.e., induced expansion is transferred from restrained to unrestrained/less 

restrained areas, which emphasizes the results obtained in this research (i.e., transverse > 

longitudinal top > longitudinal side). 

¶ The Damage Rating Index (DRI), as per its conventional and extended approaches, showed to be a 

quite reliable and valuable tool for assessing condition of ASR-affected unrestrained/restrained 
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concrete. Regardless of the restraint configuration, the use of an ñoverallò damage degree (i.e., 

average of three distinct directions at a given expansion level) showed to be in accordance with the 

range of values previously proposed for concrete specimens under ñfree expansionò. 

¶ Similar to the induced expansion, an important anisotropic behaviour in terms of crack 

development has also been observed for both 1D and 2D confined concrete blocks, where greater 

damage features and DRI numbers were more observed in the non-restrained directions than in the 

directions with confinement restrictions. Moreover, the higher the restraint degree, the higher the 

induced damage in the unrestrained directions, while less deterioration is observed in the restrained 

direction(s), especially for the 2D configuration. 

¶ Besides anisotropy, ASR-affected concrete under restraint displays a different induced crack 

development (i.e., generation and propagation) when compared to unrestrained concrete. Among 

the differences, which start being visible from moderate expansion levels, one observes the 

reduction of open cracks in the reactive aggregate particles (OCA) and the increase of cracks in the 

cement paste (CCP) as a function of induced expansion. Furthermore, a slight decrease in the closed 

cracks in the aggregates (CCA) along with the generation of open cracks in the non-reactive fine 

aggregate particles (OCA sand) are also observed under restraint. This clearly suggests that the 

impact of ASR on the mechanical properties of affected restrained concrete might be different from 

unrestrained concrete and should be further investigated.  

¶ Image analysis on cores extracted from restrained and unrestrained blocks from distinct orientations 

revealed that ASR-induced cracks in unrestrained concrete remain randomly distributed, whereas 

they are predominantly oriented parallel to the longitudinal reinforcement bar for restrained 

members. The latter indicates that the mechanical performance and ultimately structural 

implications of ASR-affected concrete bearing distinct reinforcement configurations might differ 

from studies based upon unrestrained conditions and should be further studied. 
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SUPPLEMENTARY MATERIALS  
Table 4: Data in brief for the ñoverallò analysis. 

Concrete 

Specimens 

Features (Counts) CD (Counts/cm2) Lmax (mm) W max (mm) DRI Number 

0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 

Unconfined 

cylinders 
502.058805 559.9073 2.562609 4.7338 14 17 0.1 0.15 353.5809 568.216 

Unconfined 

blocks 
442.367862 558.2572 2.593212 4.8276 12.16667 17.5 0.1 0.15 339.8161 575.136 

1D blocks 
462.89119 512.8892 2.55615 5.046417 11.83333 16.66667 0.1 0.141667 368.731 579.5717 

2D blocks 438.561526 508.4734 2.62715 5.097212 12 16.33333 0.1 0.158333 343.3996 574.7309 
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Table 5: Data in brief for the ñanisotropicò analysis. 

Restratinment 

types 

Core 

orientation 

CD (Counts/cm2) Lmax (mm) w max (mm) DRI Number 

0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 

Unconfined 

Blocks 

Vertical 2.58473 4.807931 12 17 0.1 0.15 337.199 573.1576 

Transverse 2.680952 4.850195 12 18 0.1 0.15 341.1905 575.136 

Longitudinal 2.513954 4.824674 12.5 17.5 0.1 0.15 341.0588 573.2605 

1D Block 

Vertical 3.1242 6.18415 14.5 19 0.1 0.2 382.75 646.07 

Transverse 3.01 6.022 13.5 17.5 0.1 0.15 366.55 613.92 

Longitudinal 2.1951 4.4513 7.5 13.5 0.1 0.1 337.831 478.725 

2D Block 

Vertical 3.085149 6.74978 16 20 0.1 0.225 401.2283 765.8121 

Transverse 2.44575 4.14323 10.5 15 0.1 0.12 323.0195 485.488 

Longitudinal 2.35055 3.775575 9.5 14 0.1 0.1 305.951 472.8925 
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7. Evaluation of The Induced Mechanical Deterioration Of Alkali-Silica Reaction 

Affected Concrete Under Distinct Restraint Conditions Through The Stiffness 

Damage Test 

Andisheh Zahedi 1, Cassandra Trottier 2, Leandro Sanchez 3, Martin Noël 4  

Abstract 

The Stiffness Damage Test (SDT), a mechanical and cyclic test procedure, has been successfully used to 

appraise alkali-silica reaction (ASR) deterioration under unrestrained conditions. However, the effects of 

restraint on ASR-induced mechanical damage have not been fully investigated. This work aims to 

understand the influence of restraint on ASR-damage development through mechanical protocols (SDT and 

compressive strength). Eighteen concrete blocks incorporating a highly reactive coarse aggregate and 

displaying distinct reinforcement configurations were fabricated and monitored over time. Two expansion 

levels were selected for analysis (0.08% and 0.15%) and once reached, cores were extracted from three 

different directions (longitudinal, transverse and vertical) and the mechanical tests conducted on those. 

Results show that the SDT is a reliable procedure to assess damage under restrained conditions. Moreover, 

ASR-induced mechanical distress varies according to the coring direction and restraint configuration. 

Finally, microscopic analyses validate the mechanical responses obtained as per the distinct coring 

orientations. 

Keywords: Alkali -Silica Reaction (ASR), Mechanical properties, Stiffness Damage Test (SDT), 

Expansion, Damage transfer, Restraint, ASR-induced damage. 

7.1 Introduction  

Alkali -Silica Reaction (ASR), a chemical reaction between some unstable siliceous mineral phases within 

coarse and/or fine aggregates and the alkali hydroxides (Na+, K+, OH-) from the concrete pore solution, is 

the precursor of one of the most deleterious damage mechanisms deteriorating the structural integrity, and 

shortening the service life of concrete infrastructure worldwide [1]. ASR produces a reaction product (i.e., 

alkali-silica gel), which leads to expansive pressure within the reactive aggregate particles and adjacent 

cement paste upon water uptake from the surroundings; this induced expansion causes the loss in the 

materialôs physical integrity (i.e., mechanical/durability) and, in some cases, functionality of affected 

structures [2]. Over the past years, a number of test protocols and recommendations have been developed, 

including a variety of laboratory test procedures (i.e., chemical, microscopic and mechanical) to appraise 

the current and predict the future condition of ASR-affected concrete; i.e., to assess the cause and extent of 

damage (diagnosis) and the potential for further deterioration (prognosis) of ASR-affected concrete. These 
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developments led to the implementation of better management protocols and more suitable rehabilitation 

strategies for ASR-affected concrete infrastructure [3].  

Among the promising tools proposed, the Stiffness Damage Test (SDT), a mechanical and cyclic test 

procedure, was found to be quite suitable to appraise ASR-induced expansion and deterioration in concrete 

under unrestrained (i.e., free expansion) conditions, which does not reflect the real scenario of reinforced 

concrete members in the field [4]. Although few recent works have suggested the efficiency of the SDT to 

assess condition of affected concrete infrastructure [3,5ï7], there is currently a lack of ñquantitativeò 

information about the influence of restraint (e.g., reinforcement) on ASR-induced physicochemical 

development (i.e., kinetics and induced expansion, damage development and mechanical response) and 

ultimately on the SDT outcomes. Thus, this work aims to use the SDT to assess the condition of ASR-

affected concrete blocks displaying distinct reinforcement configurations (i.e., none, 1D and 2D) and 

expansion levels (i.e., 0.08% and 0.15%). 

7.2 Background 

7.2.1 Influence of ASR-induced development on mechanical properties of concrete under free 

expansion   

Conventional ñsoundò concrete is known to have a relatively high compressive strength and modulus of 

elasticity, yet a low tensile strength. However, the aforementioned mechanical properties may significantly 

change over time whether concrete is affected by damage mechanisms [4,8ï12]. Therefore, understanding 

the impact of deterioration mechanisms on the mechanical properties of affected concrete is crucial while 

assessing condition of aging infrastructure [13].  

Research studies have shown a significant reduction of tensile strength (i.e., down to 65%) and modulus of 

elasticity (i.e., down to 50%) at low/moderate expansion levels (i.e., from 0.05% to 0.12%) in ASR-affected 

concrete [4]. Conversely, compressive strength only becomes significantly affected at high (i.e., 0.20%) or 

very high (i.e., 0.30%) expansion levels [2,4,11,14]. For instance, Esposito et. al. [12] and Ono [15] 

demonstrated that the reduction in compressive strength of ASR-affected concrete can be as high as 40ï

60% at expansion levels higher than 0.30%. Conversely, other studies reported a limited impact of ASR on 

the compressive strength of affected concrete [16ï18]; this is attributed to the low reactivity of the 

aggregates used in the concrete mixtures which could likely not generate high levels of expansion [9]. 

The reduction of modulus of elasticity in ASR-affected concrete is influenced by the stiffness of the 

aggregate particles. ASR cracking is more likely to develop at the microscopic level within the aggregate 

particles; thus, stiffness reduction can be already observed at low expansion levels (i.e., 0.05%). Likewise, 

a significant reduction in tensile strength is verified at early stages of ASR (i.e., from 0.05% to 0.12%) 
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since porous media such as concrete are dependent on the existence and importance (i.e., size) of cracks as 

per fracture mechanics concepts. Thus, ñstress concentrationò peaks are developed at the tips of ASR-

induced cracks in affected concrete under tension, leading to crack propagation and eventually failure [4]. 

On the other hand, the mechanism of failure in compression is much more ductile, being characterized by 

the failure of the ñcement pasteò, where cracks are initially formed at the interfacial transition zone (ITZ) 

at distinct locations, propagating to the bulk cement paste and connecting to one another at later stages, 

causing instability and ultimately failure of the system [19]. Thus, since ASR-induced cracks are initially 

formed within the aggregate particles and only extend to the cement paste at later stages, ASR development 

causes a progressive compressive strength loss of affected concrete [4]. 

7.2.2 Influence of restraint  on ASR-induced development and mechanical properties  

Most of the existing studies on ASR were conducted using laboratory specimens under ñfree expansionò 

conditions [4,8,14]; thus, limited research has been performed to understand the effects of confinement on 

ASR-induced development. Some studies [20,21] reported no or negligible ASR-induced expansion in 

confined/restrained directions; hence, no transfer of induced expansion and damage was observed to 

directions with less or no confinement [22,23]. However, as Multon and coworkers [24ï26] observed, ASR-

induced expansion decreases in the confinement direction, yielding transfer in unrestrained/less restrained 

directions. The same observation has been reported by other researchers [27ï30]. These conflicting results 

may be attributed to various reasons, such as the specimen size (i.e., specimen size effect), casting direction 

and confinement configurations [7]. 

It is commonly agreed that confinement helps to mitigate ASR-induced expansion of affected concrete 

[25,31ï33]; as such, Liaudat et al.  [32] reported an almost 80% reduction of induced expansion in the 

restrained direction of concrete cubes (i.e., 150mm) asymmetrically confined. Thus, such an expansion 

reduction in the direction of confinement might lead to an anisotropic development of ASR-induced 

deterioration [34,35]. According to Allard et. al. [36], the higher the ASR-induced expansion, the higher 

the degree of anisotropy in affected reinforced concrete. This confirms that the use of an average induced 

expansion (i.e., average value from distinct directions) observed in ASR-affected concrete members with 

non-uniformly distributed reinforcement configurations, boundary conditions, or sustained loading may not 

be a suitable approach for analysis in some cases [7,30,37]. Yet, the available literature on the impact of 

anisotropy on ASR-induced expansion and mechanical degradation is currently fairly limited.  

Although limited, some works have addressed the effect of confinement on ASR-induced development and 

the reduction of mechanical properties such as compressive strength [7,24,34,38ï40]. Some of these studies 

[40] observed little to no difference in the compressive strength of cores extracted perpendicular and/or 
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parallel to the main confinement direction of ASR-affected concrete. Conversely, others have reported 

significant differences [7,24,38,39]: i.e., cores extracted perpendicular to the main restraint direction 

demonstrated significantly lower compressive strength than those cored parallel to the main reinforcing 

bars, with differences in the range of 7-35% [7,24,38,39]. Moreover, it has been verified by some authors 

that the modulus of elasticity is more sensitive to the restraint ratio and configuration, and crack orientation 

than the compressive strength [34]. Jones [41] observed that the modulus of elasticity of cores extracted 

perpendicular to the main restraint direction was significantly lower than those cored parallel to it. Such an 

observation can be due to the presence of higher amount of ASR cracks in cores extracted perpendicular to 

the main restraint [42ï44]. Likewise, Gautam et al. [34], after conducting research on the effect of distinct 

stress configurations (none, uniaxial, biaxial and triaxial) on the mechanical degradation of ASR affected 

concrete, observed that concrete members under triaxial conditions display lower mechanical degradation 

than all the other stress configurations.  

Few works have been conducted on the impact of restraint on the distinct ASR petrographic distress features 

and crack orientation of reinforced members [38ï40]. Barbosa et.al. [38]  noticed various crack patterns 

and orientations on distinct concrete cores extracted from affected structures; in this work, cores were 

retrieved from bridge slabs in distinct directions (i.e., vertically and horizontally), where ASR-induced 

cracks perpendicular to loading were observed in vertically cored specimens (Figure 1A) while a network 

of cracks parallel to loading was noticed in the horizontally cored specimens (Figure 1B). Accordingly, 

cores extracted from distinct directions of affected concrete behave quite differently during compressive 

strength tests; several ñsplittingò cracks are generated perpendicular to the ASR-induced cracks over 

loading in vertically cored specimens (Figure 1A), while ñinclined shearò cracks are formed in cores 

retrieved horizontally (Figure 1B). Hence, it is expected that cores extracted from ASR-affected structures 

in distinct directions and displaying different cracks patterns and orientations present distinct mechanical 

responses.   
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Figure 1: Distinct cracking orientation on A) vertically extracted core and B) horizontally extracted core having ASR 

induced cracks before loading (black arrows) and after loading (dashed red arrows) [38] (Reproduced with permission 

of Elsevier). 

Although limited yet important results on the effects of confinement/restrainment on ASR-induced damage 

development are displayed in the literature, to the authorsô best knowledge, there is a lack of studies 

quantitatively and systematically assessing this impact on concrete members displaying distinct 

reinforcement ratios and configurations, and presenting different damage degrees (i.e., induced expansion 

levels). 

7.2.3 Mechanical tools to assess damage of ASR-affected concrete  

7.2.3.1. Tensile, compressive and shear strength tests 

Tensile and especially compressive strength tests are mainly used for design purposes of concrete members, 

as well as for the condition assessment of affected concrete. It has been observed that tensile strength is 

significantly affected by ASR [4,11]; however, depending on the test procedure implemented, ASR impact 

on tensile strength may be completely different. Among the methods used to evaluate tensile strength of 

ASR-affected concrete, the direct tensile strength, the splitting tensile strength and the gas pressure tension 

tests are the most used. All of them display some strengths and drawbacks. Studies on ASR-affected 

concrete involving direct tensile strength tests are fairly limited; such a test setup is expensive and 

susceptible to some challenges such as elimination of load eccentricity, stress-strain non-uniform 

distribution along with stress concentrations at the specimen ends that may lead to premature failure [11,45]. 

Conversely, the splitting tensile strength is a much simpler, easier to implement and non-expensive 

procedure; while the majority of authors agree that the test outcomes of the splitting test are not ñdirectò 

A) 

 

B) 
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tensile strength values and may not accurately represent the ñpureò or ñtrueò tensile strength of concrete 

[11,46]. Moreover, since a failure plane of the tested specimen is selected in the procedure, the test may 

become less diagnostic to appraise ASR-induced damage, besides enhancing variability amongst 

companion samples [47]. The gas pressure tension is a relatively new technique which aims to measure the 

ñpureò or ñtrueò tensile strength of concrete. It has demonstrated promising results to assess deterioration 

due to ASR, especially at low to moderate expansion levels [4]. However, the gas pressure test seems to be 

unable to identify ASR-impact on the tensile response of affected concrete for expansion levels above and 

beyond moderate degrees [4].  

Compressive strength is known to be much less influenced by ASR than tensile strength [4]; in general, 

compressive strength is seen as a technique to appraise the actual state and residual capacity of affected 

concrete rather than a diagnostic protocol to evaluate ASR-induced deterioration over time. On the other 

hand, it has been found that the evaluation of shear strength (i.e., a property governed by tension and 

compression forces) might be a diagnostic approach to assess ASR-induced development in concrete. 

Various test protocols have been proposed over the years to appraise the direct shear capacity and shear 

friction of reinforced and unreinforced concrete; among those, the direct shear test proposed by De Souza 

et. al. [47] showed promising results to capture ASR-induced damage under ñfree-expansionò conditions. 

Further analysis is still required to evaluate the impact of confinement/restraint on the direct shear results 

as well as its efficiency to assess condition of affected concrete structures. If on the one hand the 

aforementioned mechanical test procedures display some shortcomings or require further analysis, on the 

other hand, the Stiffness Damage Test (SDT) has been shown as an efficient technique to assess condition 

of ASR-affected concrete [4,48].  

7.2.3.2. Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) is a mechanical and cyclic test procedure used to assess condition of 

concrete affected by internal swelling reaction (ISR) mechanisms (e.g., ASR) [4,48]. The SDT was initially 

developed by Walsh who observed a good correlation between the crack density and the cycles of 

loading/unloading (i.e., stress/strain relationship) of rock specimens [49]; Crouch then adapted this 

procedure for concrete specimens in 1987 [50]. The test procedure, which is based upon five compression 

cycles of concrete specimens (cylinders or cores), was initially performed using fixed loads of 5.5 (Chrisp 

et. al. [51,52]) or 10 MPa (Smaoui et. al. [53]), at the loading rate of 0.10 MPa/s. The modulus of elasticity, 

dissipated energy (hysteresis area), plastic deformation (plastic strain) and the non-linearity index (NLI; the 

ratio of secant modulus at half of the maximum load and the secant modulus at the peak load) of the first 

and/or over the four last cycles were the selected outcomes of the test [48,54]. Later, Sanchez et al. [48,54] 

optimized the test procedure following an in-depth study using a wide variety of reactive aggregate types 
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and concrete mixture proportions. Sanchez et al. [48,54] proposed that the SDT should be performed using 

a percentage (40%) of the ultimate capacity (compressive strength) of the concrete under analysis instead 

of a fixed load; moreover, the authors suggested using indices as outcomes of the test procedure, namely 

the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI) to increase the diagnostic character 

of the test. The SDI and PDI represent, respectively, the ratio of dissipated energy to total energy, and 

plastic deformation to total deformation in the system (i.e., SI / (SI+SII) and DI / (DI+DII) over the five 

cycles as presented in [48,54,55] and Figure 2; where SI is the irreversible deformation energy, SII is the 

elastic deformation energy, and DI and DII represent the plastic deformation and elastic deformation, 

respectively, over the loading-unloading process). Moreover, the modulus of elasticity (average secant 

modulus of the 2nd and 3rd cycles) along with the NLI (Sec 1/Sec 2 in the first cycle and the average 

Sec1/Sec2 value of the last four cycles ï Figure 2) as proposed by Chrisp et al. [51,52] were also considered 

efficient SDT outcomes for determining the damage extent and orientation (i.e., NLI is greater/lower than 

unity for cracks oriented perpendicular/parallel to loading) respectively, in affected concrete. Although, the 

SDT has been shown to be quite suitable to appraise ASR-induced expansion and deterioration in concrete 

under unrestrained (i.e., free expansion) conditions, the effect of restraint on mechanical properties 

reductions and SDT outcomes remains mostly unknown. 

 
Figure 2: Calculation of the stiffness damage index (SDI) and Plastic Deformation (PDI) [55] (Reproduced with 

permission of Elsevier). 

7.3 Research significance 

As stated in the previous sections, there is a need for improving the current knowledge along with 

developing a thorough understanding of the effect of restraint on ASR-induced expansion and mechanical 

deterioration of affected concrete. Therefore, concrete blocks incorporating a highly reactive coarse 

aggregate and displaying distinct reinforcement configurations (i.e., none, 1D and 2D) were fabricated in 

the laboratory, stored in conditions enabling ASR-induced development (i.e., 38 °C and 100% R.H.) and 

monitored over time. At distinct expansion levels (i.e., 0.08% and 0.15%) the blocks were cored in three 

directions (i.e., longitudinal, transverse, and vertical) and mechanical test procedures (i.e., SDT, modulus 
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of elasticity and compressive strength) were conducted on each of those. Finally, comparisons on the extent 

of mechanical damage (i.e., physical integrity and mechanical properties reductions) of restrained versus 

unrestrained concrete are performed. It is worth noting that the word ñconfinementò is defined in this work 

as any restraint provided by the reinforcement bars to ASR-induced development in a given direction.  

7.4 Experimental investigation 

7.4.1 Concrete ingredients and mix design 

Eighteen concrete blocks displaying a prismatic geometry (i.e., 450 by 450 by 675 mm - Figure 3) were 

fabricated in the laboratory using a concrete mixture with a design compressive strength of 35 MPa. This 

prismatic geometry was selected because 1) concrete blocks presenting similar geometry were 

manufactured in past researches [56], and 2) it allowed the extraction of a reasonable number of cores per 

specimen per direction without being excessively large and difficult to maneuver. A highly reactive coarse 

aggregate (i.e., Springhill - SP) was used in combination with a non-reactive fine aggregate (Ottawa natural 

sand - Ot) for concrete fabrication. Table 1 provides information on the different aggregates used in this 

study. A conventional CSA Type GU (i.e., ASTM type 1) high alkali (0.88% Na2Oeq) Portland cement was 

selected for this research; moreover, reagent grade NaOH was used to raise the total alkali content of the 

cement to 1.25% Na2Oeq (by mass), to accelerate ASR-induced expansion. The mix-proportion selected for 

this study is based on the Concrete Prism Test (CPT) standard mixture proportion as per ASTM C 1293 

[57] and presented in Table 2. 

Table 1: Aggregate properties selected for this study. 

Aggregate  
Rock type 

Specific 

gravity 

(g/cm3) 

Absorption 

(%) 

AMBT a 14 

days expansion 

(%) Type Reactivity Location Name 

Coarse Reactive 
New 

Brunswick 
Sp 

Crushed 

greywacke 
2.72 0.602 0.69 

Fine 
Non-

reactive 
Ottawa Ot 

Natural, derived 

granite 
2.65 1.18 0.07 

a) Typical expansion of ASTM C 1260. 

Table 2: Concrete mixture proportion. 

 
 

7.4.2 Concrete specimens manufacturing 

To investigate the effect of restraint on ASR-induced expansion and mechanical properties of concrete, 

distinct concrete restraint conditions were selected for this study: 1) unrestrained blocks, 2) 1D confined 

Materials Quantities in the mix (kg/m3) 

Cement 420 

Fine aggregate (Ot) 681 

Coarse aggregate (Sp) 1044 

Water 176 
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blocks and, 3) 2D confined blocks (Figures 3 and 4). For the confined blocks, a reinforcement ratio of 2% 

was selected, which is representative of a moderately high level of internal restraint in typical reinforced 

concrete members. For reference, several standards and design codes specify a minimum reinforcement 

ratio in slabs of 0.2% and a maximum practical limit in columns of 4% (e.g., CSA A23.3 [58]). Relatively 

large steel reinforcing bars with a nominal diameter of 35 mm (35M) were used as reinforcement in the 1D 

and 2D confined blocks in order to achieve the desired reinforcement ratio while ensuring sufficient space 

between bars to allow for concrete core extraction. It is worth noting that, in the case of 2D confined blocks, 

longitudinal and transverse steel reinforcing bars were professionally welded together to facilitate the 

construction (Figure 4B). Moreover, in the case of restrained concrete, the concrete cover and spacing 

between the top and bottom reinforcing bars, as well as spacing between transverse steel reinforcing bars 

(in the case of 2D concrete blocks) were 50 mm, 280 mm and 230 mm, respectively (Figure 3C and 4A and 

B). The spacing of the reinforcement used in this study is not considered excessive when compared to that 

of real concrete structures as per CSA A23.3:19 [58] (i.e., the max reinforcement spacing in a wall or slab 

is three times of the slab thickness or 500 mm-whichever is smaller; e.g., a 100 mm thick slab has a max 

spacing of 300 mm while a 200 mm slab has a max spacing of 500 mm). After 24 hours, all blocks were 

demoulded and moist cured at 20°C for over 24 hours. Stainless steel gauges were then glued in place with 

a fast-setting slurry for longitudinal expansion measurements following the drilling of four small holes (i.e., 

10 mm in diameter by 55 mm long) in the three main sides of the blocks: a) top (Figure 5A-points 1 and 2), 

b) longitudinal (Figure 5A- points 3 and 4) and c) transverse (Figure 5A-points 5 and 6). 

 

Figure 3: Concrete blocks presenting: A) unrestrained concrete block, B) 1D confined concrete block, C) 2D 

confined concrete block and, D) environmental chamber with 38oC and 100% RH. 
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Figure 4: Restraint orientations: A) 1D confinement and, B) 2D confinement. 

For comparison purposes, 20 concrete cylinders of 100 mm by 200 mm were also fabricated incorporating 

the same highly reactive aggregate and using the same mixture proportion as the concrete blocks. The 

cylindrical specimens were demoulded after 24 hours and moist cured at 20°C for 24 hours. Stainless steel 

gauge studs were glued in place with a fast setting cement slurry in small holes of 8.5 mm in diameter by 

19 mm in length drilled in both ends of each concrete cylinder for periodic longitudinal expansion 

measurements. The ñ0ò length readings were taken after 48h (i.e., two days from casting) as follows: a) in 

the case of concrete blocks, top longitudinal, side longitudinal and transverse expansion measurements as 

per Figure 5A and 5B, and b) longitudinal expansion measurements in the cylindersô case. All concrete 

blocks were subsequently placed in an environmental chamber enabling ASR development (i.e., 38oC and 

100% RH). The concrete cylinders were stored in sealed plastic (22 liters) buckets lined with damp cloth 

(Figure 5C and 5D) and placed in the same conditions as the concrete blocks. All specimens (i.e., cylinders 

and blocks) were regularly monitored over time and were stored at 23°C for 16 ± 4 hours prior to periodic 

expansion measurements as per ASTM C 1293 [57]. Upon reaching the selected expansion levels for this 

research (i.e., 0.08% and 0.15%), the concrete cylinders and blocks were removed from the environmental 

chamber for mechanical testing. Following their removal, three blocks from each distinct restraint 

configuration per expansion level were cored to produce seven cores of 100 mm by 450 mm (Figure 6D) 

from the vertical (Figure 6A) and the transverse (Figure 6B) directions as well as four 100 mm by 675 mm 

cores in the longitudinal (Figure 6C) direction. Afterward, all specimens were wrapped in plastic film and 

stored at 12°C (since not all specimens could be tested at the same time due to testing capacity issues) to 

stop further ASR-induced development as per Sanchez et al. [4] prior to testing. 

 

Figure 5: A) Gauge studsô orientation for blocks, B) expansion measurements on distinct direction of concrete blocks 

with a micrometer, C) sealed bucket arrangement for the 38°C and 100% RH test and, D) affected concrete cylinder. 

 A)  B)  
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Figure 6: Qualitative sketch of the cores extracted from 2D Blocks: A) top view (vertical), B) longer side view 

(transverse), C) shorter side view (longitudinal) and D) cores of 100 mm by 450 mm. 

7.4.3 Experimental procedures 

The mechanical testing was conducted in two different, yet related ways in this work. First, the mechanical 

results were averaged from the three coring directions/orientations (i.e., longitudinal, transverse and 

vertical) to evaluate the impact of the restraint on the ñoverall deteriorationò of ASR-affected blocks (i.e., 

Results section). Second, the mechanical properties were appraised as per the coring direction to assess and 

quantify ASR anisotropic behaviour as a function of the restraint configuration (i.e., Discussion section). 

7.4.3.1. Stiffness Damage Test (SDT) 

Three specimens from distinct coring directions per set of concrete blocks (i.e., vertical, longitudinal and 

transverse; total of 9 specimens per distinct directions per expansion level) as well as three concrete 

cylinders displaying the same expansion levels were subjected to five cycles of loading/unloading at the 

controlled loading rate of 0.10 MPa/s. Prior to conducting the SDT, all specimens were reconditioned in 

the moist curing room for 48h (enabling the samples rewetting and thus lessening the testôs variability) 

according to CSA23.2-14C [59], and as per Sanchez et al. works [48]. Moreover, both ends of all concrete 

specimens (cylinders and cores) were mechanically ground to generate appropriate flatness of the 

specimenôs end surfaces for mechanical tests in compression as per CSA23.2-9C [60]. The SDT was 

performed then following the procedure proposed by Sanchez et. al. [48,54]; i.e., loading up to 40% of the 

28-day concrete strength of the specimens tested. 
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7.4.3.2. Compressive Strength 

In this research, the compressive strength was measured using two distinct approaches with different and 

specific goals. First, the 28-day compressive strength of the mixture used to manufacture both the blocks 

and cylinders was determined on control samples. Considering that the concrete mixture contained a highly 

reactive coarse aggregate, one could not follow ASTM C 39 [61] since some ASR might have been 

generated while moist curing. Thus, in order to avoid ASR-induced development, the control specimens 

were wrapped in plastic film upon demoulding and placed at 12°C for 47 days as per Sanchez et al. [48], 

which is equivalent to 28 days at 20°C according to the maturity concept (i.e., ASTM C 1074 [62]). This 

approach has proven to be effective to suppress ASR development in the laboratory [48]. The ñequivalentò 

28-day compressive strength collected from this procedure was then used to determine the SDT loading 

level (i.e., 40% of this value). Second, compressive strength measurements were also conducted on the 

concrete cylinders/cores following the SDT to verify the compressive strength losses of the material as a 

function of ASR-induced development. The SDT using 40% of the 28-day compressive strength has been 

found to be non-destructive by Sanchez et al. [48]; thus mechanical results such as compressive strength 

obtained following the SDT are considered valid [48]. Finally, the compressive strength losses were 

calculated in this work (for both cylinders and cores) as the difference between the results obtained after 

the SDT (for distinct expansion levels, restraint conditions, and directions) and the ñequivalentò 28-day 

values obtained on control samples. 

7.5 Results 

7.5.1 ASR kinetics and development 

Figure 7 presents the average induced expansions (i.e., average value of four consecutive measurements 

per specimen per direction over time with standard deviations ranging from 0.02% to 0.06%) as a function 

of time for the various directions of the ASR-affected concrete blocks incorporating different reinforcement 

configurations. Figure 7A also displays the average longitudinal expansions of concrete cylinders (standard 

deviation of about 0.03%). Analyzing the plots, one notices that all concrete blocks and cylinders were able 

to reach the given expansion levels selected for this work (i.e., 0.08% and 0.15%). However, the rate of 

expansion of the concrete cylinders was significantly faster than the blocks, regardless of the reinforcement 

condition (i.e., none, 1D and 2D). Moreover, all concrete blocks presented some amount of shrinkage at the 

beginning of ASR-induced development. It took 35, 75, and 105 days on average for the unrestrained 

concrete blocks, 1D concrete blocks and 2D concrete blocks, respectively, to recover from shrinkage.  

Generally, the expansion curves of the unrestrained blocks (Figure 7A) are almost identical regardless of 

the direction, where 0.15% expansion was achieved at 175, 190, and 212 days on transverse, longitudinal 
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top and longitudinal side directions, respectively. Otherwise, as Figures 7B and 7C illustrate, the 1D and 

2D confined blocks displayed a much slower ASR-induced expansion development than the unrestrained 

blocks, where 0.15% expansion was achieved after 190, 212 and 255 days by 1D blocks and 235, 275, and 

340 days by 2D blocks on transverse, longitudinal top and longitudinal side, respectively. Comparing the 

reached expansion levels for the concrete blocks at a given time, the unrestrained concrete blocks 

demonstrate a significantly faster and higher expansion level than the confined blocks, which establishes 

the effect of restraint on ASR-induced development since the higher the reinforcement level, the slower the 

expansion rate and the lower the ultimate expansion for the same time period. As such, averaging all 

directions, it was found that the unrestrained blocks reached (on average) a maximum expansion of 0.27% 

at 340 days followed by 1D and 2D concrete blocks which achieved the expansion levels of 0.23% and 

0.18% (on average) at the same time period. Similarly, this behaviour has previously been observed in the 

literature [24,32,63] and confirms that the relative expansion levels reached by the different blocksô surfaces 

are influenced by the restraint direction (i.e., transverse > longitudinal top > longitudinal side) along with 

reinforcement configuration and geometric features. In addition, the 100 mm by 200 mm concrete cylinders 

presented faster ASR kinetics and a higher ultimate expansion than all of the concrete blocks, reaching 

0.15% within 70 days on average (Figure 7A).  

It is worth noting that for the sake of further mechanical analysis, the expansion adopted as ñrepresentativeò 

of a given damage degree was assumed to be the one from the longitudinal side for all concrete blocks (as 

Figure 5A-points 3 and 4), which represents the lowest expansion level among all surfaces since this 

direction is parallel to the main reinforcement and is not (or at least less) influenced by local effects 

[24,30,37] (i.e., the top drying/wetting cycles, differential restriction between bottom and top surfaces). 



94 

 

 

Figure 7: ASR kinetics (expansion vs. time) for the 35 MPa concrete mixtures at various restraint configurations: A) 

unrestrained cylinders and blocks, B) 1D and C) 2D. 

7.5.2 Stiffness Damage Test (SDT) 

The results presented in this section are the average values obtained on all nine core specimens from each 

of the ASR-affected blocks (i.e., regardless of the coring direction) and three concrete cylinders at each 

expansion level tested (including the control samples, showing no deterioration). Evaluating the data, one 

observes that the higher the ASR-induced expansion level, the higher the SDI and PDI indices and the lower 

is the modulus of elasticity (ME), as expected, for both cylinders and concrete blocks. As such, SDI values 

(standard deviations presented in the plot) of the unrestrained and restrained concrete blocks showed similar 

results (i.e., about 0.18- Figure 8A) at 0.08% expansion, while at 0.15% of expansion, the unrestrained and 

1D confined blocks displayed an SDI of 0.27 and the 2D confined blocks exhibited a slightly lower SDI of 

0.25. Likewise, similar results were obtained for the concrete cylinders, where SDI values of 0.18 and 0.26 

were found for 0.08% and 0.15% of expansion, respectively. It is worth noting that the control specimens 

(i.e., undamaged concrete) demonstrated an initial SDT value of 0.12. 

Figure 8B illustrates the PDI values (standard deviations added to the plot) gathered from cylinders and 

concrete blocks with distinct restraint configurations at low and moderate expansion levels. At 0.08% 

expansion, the cylinders and unrestrained blocks displayed a PDI of 0.13, while the 1D and 2D confined 

blocks exhibited a PDI of 0.15. At 0.15% expansion, the results obtained were quite close for all specimens, 

where the cylinders, unrestrained and 1D confined blocks yielded a PDI of 0.24 whereas the 2D confined 

block presented a PDI of 0.23. The initial PDI for the control/sound samples was 0.08.  
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Figure 8C displays the modulus of elasticity (ME- including their standard deviations) for all specimens 

and expansion levels studied in this work. Analyzing the data, one notices that an initial ME of 30 GPa has 

been obtained for the undamaged/sound samples; then, a decreasing trend is observed for all specimens, 

where 25 GPa results were gathered from cylinders and unrestrained blocks at 0.08% of expansion, while 

24 GPa was attained for the 1D and 2 D confined blocks at the same expansion level. At 0.15% of expansion, 

all specimens yielded an ME of 19 GPa, attesting an important lessening in modulus of elasticity due to 

ASR-induced development. In order to improve the understanding and visualization of the ASR impact on 

the ME of affected concrete, Figure 8D presents the modulus of elasticity reductions (with their standard 

deviations) of all ASR-affected concrete specimens (cylinders and blocks, in %) at low and moderate 

expansion levels. At 0.08% of expansion, the cylinders and unrestrained concrete blocks presented a 

reduction of 17% while the 1D and 2D concrete blocks show an ME reduction of 20%. At 0.15% of 

expansion, all specimens (cylinders and blocks) displayed a 36% ME loss. Finally, comparing the SDT 

outcomes above discussed (i.e., SDI, PDI, ME and ME reductions), one notices that the ñoverallò damage 

(i.e., disregarding the coring direction) is quite similar for all specimens evaluated (i.e., cylinders and 

blocks) at a given induced expansion level, regardless of their restraint configuration. The data in brief can 

be found in Table 9 of the supplementary materials section. 
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Figure 8:  Results of A) SDI, B) PDI, C) ME (GPa) and D) ME reduction (%) from distinct concrete specimens.  
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7.5.3 Compressive Strength 

The compressive strength results as a function of ASR-induced expansion are displayed in Figure 9A. As 

for the SDT, this section presents the ñoverallò compressive strength results of concrete blocks (i.e., average 

values obtained on all nine core specimens from each of the ASR-affected blocks with their standard 

deviations - regardless of the coring direction) and three concrete cylinders at each expansion level tested 

(including the control samples, bearing no previous deterioration). Analyzing the data, one observes a 

decreasing trend in compressive strength as a function of ASR-induced development. However, this 

reduction is less important than the loss in modulus of elasticity, as expected. The compressive strength 

obtained in the control/sound samples was 35 MPa; at 0.08% of expansion, all specimens yielded the 

compressive strength value of 31 MPa, while 28 MPa and 29 MPa have been gathered for the cylinders and 

block specimens at 0.15% of expansion, respectively.  

Figure 9B illustrates the compressive strength reductions (%) of all concrete specimens (standard deviations 

added to the plot) as a function of the expansion. All the specimens (cylinders and blocks) displayed 11% 

loss in compressive strength at 0.08% of expansion, while the cylinders presented a reduction of 20% and 

the unrestrained, 1D and 2D blocks displayed 17% loss in compression at 0.15% of expansion. Lastly, 

similar to the SDT results, the ñoverallò damage (i.e., disregarding the coring direction) obtained through 

compressive strength for all specimens appraised (i.e., distinct reinforcement configurations) was quite 

similar at a given induced expansion level. The data in brief can be found in Table 4 of the supplementary 

materials section. 
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Figure 9: A) Compressive strength (CS) and B) CS reduction (%) as a function of expansion. 

7.6 Discussion 

7.6.1 Effect of restraint  on the kinetics and magnitude of ASR-induced expansions 

As Figure 7A illustrates, a significant difference was observed between concrete cylinders and concrete 

blocks with respect to ASR kinetics. The concrete cylinders presented considerably higher expansion levels 

as a function of time than all blocks, possibly due to the influence of size on moisture transfer [64]; 

therefore, significantly higher (and faster) expansion levels were observed when compared to the blocks. 

On the other hand, comparing the achieved expansion level of distinct surfaces of unrestrained concrete 

blocks (Figure 7A), one notices that almost an identical expansion level attained by various surfaces of the 

latter with the side longitudinal having a slightly lower expansion level when compared to the other two 

surfaces. This slightly lower induced expansion may be attributed to boundary [24,30] and local friction 

[65] conditions at the base of the blocks, which may provide a higher restraint against expansion in the 

longitudinal direction. However, the expansion levels attained on the distinct surfaces of the restrained 

blocks demonstrate the presence of an anisotropic behaviour, the so-called ñexpansion transferò, where 

ASR-induced expansion transfers from restrained to unrestrained/less restrained directions. Therefore, the 

transverse surface yields a higher induced expansion, followed by the top surface and then the side 

longitudinal (Figure 7B and 7C). Moreover, even though the 2D blocks present the same reinforcement 

ratio in the longitudinal and transverse directions (i.e., 2%), the reinforcement configuration is different in 

these two directions (i.e., 2 bars of 35 mm in the longitudinal direction with 280 mm spacing and 3 bars of 

35 mm in the transverse direction with 230 mm spacing in each plane layer - top and bottom - for a total of 

4 or 6 bars per cross-section, respectively). This difference as well as geometric features (i.e., longer size 

and thus friction per unit width for the longitudinal direction) could be among the causes of the higher 

expansion obtained for the transverse faces in the 2D blocks. As such, although the side longitudinal 

direction of 1D confinement (i.e., restrained direction) reached 0.15% of expansion at 255 days, the 
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transverse and top longitudinal directions (i.e., unrestrained/less restrained directions) displayed 0.21% and 

0.17% of expansion at the same time period, respectively. Likewise, while the side longitudinal surface of 

2D concrete blocks achieved 0.15% after 340 days, the top longitudinal and the transverse reached 0.18% 

and 0.22% respectively at the same period. The above results confirm that the anisotropic behavior observed 

in the blocks is more pronounced with the increase of reinforcement, which results in higher expansion 

scattering amongst distinct directions. 

7.6.2 Understanding the influence of ASR deterioration on the ñoverallò mechanical properties of 

unrestrained/restrained concretes 

The experimental campaign performed in this study contributes to a better understanding of the effect of 

ASR-induced expansion and deterioration on the mechanical properties of restrained concrete. As the SDT 

(i.e., SDI, PDI, and ME) and compressive strength outcomes display (Figure 8 and 9, respectively), all 

concrete specimens, demonstrate a roughly similar ñoverallò (i.e., disregarding the distinct directions 

evaluated) mechanical behaviour where higher SDI, PDI and lower ME and compressive strength values 

are observed with increasing induced expansion. Analyzing the ñoverallò results obtained from restrained 

concrete, one sees that they follow the same trend as proposed by Sanchez et. al. [4] while evaluating 

concrete specimens under ñfree expansionò conditions (Table 3). Sanchez et. al. [4] proposed a chart of 

values composed of data envelopes with confidence level of 95%, after studying 20 different concrete 

mixtures presenting distinct mechanical properties (i.e., 25, 35 and 45 MPa) and incorporating 13 different 

reactive aggregate lithotypes, to classify the damage degree (mechanical and microscopic) of ASR-affected 

concrete. It has been verified that ASR-induced mechanical deterioration measured through the SDT 

outcomes follows a similar trend regardless of the concrete strength and reactive aggregate lithotype used; 

hence, the SDT outcomes correlate quite well with ASR-induced expansion and deterioration (i.e., physical 

integrity and stiffness reduction) [4]. The above indicates that, although the chart values developed by 

Sanchez et al. [4] has been initially generated using concrete specimens under free expansion conditions, it 

can also be used to appraise the ñoverallò mechanical deterioration (i.e., average results from the three 

orthogonal orientations) of affected restrained concrete. In other words, ASR-induced damage does not 

seem to significantly change the ñoverallò mechanical deterioration of concrete incorporating distinct 

restraint conditions, although differences in mechanical properties as per the distinct directions were indeed 

observed and will be discussed in the next sections.  

In order to assess the statistical validity and significance of the results obtained through the SDT (i.e., SDI, 

PDI and ME) and compressive strength, a two-way analysis of variance (ANOVA) with a confidence level 

of 95% was performed as a function of ASR-induced expansion on the ñoverallò results obtained in this 

study. As per Table 4, the SDT outcomes (i.e., SDI, PDI and ME) are statistically significant for all concrete 
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specimens appraised, since all the ñF valuesò are greater than the ñFcriticò and the ñp valuesò are lower 

than 0.05. However, the results obtained through the compressive strength test were not considered 

statistically significant towards ASR development. Therefore, a complementary ñt-testò was conducted to 

check the significance of the ñoverallò compressive strength results separately at each expansion level 

studied (0.08% and 0.15%) by comparing with those gathered from sound concrete specimens (Table 5). 

Evaluating the results, one sees that the compressive strength results are not significant at 0.08% expansion 

but are indeed statistically significant at 0.15%. The findings above attest the ñdiagnosticò nature of SDT 

to assess the ñoverallò mechanical deterioration of unrestrained and restrained ASR-affected specimens. 

Conversely, the compressive strength test seems to be only effective to appraise the degree of ASR-induced 

deterioration at moderate expansion levels (i.e., 0.15%) as previously observed by Sanchez et al. [4], 

regardless of the restrainment condition. 

The current results disagree with the recent findings reported by Sørgaard et. al. [7], where the SDT was 

found a somewhat unreliable/incomplete tool to appraise the damage degree of ASR-affected concrete 

under restrained conditions. Nevertheless, as Figure 7 illustrates, ASR-induced expansion is significantly 

affected by the restraint configuration where the higher the restraint, the slower the induced expansion (i.e., 

lower expansion rate) and the lower the expansion amplitude at a given time period. In addition, the results 

presented in Figure 7 along with the ones available in the literature as per Gautam et al. [34] and Multon 

et. al. [24ï26] indicate that ñexpansion transferò takes place from restrained to the non/less restrained 

directions (i.e., distinct measured expansions from different directions). Therefore, a comprehensive study 

on ASR anisotropy is required to fully understand the effect of restraint on the mechanical degradation of 

ASR-affected reinforced concrete. 
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Table 3: Classification of the damage degree in concrete due to ASR [4] (Reproduced with permission of Elsevier). 

 
 

Table 4: Two-variable ANOVA on the ñoverallò mechanical testing results (SDT-SDI, PDI and ME as well as CS) for all concrete specimens of this study. 

 

 Table 5: t-Test analysis on the ñoverallò compressive strength results of all concrete specimens of this study. 
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7.6.3 Understanding the effect of restraint  orientation on the mechanical properties of ASR-affected 

concrete  

As Gautam et al. [34] and other researchers [24ï26,38] suggested, the confinement configuration could considerably 

affect the resulting mechanical properties of ASR-affected concrete in distinct directions, leading to important 

anisotropy in mechanical properties reductions. Therefore, Figure 10 and 11 illustrate the SDT and compressive 

strength results respectively (i.e., average of three cores per direction with their standard deviations), from the distinct 

directions (i.e., coring orientations).  The data in brief can be found in Table 10 of the supplementary materials 

section. 

For unrestrained concrete, a slight difference is noticed for the SDT and compressive strength results from distinct 

coring orientations for both given expansion levels (i.e., 0.08% and 0.15%). Conversely, the situation is completely 

different for the restrained blocks. The 1D concrete blocksô vertical and transverse cores (i.e., unrestrained directions) 

display 30% and 35% higher SDI and PDI, respectively, when compared to the longitudinal cores (i.e., restrained 

direction) for both slightly damaged (0.08%) and moderately damaged (0.15%) concrete. The modulus of elasticity 

and compressive strength of those cores obtained from unrestrained directions (i.e., vertical and transverse cores) on 

the other hand, present 17% and 12% lower values respectively, when compared to the longitudinal cores (i.e., 

restrained direction) for both slightly and moderately damage levels. Comparing the average SDI, PDI along with 

ME and compressive strength reductions of the 1D concrete blocks with distinct coring orientations for both slightly 

damaged (0.08%) and moderately damaged (0.15%) concrete, it is observed that although vertical and transverse 

cores display higher values than the average, longitudinal cores demonstrate lower results. The latter clearly confirms 

that using the average values (or ñoverall deterioration valuesò) of the aforementioned parameters underestimates 

(i.e., 3 to 12%) the induced damage in unrestrained directions while overestimates (i.e., 5 to 25%) restrained 

orientations.  

In the 2D concrete blocks, while the vertically extracted cores (i.e., unrestrained direction) display the highest amount 

of damage, the transverse and longitudinal cores (i.e., restrained directions) do not demonstrate a considerable 

variation among themselves. As such, the vertical 2D cores show an increase of almost 27% and 25% of the SDI, 

29% and 16% of the PDI along with a decrease of 29% and 10% of modulus of elasticity, and 21% and 9% of 

compressive strength for both slightly and moderately damaged concrete, respectively, compared to transverse and 

longitudinal specimens. Similar to 1D concrete blocks, using the average values (or ñoverall deterioration valuesò) 

of the aforementioned parameters, one would underestimate (i.e., 7 to 21%) ASR-induced damage in unrestrained 

directions while overestimating (i.e., 3 to 21%) it in restrained orientations of 2D concrete blocks.  

Analyzing all the results obtained through the mechanical testing from unrestrained/restrained concrete blocks, one 

may notice that a lower damage level has been reached in the restrained directions of all reinforced blocks (i.e., 
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longitudinal specimens in case of 1D and longitudinal and transverse in case of 2D concrete blocks) for the given 

expansion levels (i.e., 0.08% and 0.15%) of this research. Moreover, if one compares the distinct restraint 

configurations studied (i.e., 1D vs 2D), higher SDI and PDI values along with lower ME and compressive strength 

results were obtained for the unrestrained direction (i.e., vertical), whereas a lower SDI and PDI and higher ME and 

compressive strength in the restrained direction (i.e., transverse and longitudinal) are detected in the 2D configuration 

compared to the 1D concrete blocks. The above discussion illustrates the impact of restraint configuration on ASR-

induced damage that is clearly transferred from restrained to the less/no restraint directions. The latter results in 

higher damage degrees along unrestrained directions of concrete specimens displaying higher overall degree of 

restraint.  

To evaluate the statistical validity of the results obtained, a two-way ANOVA was conducted on the mechanical 

results (i.e., SDT and CS) obtained from the distinct blocks directions as a function of ASR development. As Tables 

6 and 7 display, the SDI, PDI and ME parameters obtained from the distinct blocks directions are statistically 

significant (with a confidence level of 95%) for all concrete specimens of this study, where all the ñF valuesò are 

greater than the ñFcriticò and the ñp valuesò are lower than 0.05. However, as previously observed by Sanchez et al. 

[4], the results of compressive strength gathered from the various directions of the blocks were not considered 

statistically significant as a function of ASR development (Table 7). Therefore, a complementary ñt-testò was 

performed to verify the significance of compressive strength results gathered at each expansion level (0.08% and 

0.15%) when compared to the control samples (Table 8). Analyzing the results, one sees that only three out of nine 

conditions are considered significant at 0.08%, whereas all the twelve conditions are considered significant at 0.15% 

of expansion. These results prove the analysis and discussions prior conducted in this section and demonstrate the 

efficiency of the SDT to assess ASR-induced deterioration and anisotropy in restrained concrete, while the 

compressive strength is only effective after moderate levels of deterioration. 
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Figure 10: A) SDI, B) PDI, C) ME Reduction (%) and, D) ME values (GPA) from blocks considering various coring 

orientations. 
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Figure 11: A) Compressive strength results (MPa) and, B) Compressive strength reductions (%) considering various coring 

orientations. 

Table 6: Two-variable ANOVA on the SDT results (SDI and PDI parameters) considering various coring orientations. 

 
Table 7: Two-variable ANOVA on the mechanical properties results (ME and CS) considering various coring orientations. 
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Table 8: t-Test analysis on the compressive strength results obtained from distinct directions of concrete blocks. 

 

Figures 10 and 11 clearly demonstrate ASR anisotropic behaviour and its impact on the mechanical responses of 

affected concrete for distinct restrainment and induced expansion levels. However, it is important to notice that the 

above plots were generated assuming the side longitudinal expansion of the blocks as the ñrepresentativeò of a given 

damage degree, since the side longitudinal direction is parallel to the main reinforcement and is not/less influenced 

by local effects such as drying/wetting cycles, differential restriction, etc. Nevertheless, it would be interesting to 

verify whether the SDT outcomes correlate well not only with the ñrepresentativeò expansion but rather with the 

ñrealò expansion measured from the distinct surfaces evaluated. It worth noting that since vertical expansion 

measurements have not been conducted in this study, the correlation between vertical cored specimens and vertical 

expansion could not be obtained. Thus, Figure 12 illustrates the correlation between the SDI results obtained from 

the side longitudinal and transverse cored specimens and the measured expansions from the same blocksô surfaces 

(Figure 7). Analyzing the data, one verifies an almost linear trend between the SDI and the measured expansions 

from distinct directions. This plot confirms the anisotropic behaviour discussed above using a ñrepresentativeò 

expansion level and attest once more the efficiency and diagnostic character of the SDT to assess damage in affected 

concrete regardless of its restraint configuration, as opposed to what has been previously reported by Sørgaard et. al. 

[7], and in accordance with previous works on concrete under unrestrained conditions [4] and while the condition 

assessment of critical infrastructure [6]. Finally, it is worth mentioning that the aggregate selected for concrete 

manufacturing in this work and similar studies [34,35] is a highly reactive coarse aggregate; according to past 

research, this aggregate generates a thin and low-viscosity ASR gel [66]. Therefore, a comprehensive experimental 

investigation through the use of slower reactivity aggregates, which may generate higher viscosity ASR gels and 

deterioration, is required and may be a topic of interest for future works. 
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Figure 12: Correlation between SDI and measured expansion levels as per the distinct coring orientations evaluated. 

7.6.4 Effect of restraint  on the cracksô orientation of ASR-affected concrete 

The Non-Linearity Index (NLI) has been reported by Chrisp et al. [51,52] as a useful parameter to appraise the 

cracksô orientation of ASR-affected concrete. As such, Figure 13A and 13B illustrate a typical stress-strain curve of 

vertical and transverse specimens (i.e., concave shaped curve) and longitudinal cores (i.e., convex shaped curve) of 

the 2D blocks, respectively, while Figure 13C displays the NLI values corresponding to distinct coring orientations 

for both slightly damaged (i.e., 0.08% of expansion) and moderately damaged (i.e., 0.15% of expansion) concrete. 

Analyzing these plots, one notices that the longitudinally cored specimens (convex shaped curves) from both 

restrained concrete blocks present an NLI parameter (i.e., Sec 1/Sec 2 of the first cycle ï Figure 2) ñlower than unityò, 

indicating a cracking network parallel to the loading as per Chrisp et al. [51,52]. On the other hand, transverse and 

vertically cored specimens (concave shaped curves) demonstrate a NLI parameter ñhigher than unityò representing 

a cracking network perpendicular to the loading (i.e., longitudinal specimens present parallel ASR-induced cracks to 

the main steel rebars, while the cracks are perpendicular to the coring direction for vertical and transverse cores). 

The results gathered in this research show a strong correlation with previous works (e.g., [35,38,67]) and demonstrate 

the importance of computing the NLI for assessing ASR-affected reinforced concrete members and thus 

understanding the main orientation of induced cracks. The validation of the aforementioned results through image 

analysis might be a topic of interest for future works. The data in brief can be found in Table 12 of the supplementary 

materials section. 
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Figure 13: A) concave SDT graph (i.e. vertical and transverse cores), B) convex SDT graph (i.e. longitudinal cores) and, C) 

NLI graph for various coring directions. 

7.6.5 Validation of the SDT for assessing damage in concrete 

In order to validate the results obtained from the mechanical experimental campaign, semi-quantitative microscopic 

analyses through the Damage Rating Index (DRI) were conducted on specimens extracted from companion blocks 

presenting the same concrete mixture, expansion levels and reinforced configurations. Upon extraction, two 

consecutive core specimens from each of the three coring directions (i.e., vertical, longitudinal and transverse; total 

of 6 specimens per restraint condition per expansion level) were cut in half longitudinally using a diamond bladed 

masonry saw followed by subsequent mechanical polishing with grits of 30, 60, 140, 280 (80ï100 µm), 600 (20ï40 

µm), 1200 (10ï20 µm) and 3000 (4ï8µm). Once the polished surface of the concrete section was deemed ready, a 

1×1 cm grid was drawn on the surface of the specimens and the DRI was then conducted. The DRI is a microscopic 

technique where distinct damage features (Figure 14) are counted in each 1 cm2 square drawn on polished concrete 

specimens using a stereomicroscope at 15-16x magnification. The damage features counted are then multiplied by 

weighting factors whose purpose is to balance their relative importance towards the corresponding distress 

mechanism (e.g., ASR in this case), as proposed by Villeneuve and Fournier [68] (Figure 14). The DRI number is 

therefore calculated; the higher the DRI number, the higher the induced damage in the material [4]. Ideally, a surface 

of at least 200 cm² should be assessed per member per direction, yet for comparative purposes, the final DRI value 

is normalized to a 100 cm² area.  



109 

 

 

Figure 14: Damage Rating Index: A) current weighting factors as per [68] and, B) micrograph illustrating a 1cm2 section 

where some of the petrographic features listed in A can be observed and identified [35] (Reproduced with permission of 

Elsevier). 

Previously, Gautam et al. [34] investigated the effect of distinct confinement conditions on the microstructure of 

ASR-affected restrained concrete through the DRI. According to the authors [34], it was important to specify not 

only the direction but rather the plane from which the specimens were extracted before the microscopic analysis. 

However, the current work follows the procedure proposed by Zahedi et al. [35] where the DRI evaluations were 

effectively and reliably (i.e., very low variability) conducted as per the distinct blocksô directions; further information 

can be found in [35]. Following their procedure, Figure 15 illustrates the distinct DRI numbers obtained from all 

specimens evaluated in this research (standard deviations added to the plot). Evaluating the data below, one notices 

that as for the SDT outcomes (e.g., SDI and PDI), there is not a significant difference in DRI values for the 

unrestrained concrete specimens as per the distinct directions; i.e., DRI numbers of 342, 341 and 337 were obtained 

at 0.08% of expansion, while DRI numbers of 578, 575 and 573 were gathered at 0.15% of expansion for the vertical, 

transverse and longitudinal cores, respectively. Conversely, the 1D and 2D confined blocks displayed quite different 

values as per the specimensô orientation, illustrating through a ñmicroscopic point of viewò ASR anisotropic 

behaviour. DRI numbers of 382, 366 and 337 at low expansion (0.08%), and 646, 613 and 479 at moderate expansion 

(0.15%) were obtained from the vertical, transverse and longitudinal directions of the 1D blocks. Furthermore, the 

cores extracted from the restrained directions of the 2D concrete blocks (i.e., transverse and longitudinal core 

specimens) did not show a noticeable difference in DRI number; yet, they demonstrated significantly lower DRI 

number (and thus induced damage) when compared to vertical specimens (i.e., unrestrained direction). As such, DRI 

numbers of 401, 310 and 305 were gathered at 0.08% of expansion and 766, 485 and 479 were obtained at 0.15% of 

expansion on the vertical, transverse and longitudinal cores, respectively.  

The DRI results obtained in this work validate the mechanical assessment (i.e., SDT outcomes and compressive 

strength) previously discussed since cores presenting higher DRI values also yielded higher SDI and PDI and lower 

ME and compressive strength results. Moreover, the microscopic observations made on the cores extracted from the 
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1D and 2D ASR-affected blocks confirm the existence of the so-called expansion (and damage) transfer since higher 

induced deterioration is found on unrestrained/less restrained directions when compared to restrained orientations. 

The data in brief can be found in Table 12 of the supplementary materials section. 

 

Figure 15: DRI charts as a function of coring direction for specified expansion. 

7.7 Conclusion  

The purpose of this study was to appraise ASR-induced physicochemical development in concrete blocks with 

distinct restraint configurations (i.e., none, 1D and 2D) through mechanical testing procedures (i.e., stiffness damage 

test-SDT and compressive strength). Based on the results obtained in this study, it is verified that 

confinement/restrainment influences the development of ASR in terms of induced expansion and mechanical distress. 

The main conclusions of the above investigations are presented hereafter: 

¶ ASR-induced expansion was significantly lower for all concrete blocks when compared to the concrete 

cylinders; the latter could be attributed to the size of specimens, since moisture transfer is likely affected in 

larger members (i.e., blocks), thus decreasing ASR-induced development; 

¶ Comparing the expansion levels reached by the distinct concrete blocks, one may observe that the higher the 

restraint degree, the slower the expansion rate and the lower the expansion level as a function of time. 

Furthermore, measuring induced expansion from distinct directions of the concrete blocks (i.e., longitudinal 

top, longitudinal side and transverse) demonstrated ASR anisotropic behaviour and the so-called ñexpansion 

transferò from restrained to unrestrained/less restrained directions; 

¶ The ñoverallò ASR-induced deterioration (i.e., average of three distinct directions at a given expansion level) 

obtained from the distinct blocks suggests that whether anisotropy is disregarded, the ñoverallò damage of 

ASR-affected specimens does not significantly change as a function of the restraint degree and configuration 

for the same expansion level. Moreover, the ñoverallò results acquired in this work on confined/restrained 
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concrete are in accordance with the data ranges proposed by Sanchez et al. [4] to classify damage in ASR-

affected concrete under ñfree-expansionò conditions. However, it is clear from the results obtained that 

whether the ñoverallò deterioration is used to assess and classify damage of restrained concrete, 

underestimation and overestimation of unrestrained and restrained directions, respectively, are made; 

¶ Statistical analysis (two-way analysis of variance - ANOVA) confirmed the significance of the SDT as a 

diagnostic tool for assessing the condition (i.e., physical integrity and stiffness reductions) of ASR-affected 

concrete under distinct confinement/restrainment configurations. Furthermore, the anisotropic character of 

ASR under confinement could be gathered by the distinct SDT outcomes (i.e., SDI, PDI and ME); higher 

SDI and PDI along with lower modulus of elasticity values were obtained from non/less restrained directions 

of the reinforced concrete blocks. Also, one sees that the higher the restraint, the higher the induced damage 

in unrestrained/less restrained directions, and the lower the deterioration in restrained directions. 

Furthermore, the NLI was shown to be an effective parameter to appraise the cracks orientation of ASR-

affected concrete. NLI greater/lower than 1 indicates cracking networks mainly perpendicular/parallel to the 

reinforcing bars; 

¶ The compressive strength results obtained on the distinct ASR-affected specimens in this study showed that 

although less influenced than the modulus of elasticity (as expected), significant reductions of compressive 

strength (e.g., 15-30%) may be gathered at low to moderate expansion levels (0.15%). Moreover, the 

compressive strength reductions could be even exacerbated in some directions due to anisotropy. The latter 

raises concerns not only on the serviceability but also on the ultimate capacity of ASR-affected structures 

withstanding service loads. Further studies should be conducted in this regard. 

¶ The DRI, a semi-quantitative microscopic procedure, has been used to validate the mechanical results 

gathered in this research along with the anisotropic behaviour observed for the distinct restrained concrete 

blocks. According to the microscopic analyses, not only the SDT data was completely validated but also the 

ñexpansion transferò phenomenon observed microscopically.  
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SUPPLEMENTARY MATERIALS  

 

Table 9: Data in brief for the ñoverallò analysis. 

Block Type 

SDI PDI E (GPa) E Reduction (%) CS (MPa) CS Reduction (%) 

0.08% 0.15% 
0.08

% 

0.15

% 

0.08

% 

0.15

% 
0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 

Cylinder 0.18 0.26 0.13 0.24 25 19 17 36 31 28 12 21 

unrestrained 

Blocks 
0.18 0.27 0.13 0.24 25 19 17 36 31 29 12 18 

1D Blocks 0.18 0.27 0.15 0.24 24 19 20 36 31 29 12 18 

2D Blocks 0.18 0.25 0.15 0.23 24 19 20 36 31 29 12 18 

 

Table 10: Data in brief for the ñanisotropicò analysis. 

Block Type Core orientation 
SDI PDI E (GPa) E Reduction (%) CS (MPa) CS Reduction (%) 

0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 0.08% 0.15% 

Unrestrained 

Block 

Vertical 0.18 0.27 0.13 0.25 25.36 19.39 15.47 35.38 30.74 28.45 12.75 19.25 

Transverse 0.18 0.27 0.15 0.24 25.44 19.28 15.20 35.74 30.69 28.95 12.90 17.82 

Longitudinal 0.18 0.27 0.11 0.25 25.45 19.62 15.16 34.60 30.51 28.93 13.42 17.88 

1D Block 

Vertical 0.21 0.29 0.17 0.27 23.65 17.59 21.17 41.38 29.89 27.22 15.16 22.74 

Transverse 0.20 0.29 0.16 0.26 23.37 18.09 22.09 39.70 30.48 27.58 13.48 21.71 

Longitudinal 0.14 0.23 0.11 0.21 25.37 21.38 15.45 28.73 32.43 31.25 7.95 11.31 

2D Block 

Vertical 0.23 0.31 0.17 0.29 22.52 15.06 24.95 49.79 28.59 24.61 18.86 30.16 

Transverse 0.17 0.23 0.14 0.21 24.95 20.70 16.83 31.01 31.25 31.46 11.30 10.71 

Longitudinal 0.15 0.22 0.14 0.20 25.35 21.67 15.52 27.77 32.44 31.13 7.92 11.64 

 

 

 



117 

 

Table 11: Data in brief for the NLI analysis. 
Block Type Core orientation 0.08% 0.15% 

Unrestrained Block 

Vertical 1.09 1.12 

Transverse 1.1 1.13 

Longitudinal 1.085 1.1132 

1D Block 

Vertical 1.11 1.145 

Transverse 1.1069 1.14 

Longitudinal 0.95 0.91 

2D Block 

Vertical 1.12 1.16 

Transverse 1.083 1.11 

Longitudinal 0.94 0.9075 

 

Table 12: Data in brief for the DRI analysis. 

Block Number Core orientation 
DRI Number 

0.08% 0.15% 

Unrestrained Blocks 

Vertical 337.199 573.1576 

Transverse 341.1905 575.136 

Longitudinal 341.0588 573.2605 

1D Block 

Vertical 382.75 646.07 

Transverse 366.55 613.92 

Longitudinal 337.831 478.725 

2D Block 

Vertical 401.2283 765.8121 

Transverse 323.0195 485.488 

Longitudinal 305.951 472.8925 
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8. CONDITION ASSESSMENT OF ALKALI-SILICA REACTION 

AFFECTED CONCRETE UNDER RESTRAINT CONDITIONS 

INCORPORATING DISTINCT REACTIVE AGGREGATE TYPES  

Andisheh Zahedi 1, Cassandra Trottier 2, Leandro Sanchez 3, Martin Noël 4  

Abstract 

The multi-level assessment, combining microscopic (i.e., Damage Rating Index) and mechanical (i.e., 

Stiffness Damage Test) techniques, has been effectively used to appraise the deterioration cause by alkali-

silica reaction (ASR) in unconfined concrete. However, the impact of restrainment on ASR-induced 

deterioration originated from reactive fine and coarse aggregates has not been fully explored. This study 

intends to evaluate the effect of the restraint degree and reactive aggregate type on ASR damage 

development through the multi-level assessment. Twenty-four concrete blocks incorporating two different 

reactive aggregate types (fine and coarse) and three restraint configurations (unrestrained, 1D, and 2D) 

were produced and monitored over time. Upon reaching the desired expansion levels (0.08% and 0.15%), 

cores were retrieved from three main directions (vertical, longitudinal and transverse) and the multi-level 

assessment was performed. Results indicate that ASR-induced expansion and damage are influenced by the 

reactive aggregate type, restraint configuration and coring direction.  

Keywords: Restraint, Alkali -Silica Reaction (ASR), Multi-level assessment, Damage Rating Index (DRI), 

Stiffness Damage Test (SDT), Aggregate type. 

8.1. Introduction  

Alkali -silica reaction (ASR), a complex physicochemical reaction between certain mineral phases in the 

aggregates and the alkali hydroxides from the concrete pore solution, is one of the main deleterious 

processes influencing the durability and serviceability of concrete infrastructure around the world [1]. ASR 

produces a secondary product (i.e., silica gel) that generates expansion and internal pressure upon moisture 

uptake from its surrounding environment, causing a loss in the materialôs mechanical properties and, in 

some cases, functionality of affected structures [1,2]. Most of Canadaôs concrete infrastructure is currently 

suffering from deterioration mechanisms such as ASR, freeze-thaw and steel corrosion [3ï5]; thus, serious 

concerns have been raised about the structural performance and safety of those structures [3]. Since ASR 

is an active and ongoing process, obtaining information on the actual damage degree along with the 

potential for further deterioration of affected structures is critical when designing effective rehabilitation 

strategies and management protocols. In this context, several test procedures have been developed over the 
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past decades to determine the induced expansion and deterioration attained to date (i.e., diagnosis), as well 

as to forecast the potential of future distress (i.e., prognosis) of concrete infrastructure damaged by ASR. 

Among those, a comprehensive multi-level protocol, through the use of microscopic and mechanical test 

procedures (particularly the Stiffness Damage Test- SDT and the Damage Rating Index- DRI, respectively), 

has shown to be effective to appraise the condition of ASR-affected unreinforced concrete [6]. 

Nevertheless, such condition does not typically represent field concrete structures [7,8]. Although past 

studies have reported the reliability of the multi-level assessment to assess the condition of deteriorated 

concrete structures [9,10], there is currently a lack of ñextensiveò data on the impact of reinforcement (e.g., 

confinement) on ASR physicochemical development and ultimately on the multi-level assessment 

outcomes. Therefore, this study intends to appraise the condition of ASR-affected concrete blocks 

incorporating different types of reactive aggregates (i.e., fine and coarse aggregates), having different 

reinforcement conditions (i.e., unrestrained, 1D and 2D) and expansion levels (i.e., 0.08% and 0.15%) 

through the use of the multi-level protocol. It is worth noting that the term ñconfinementò is used in this 

work to describe any type of restraint that prevents the concrete from freely expanding, such as the presence 

of steel reinforcement. 

8.2. Effects of confinement on physicochemical development of ASR 

Literature suggests that ASR-induced expansion of affected concrete is lessened due to confinement [11ï

13]; Smaoui [12] reported a reduction of almost 60% of the induced expansion in the direction parallel to 

the reinforcing bars of concrete beams (810 x 228 x 228 mm) with a reinforcement ratio of 1.53% when 

compared to similar beams without any reinforcement. According to the authors, this expansion reduction 

in the restrained direction might result in an increase of damage development in the directions with less or 

no confinement [11,14ï16]. As such, Multon and coworkers [11,14] confirmed the redistribution of 

expansion amongst distinct directions of restrained concrete where ASR-induced expansion decreased from 

15% to 70% in the direction of confinement and has been transferred to the unrestrained directions; such 

an expansion transfer results in anisotropic ASR-induced development [16], which has been found to be 

dependent on the reinforcing ratio and configuration [3]. Deschenes et al. [17] and Bracci et al. [18] made 

observations on the rate and ultimate expansion achieved by various ASR-affected concrete members 

displaying distinct restraint configurations; they reported that higher expansion levels and rates were 

observed in lightly reinforced members when compared those heavily reinforced [19].  

Abd-Elssamd et al. [20] verified that the modulus of elasticity (ME) and compressive strength (CS) 

reductions of ASR-affected restrained and unrestrained concrete follow similar degradation trends. 

However, similar to the expansion behavior, the progression and orientation of the induced microcracking 

and degradation of mechanical properties of restrained concrete members are affected by the anisotropic 
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ASR-induced development [21]. Therefore, dissimilar mechanical properties reductions are expected in the 

three principal directions [20,22,23], where the compressive strength and modulus of elasticity of 

specimens extracted perpendicular to the main restraint direction demonstrate significantly higher 

degradation than those cored parallel to the main reinforcement bars [21,24,25]. As such, it has been 

observed that the compressive strength of cores extracted perpendicular to the main restraint direction may 

have higher reductions from 7-35% when compared to those retrieved parallel to the main steel bars 

[14,19,21,24,25]. Such an observation can be due to the presence of a higher amount of ASR cracks in the 

cores retrieved perpendicular to the main rebars [16,26,27]. 

Very few studies [21,28] were performed to investigate the effects of different reactive aggregate types 

(i.e., fine vs coarse aggregate) on the development of ASR-induced deterioration in restrained concrete. 

Barbosa et. al. [21] and Hansen et. al. [28] observed that concrete members incorporating reactive fine 

aggregates displayed a much more pronounced deterioration degree when compared to those incorporating 

reactive coarse aggregates; moreover, the authors also reported significantly wider cracks in ASR-affected 

members bearing reactive fine aggregates. No further explanation has been addressed in this regard.  

Although the current literature data are very useful and demonstrate the effect of reinforcement on the 

physicochemical development of ASR, to the best of the authors' knowledge, there is still a need to 

systematically and quantitatively evaluate this effect on the microscopic distress features and mechanical 

response of concrete samples having various reinforcement conditions, exhibiting different expansion 

levels and incorporating different reactive aggregate types (i.e., fine and coarse aggregates). 

8.2.1 Tools for appraising concrete damaged by ASR 

Several microscopic and mechanical test procedures were proposed in the past decades to evaluate the cause 

and extent of damage in ASR-affected concrete. Among them, the multi-level protocol as per [6], using 

microscopic and mechanical test procedures, particularly the Stiffness Damage Test (SDT) and Damage 

Rating Index (DRI) respectively, was found to be quite effective.  

8.2.1.1. Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) was initially developed by Walsh who observed a good correlation 

between the crack density and the cycles of loading/unloading (i.e., stress/strain relationship) of rock 

specimens [29,30]. Crisp et al. [31,32] used this test method to evaluate ASR-induced damage in affected 

concrete. Later, Sanchez et al. [29,30] optimized the test procedure by conducting a large experimental 

campaign on test specimens manufactured from concrete mixtures of various mixture proportions (i.e., 25, 

35 and 45 MPa) and incorporating a wide range of reactive aggregates (i.e., coarse vs fine aggregates, and 

distinct lithotypes and reactivity degrees). They proposed that the SDT should be conducted through five 
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loading/unloading cycles at 40% of the design (28-day) concrete strength, as well as adapting indices as the 

test outcomes, namely the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI), 

representing, respectively, the ratio of dissipated energy/plastic deformation to the total energy/deformation 

implemented in the system (i.e., SI / (SI+SII) and DI / (DI+DII) over the five cycles as presented in [29,30]- 

Figure 1). Furthermore, the modulus of elasticity (average secant modulus of the 2nd and 3rd cycles) and the 

Non-Linearity Index (NLI- Sec 1 divided by Sec 2 in the first cycleï Figure 1) as proposed by Crisp et al. 

[31,33] could also be considered as efficient SDT outcomes for determining the damage extent and cracks 

orientation (i.e., NLI is greater/lower than unity for cracks oriented perpendicular/parallel to loading) 

respectively, in affected concrete.  

 

Figure 1: Calculation of the Stiffness Damage Index (SDI) and Plastic Deformation Index (PDI) [34] (Reproduced 

with permission of Elsevier). 

8.2.1.2. Damage Rating Index (DRI)  

In the early 1990ǋs, Grattan-Bellew and coworkers [35,36] developed the Damage Rating Index (DRI) 

method, a semi-quantitative microscopic tool where distinct petrographic features (Figure 2B) are counted 

in each 1 cm2 square drawn on the surface of polished concrete specimens through the use of a 

stereomicroscope at 15-16x magnification [7]. The number of counts associated with each type of 

petrographic feature is then multiplied by a weighting factor proposed by Villeneuve et al. [37] (Figure 

2A), whose purpose is to balance their relative importance towards the mechanism of distress (e.g., ASR). 

The final DRI value is thus calculated, and a higher DRI number represents a higher degree of deterioration 

in affected concrete [6]. Ideally, a surface of at least 200 cm² should be used for analysis, yet for comparison 

purposes, the final DRI value is normalized to a 100 cm² area. The detailed test procedure of DRI is 

presented in [7,8]. 
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Figure 2: Damage Rating Index: A) distress features and corresponding weighting factors as per [37] and, B) some of 

the petrographic features listed in A can be identified in a 1cm 2 section (Reproduced with permission of Elsevier).  

8.3. Scope of work 

As previously mentioned in the above sections, there is still a need to thoroughly and quantitatively 

understand the impact of reinforcement on the physicochemical development of ASR. Thus, twenty-four 

concrete blocks incorporating reactive fine and coarse aggregates and having various restraint conditions 

(i.e., unrestrained, 1D and 2D) were manufactured and monitored over time. After reaching the targeted 

expansion levels (i.e., slight - 0.08% and moderate - 0.15%), core specimens were extracted from three 

main directions (i.e., longitudinal, vertical and transverse) of the concrete blocks and the multi-level 

assessment as per [6] was performed on those. Ultimately, the damage development and mechanical 

properties reductions of concrete members incorporating different aggregate types and displaying distinct 

restraint configurations have been compared.  

8.4. Materials and methods 
8.4.1 Materials and mix proportions  

Twenty-four concrete blocks with dimensions of 450 X 450 X 675 mm (Figure 3) were manufactured in 

the laboratory using a concrete mix with a design strength of 35 MPa. A highly reactive sand (i.e., Texas- 

Polymictic sand) and a reactive coarse aggregate (i.e., Springhill - Greywacke) in combination with non-

reactive aggregate particles (i.e., Ottawa natural sand-OT and Ottawa limestone coarse aggregate-LS, 

respectively) from local quarries were used for concrete fabrication. Table 1 presents information on the 

various aggregates selected for this work. A conventional CSA Type GU (i.e., ASTM type 1) high alkali 

(0.88% Na2Oeq) Portland cement was used for both concrete mixtures. Moreover, the total alkali content of 

both mixtures was raised to 1.25% Na2Oeq, by cement mass, to accelerate ASR-induced development. Table 
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2 presents the mixture proportions selected for this study based on the concrete prism test (CPT) test as per 

ASTM C 1293 [38].  

Table 1: Reactive and non-reactive aggregates used in the study. 

 

Table 2: Concrete mixtures proportioned using the same amount of aggregates (i.e., fine and coarse) and cement paste 

in volume. 

 
8.4.2 Production of concrete specimens 

Three different restraint scenarios were selected for this study: 1) unreinforced concrete blocks (Figure 3A), 

2) 1D confined blocks (Figures 3B and 4A) and, 3) 2D confined blocks (Figures 3C and 4B). For the 

restrained blocks, a reinforcement ratio of 2% was selected in each restrained direction, which is 

representative of a moderately high level of internal restraint in reinforced concrete members. For instance, 

several standards and design codes indicate a minimum reinforcement ratio in slabs of 0.2% and a maximum 

practical limit in columns of 4% (e.g., CSA A23.3 [39]). Relatively large steel bars with a nominal diameter 

of 35 mm were used to reinforce the restrained blocks to achieve the desired reinforcement ratio while 

ensuring sufficient space between bars to allow for concrete core extraction. It is worth noting that the 

transverse and longitudinal steel bars of the 2D concrete blocks were welded together to facilitate the 

manufacturing of the reinforcement cages (Figure 4B). Moreover, the concrete cover of the reinforced 

concrete blocks and spacing between the bottom and top steel bars are 50 mm and 280 mm, respectively 

(Figure 4C). A total of 6 blocks from each reinforcement configuration (i.e., unrestrained, 1D and 2D) 

incorporating the SP coarse aggregate (eighteen concrete blocks) and 6 blocks bearing a 2D confinement 

configuration incorporating the TX fine aggregate were fabricated in the laboratory. For comparative 

purposes, 40 concrete cylindrical specimens of 100 X 200 mm (Figure 5D) were also fabricated using the 

same highly reactive fine and coarse aggregates (i.e., 20 concrete cylinders per aggregate type) and using 

the same mix proportions as the concrete blocks. 
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Figure 3: Concrete blocks fabricated presenting A) unreinforced concrete; B) 1D block; C) 2D block; D) Specimens 

placed in an environmental chamber with 38oC and 100% RH. 

A)   B)  

C)  

Figure 4: Reinforcement configurations: A) 1D reinforced blocks B) 2D reinforced blocks C) schematic of reinforced 

blocks. 

All concrete samples were demolded after one day and moist cured for another 24 hours at 20°C. Then, 

four holes with 10 mm in diameter by 55 mm in length, were drilled in the three main surfaces of the 

concrete blocks: a) Top (Figure 5A points 1 and 2), b) Longitudinal (Figure 5A points 3 and 4) and c) 

Transverse (Figure 5A points 5 and 6). Moreover, tiny holes of 8.5 mm in diameter by 19 mm in length, 
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were also drilled at each end of all cylinders. Later, stainless-steel studs were placed using a fast-setting 

cement paste slurry for longitudinal expansion measurements in all concrete specimens. Forty-eight hours 

from manufacturing, the initial readings were recorded as follows: a) for concrete blocks, transverse, top 

longitudinal and side longitudinal expansion measurements as per Figure 5A and 5B, and b) longitudinal 

expansion measurements in the cylindersô case. All blocks were stored at 38oC and 100% RH (Figure 3D) 

to accelerate ASR development. The concrete cylinders were stored in sealed buckets lined with a damp 

cloth (Figure 5C) and placed in the environmental chamber. All specimens were monitored for length 

changes regularly until they reached the expansion levels selected for this study, i.e., slight (i.e., 0.08% ± 

0.01%) and moderate (i.e., 0.15% ± 0.01%). As per ASTM C 1293 [38], all concrete specimens were placed 

in 23°C conditions for 16 ± 4 hours before periodic expansion measurements. Upon reaching the targeted 

expansion levels, concrete specimens were removed from the environmental chamber and three blocks from 

each distinct restraint configuration and aggregate type were cored to produce seven cores of 100 by 450 

mm in the vertical (Figures 6A and 6E) and the transverse (Figures 6B and 6E) directions and four cores of 

100 by 675 mm in the longitudinal (Figures 6C and 6D) direction for further analysis. Later, all concrete 

specimens were saw cut to lengths of 200 mm, wrapped in plastic film, and stored at 12°C until testing to 

stop further ASR-development as per [6]. It is important to note that after retrieving the cores from the 

affected concrete blocks, the latter are no longer subjected to the same stress level as the in-situ concrete. 

Such stress relieve might change the characteristics of damage developed by ASR during the condition 

assessment performed in this study. While this effect has not been explicitly quantified in this work, it is 

worth noting that such phenomenon is also true for the cores retrieved from the real concrete structures, 

and thus the findings of this work are expected to be applicable to such cases.  

 

 

 

 

 

 

A) B) C) D) 
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Figure 5: A) Schematic of concrete blockôs expansion measurements, B) expansion measurements of concrete blocks 

with a micrometer, C) Sealed container for storage in the environmental chamber and, D) concrete cylinder. 

 

Figure 6: Sketch of the cores retrieved from the concrete blocks (i.e., 2D): A) top view (vertical), B) longer side view 

(transverse) C) shorter side view (longitudinal) D) longitudinally coring E) vertically and transversally coring. 

8.4.3. Experimental procedures 

Table 3 displays the testing matrix developed in this study. The testing protocols performed on the cores 

extracted from distinct concrete blocks and concrete cylinders at the selected expansion levels include 

mechanical testing and semi-quantitative microscopic assessment.  

 

 

 

Table 3: Testing matrix. 
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8.4.3.1. Stiffness Damage Test (SDT) 

Three specimens from the distinct coring directions of each set of concrete blocks (i.e., transverse,  

longitudinal and vertical) as well as three concrete cylinders at given expansion levels (Table 3), were 

subjected to five cycles of loading/unloading at a controlled loading rate of 0.10 MPa/s. Prior to performing 

the SDT, all specimens were reconditioned for 48h in the moist curing room (and protected from running 

water) to lessen the testôs variability according to CSA23.2-14C [40] and as per Sanchez et al. [29]. 

Moreover, both ends of all concrete specimens were mechanically ground in order to avoid any interference 

from the stainless-steel studs used for expansion measurements. The SDT was conducted following the 

procedure proposed by [29,30]; i.e., loading up to 40% of the 28-day concrete strength of the specimens 

tested. 

8.4.3.2. Compressive Strength (CS) 

Compressive strength tests were first performed to characterize the concrete mixtures at 28 days to 

determine the 40% value for stiffness damage testing. The conventional standard method (i.e., ASTM C 39 

[41]) could not be adapted for concrete specimens containing highly reactive coarse and fine aggregates as 

some ASR might have been generated while moist curing. Thus, the specimens were wrapped and stored 

at 12°C for a 47-day period, representing an equivalent maturity as concrete cured for 28 days at 20 °C 

according to ASTM C 1074 [42].  Compression strength tests were also conducted after reaching target 

expansions to determine the strength reduction caused by ASR. Previous research [29] has demonstrated 

that the SDT is non-destructive while using 40% of the 28-day compressive strength; thus mechanical 

results such as compressive strength obtained following the SDT are considered valid. The compressive 

strength losses were obtained in this work as the difference between the results gathered after the SDT and 

the ñequivalentò 28-day values obtained from the sound concrete samples. 

 

8.4.3.3. Damage Rating Index (DRI) 
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Before the microscopic evaluation, two consecutive specimens per the direction of the blocks and two 

cylinders per damage degree were initially cut axially in two, followed by subsequent mechanical polishing 

with grits of 30, 60, 140, 280 600 1200 and 3000. Once the surface of the polished concrete section was 

properly polished, a 1 x 1 cm grid was drawn on the surface of the samples before the microscopic 

evaluation. Distress features of 1mm in size or higher observed in the cement paste and aggregate particles 

were evaluated using the weighting factors proposed by Villeneuve et. al. [37] (Figure 2) to compute the 

DRI numbers. Ultimately, it is worth mentioning that the damage orientation of concrete specimens has 

been evaluated using an image analysis protocol following the procedure proposed by Zahedi et al. [16], 

where the observed damage features in each 1x1 cm DRI grid (Figure 2) drawn on the polished concrete 

specimens were highlighted through the use of a commercial software. 

8.5. Results 
8.5.1 ASR kinetics and development 

The average expansions as a function of time (i.e., average value of four consecutive measurements per 

specimen per direction over time with standard deviations between 0.02% to 0.06%) of the different 

surfaces of the concrete blocks incorporating a reactive coarse aggregate (i.e., Springhill) and reactive sand 

(i.e., Texas), and displaying different reinforcement configurations are presented in Figure 7. Figure 7A 

also illustrates the average longitudinal expansion of cylinders (with a standard deviation of 0.02% to 

0.04%). It is interesting to note that all directions of most of the concrete blocks displayed a significant 

amount of shrinkage at the beginning of the reaction. It took 35, 75, 105 and 75 days on average for the 

none-confined concrete blocks-SP, 1D-SP, 2D-SP and 2D-TX, respectively, to recover from shrinkage.  

As Figure 7A displays, the expansion graphs of distinct directions of unrestrained blocks-SP are almost 

identical, where 0.15% expansion was reached after 212, 190, and 175 days on longitudinal side, 

longitudinal top, and transverse directions, respectively. Furthermore, according to Figures 7B, 7C and 7D, 

all restrained concrete blocks exhibited a significantly slower ASR expansion than unreinforced blocks, 

where 0.15% expansion was reached at 255, 212 and 190 days by 1D reinforced blocks-SP on the 

longitudinal side, longitudinal top, and transverse, respectively. 2D reinforced blocks-SP achieved 0.15% 

expansion after 340, 275, and 235 days, whereas 255, 235 and 190 days were required by 2D blocks-TX 

on longitudinal side, longitudinal top, and transverse side, respectively. This clearly shows that the achieved 

expansion levels are impacted by the direction of the reinforcement (i.e., transverse > longitudinal top > 

longitudinal side), as previously observed by [43]. Furthermore, comparing the attained expansion level of 

distinct concrete blocks at a given time, the unrestrained-SP blocks display a much higher expansion level 

than the restrained blocks, which demonstrates the impact of reinforcement on ASR-induced development 

(especially kinetics); the higher the restraint level, the slower the expansion rate and the lower the ultimate 
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expansion over the same period. Accordingly, averaging all directions, it was found that after 340 days of 

exposure, the unrestrained-SP blocks attained (on average) a higher maximum expansion of 0.27% followed 

by 1D-SP, 2D-TX and 2D-SP concrete blocks which achieved expansion levels of 0.23%, 0.22% and 0.18% 

(on average) over the same period. Otherwise, both concrete cylinders demonstrated much quicker ASR 

kinetics when compared to all blocks, where on average, concrete cylinders-SP and concrete cylinders-TX 

reached 0.15% of expansion after 70 and 55 days, respectively (Figure 7A). It is worth noting that the 

expansion adopted as ñrepresentativeò of a given damage degree was the one recorded on the longitudinal 

side of concrete blocks (as Figure 5A -points 3 and 4); this expansion presents the lowest expansion level 

among all the blocks directions, since it is measured parallel to the main reinforcement and is not (or at 

least less) impacted by local effects [14,15]. 

 

Figure 7: Expansion as a function of time for: A) unreinforced concrete, B) 1D - SP, C) 2D ï SP, and D) 2D ï TX, as 

per the distinct blockôs directions. 

8.5.2 Stiffness Damage Test (SDT) 

The results displayed in this section are the average values obtained from three core specimens from each 

coring direction of the ASR-affected blocks (i.e., vertical, transverse and longitudinal as per Figure 6 A, B 

and C, respectively) and three concrete cylinders at each expansion level tested. Analyzing the plots (Figure 

8), one notices that the higher the ASR-induced expansion level, the higher the SDI and PDI indices as well 



130 

 

as the lower the modulus of elasticity (ME), for all concrete specimens of this study. As Figure 8A displays, 

there is not a considerable difference in SDI values (standard deviations presented in the plot) for 

unrestrained concrete-SP specimens as per distinct directions where SDI of 0.26-0.27 were gathered at 

0.15% of expansion. On the other hand, results from the restrained concrete blocks were significantly 

influenced by the coring orientation. SDI values of 0.28, 0.28 and 0.22 from 1D blocks and 0.30, 0.23 and 

0.22 from 2D-SP blocks at 0.15% expansion were obtained from the vertical, transverse and longitudinal 

directions, respectively. Similarly, SDI values of 0.32, 0.24 and 0.23 were obtained at 0.15% of expansion 

on the vertical, transverse and longitudinal directions of the 2D-TX blocks, respectively. Otherwise, 

concrete cylinders manufactured with SP and TX displayed an initial SDI value of 0.12 and 0.13, 

respectively and then it increases to 0.26 for both concrete mixtures at 0.15% of expansion. 

Figure 8B presents the PDI values (standard deviations added to the plot) of concrete cylinders and various 

core specimens. Although distinct directions of unrestrained-SP blocks exhibited PDI values of 0.24 at 

0.15% of expansion, 1D-SP blocks yielded PDI values of 0.26, 0.26 and 0.22 at moderate expansion for the 

vertical, transverse and longitudinal cores, respectively. Furthermore, PDI values of 0.29, 0.20 and 0.20 

were obtained from 2D-SP while 0.31, 0.22 and 0.22 were gathered from 2D-TX at 0.15% of expansion for 

the vertical, transverse and longitudinal cores, respectively. Otherwise, both concrete mixtureôs control 

samples showed a PDI value of 0.08 and then it increases to 0.24 at 0.15% of expansion. 

Figure 8C illustrates the modulus of elasticity (ME- including standard deviations) for all concrete 

specimens of this work. Although an initial ME of 30 and 34 GPa was obtained for the undamaged/sound 

samples incorporating SP and TX aggregate, respectively, a decreasing trend is noticed for all specimens; 

as such, all coring directions of unrestrained -SP blocks showed an ME of 19 GPa at 0.15% of expansion. 

This represents an ME reduction (Figure 8D-with their standard deviations) of 35% at moderate expansion 

of all coring directions of unrestrained-SP blocks. Otherwise, the vertical, transverse and longitudinal cores 

of 1D-SP blocks showed ME values of 18, 18, 21 GPa which represent an ME reduction of 39%, 39% and 

29% at moderate expansion (0.15%), respectively. Moreover, MEs of 15, 21 and 21 GPa (i.e., representing 

an ME reduction of 50%, 30% and 30%) were gathered from 2D-SP blocks, while MEs of 14, 21, 21 GPa 

(i.e., showing an ME reduction of 59%, 38% and 38%) were obtained from 2D-TX at 0.15% of expansion 

for the vertical, transverse and longitudinal cores, respectively. Finally, ME values of 19 GPa and 20 GPa 

for cylinders-SP and cylinders-TX were obtained at 0.15% of expansion, respectively; this represents an 

ME reduction of 37% and 40% at moderate expansion for concrete cylinders made of SP and TX, 

respectively. 
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Figure 8: Stiffness damage results A)SDI; B) PDI, C) Modulus of Elasticity (GPa) and D) ME reduction (%). 

8.5.3 Compressive strength 

The compressive strength results (standard deviations added to the plot) as a function of ASR-induced 

expansion are illustrated in Figure 9. The compressive strength obtained in the control/sound samples made 

with SP and TX was 35 MPa and 36.5 MPa, respectively. Later, all cores extracted from unrestrained-SP 

blocks showed compressive strength (CS) of 28 MPa, representing a 18% reduction at 0.15% of expansion. 

Otherwise, the vertical, transverse and longitudinal cores of 1D-SP blocks exhibited CS values of 27, 27 

and 31 MPa which represented the CS reduction of 22%, 22% and 11% at 0.15% of expansion, respectively. 

Similarly, CS values of 24, 31 and 31 MPa (i.e., representing a CS reduction of 30%, 14% and 14%) were 

obtained from 2D-SP, while 2D-TX exhibited CS values of 21, 31 and 31 MPa (i.e., presenting CS reduction 

of 42%, 15% and 15%) at 0.15% of expansion on the vertical, transverse and longitudinal cores, 

respectively. Additionally, a CS value of 28 MPa was gathered for both SP and TX cylinders which 

represents a CS reduction of 19% for SP-cylinders and 22% for TX-cylinders at 0.15% of expansion. 
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B) 

 

Figure 9: A) Compressive strength (CS) and B) CS reduction (%) as a function of expansion. 

8.5.4 Damage Rating Index (DRI) 

Figure 10 displays the DRI charts obtained from all specimens evaluated in this work. While the DRI values 

ranged from 570-580 were obtained for all directions of unrestrained blocks, the vertical, transverse and 

longitudinal directions of the 1D-SP blocks showed to have the DRI number of 646, 613 and 479 at 0.15% 

of expansion, respectively. Moreover, DRI numbers of 766, 485 and 479 were gathered from 2D-SP, while 

the 2D-TX blocks displayed DRI numbers of 802, 480 and 475 at 0.15% of expansion on the vertical, 

transverse and longitudinal cores, respectively. Otherwise, SP and TX cylinders showed the DRI numbers 

of 561and 564 at 0.15% of expansion, respectively.  
















































































































































































































