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ABSTRACT 

Multilevel Assessment of the Role of Moisture and Temperature in ASR-induced Expansion 

and Deterioration 

Olusola David Olajide, PhD 

Concordia University, 2025 

 

Alkali silica reaction (ASR) is a widely known deterioration mechanism in concrete; sufficient 

moisture and temperature are crucial for initiating and sustaining the reaction. The influence of 

these factors on ASR-induced expansion has been previously studied. However, little is known 

about their influence on ASR-induced damage. This work aims to apply a multi-level assessment 

protocol combining microscopic and mechanical properties tools to evaluate the impact of a wide 

range of moisture conditions and temperatures on ASR-induced expansion and deterioration. 

Concrete specimens were manufactured in the laboratory incorporating aggregates displaying 

different levels of reactivity (i.e., moderate, high, and very-high) and containing two alkali 

loadings (i.e., 3.82kg/mį and 5.25kg/mį ὔὥὕ  by mass of cement). The specimens were 

conditioned at five relativity humidities (i.e., 100%, 90%, 82%, 75%, and 62%) and three 

temperatures (i.e., 21ÁC, 38ÁC, and 60ÁC) and monitored for internal and external moisture, and 

ASR expansion over time. A time-based assessment was conducted, and upon reaching pre-defined 

ages (i.e., 3, 6, and 12 months), the Damage Rating Index (DRI), Stiffness Damage Test (SDT), 

Direct Shear, and compressive strength tests were conducted to appraise ASR-induced 

deterioration in the specimens. The results show that moisture inside concrete is typically around 

90% RH from batching, which enables rapid ASR-induced expansion. However, lower external 

moisture reduces internal moisture and may induce shrinkage cracks that influence the overall 
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damage pattern. Moreover, at elevated temperatures, ASR-induced cracks exhibit greater density 

but shorter length and narrower width compared to lower temperatures despite similar expansion 

levels. These conditions influence the microscopic and mechanical properties of ASR-affected 

concrete, with the DRI and SDT outcomes presenting a strong correlation to expansion. Through 

the multi-level assessment protocol, this study establishes that the moisture threshold required to 

trigger ASR is temperature- and aggregate-dependent. While the 80% RH has been widely used in 

the past, the findings of this study suggest that a lower range (62-75% RH) might be required for 

high temperatures and reactivity of the aggregates.  A novel damage classification table that 

accounts for a wider range of exposure conditions is thus proposed, offering a more comprehensive 

tool for the condition assessment of ASR-affected concrete. 
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1. CHAPTER ONE: INTRODUCTION 

Alkali-silica reaction (ASR) is a well-known deterioration mechanism in concrete. It involves a 

physicochemical reaction between certain siliceous phases in aggregates and the alkali ions (i.e., 

Na+, K+, and OH-) in the concrete pore solution. This leads to the generation of a secondary reaction 

product (i.e., often referred to as ASR gel) that exhibits swelling characteristics and can potentially 

induce cracks in affected concrete, especially in humid environments. Since the discovery of this 

reaction several decades ago [1], numerous concrete structures suffering from ASR have been 

reported, and they are often prone to an early loss of serviceability [2ï5]. ASR is typically initiated 

within the aggregate particles (i.e., fine or coarse), as illustrated by the descriptive model by 

Sanchez et al. [6]; sharp and onion skin cracks represented by A and B, respectively, in Fig. 1.1, 

are generated in the aggregates at low expansion (i.e., 0.05%). The existing cracks increase in 

length and width as expansion increases, and some of these cracks can propagate into the cement 

paste at moderate expansion levels (i.e., ~0.12%). At high expansion levels (i.e., Ó0.20%), most of 

the cracks originating in the aggregates propagate to the cement paste, and some network of cracks 

in the cement paste can be observed. At very high expansion levels (i.e., Ó0.30%), the cement paste 

cracks are quite dense, with cracks originating from distinct aggregate particles connecting to one 

another [6,7].  

 

Figure 1.1: Descriptive model for crack propagation in ASR-affected concrete [6] (reproduced with permission of 

Elsevier) 
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Moisture and temperature play a critical role in the development of the reaction, along with other 

factors like aggregate reactivity level and alkali content [8ï16]While the impact of these factors 

on ASR-induced expansion is more established, little is known about how they affect ASR-induced 

damage.  

Several tools have been employed to appraise damage in concrete affected by ASR. Promising 

tools such as the Damage Rating Index, Stiffness Damage Test (SDT) are of significant importance 

and have proven reliable in assessing the condition (i.e., the extent of deterioration) of ASR-

affected concrete. Notably, the combination of outcomes from the tests, such as DRI number, 

distress features, crack counts, modulus of elasticity (ME), Stiffness Damage Index (SDI), and 

Plastic Deformation Index (PDI), alongside the non-linearity index (NLI), have contributed to the 

extensive assessment of damage. Other tools, such as the direct shear strength [17], tensile strength 

[18] and compressive strength [19] have successfully been used complementarily with the DRI 

and SDT to evaluate induced deterioration in ASR-affected concrete. However, most existing 

studies on ASR-induced deterioration were conducted on specimens stored in very humid 

environments (RH >95%) and standard temperatures (i.e., 38-CPT and 60-ACPT) [19ï21]. 

Thus, limited studies have been performed to understand the influence of other exposure 

conditions on ASR-induced expansion and deterioration. 

Furthermore, the most reliable strategy for mitigating ASR remains avoiding or reducing the 

availability of one or more factors causing ASR (i.e., reactive silica, moisture, and alkali). Among 

these, moisture limitation can be considered the easiest, especially in existing concrete members. 

As a result, the concept of minimum moisture (referred to as relative humidity [RH] threshold) 

required to trigger or sustain ASR has been widely used. However, numerous contradicting RH 
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thresholds have been reported [8,10,13,22ï27]. Even so, these critical moisture threshold studies 

have been limited to expansion measurements.  

In this context, this study focuses on detailed laboratory investigations aiming first to understand 

the moisture dynamics in concrete along with the influence of temperature. It introduces a metric 

that relates the moisture state in concrete to ASR-induced expansion. Furthermore, the unique role 

of temperature on concrete properties inspires an assessment of the applicability of the maturity 

concept to ASR development. Building upon the thorough understanding of moisture dynamics 

and temperature on ASR kinetics, this study evaluates how these factors influence ASR-induced 

deterioration, particularly their influence on the physical integrity of ASR-affected concrete and 

associated mechanical property losses in aggregates with different reactivity levels. The study 

subsequently proposes a damage-based assessment table for evaluating ASR-induced damage 

under different exposure conditions. Moreover, a damage-based RH threshold assessment is 

conducted. 

This Ph.D. thesis is organized into chapters, with the core consisting of five scientific papers that 

address specific but interrelated research topics. To ensure clarity for readers, chapter one provides 

a brief introduction and the structure of the study. Chapter two presents a comprehensive literature 

review on ASR and the role of moisture and temperature, and the concluding part of the literature 

review focused on an overview of ASR-induced damage assessment is presented in Chapter three. 

The problem statement and objectives of the study are presented in Chapter four, followed by 

Chapter five, which summarizes the experimental program and briefly describes how the findings 

from the study are divided into scientific papers. Four scientific papers are presented in sequence 

from chapters six to nine. The scientific and engineering contributions from this study are outlined 

in chapter ten, and finally, chapter eleven presents the conclusions and recommendations. 
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Abstract 

The alkaliïsilica reaction is a universally known destructive mechanism in concrete that can lead 

to the premature loss of serviceability in affected structures. Quite an enormous number of research 

studies have been carried out focusing on the mechanisms involved as well as the mitigation and 

prevention of the reaction. A few in-depth discussions on the role of moisture and temperature 

exist in the literature. Nevertheless, moisture and temperature have been confirmed to play a vital 

role in the reaction. However, critical assessments of their influence on ASR-induced damage are 

limited. The available moisture in concrete needed to initiate and sustain the reaction has been 

predominantly quantified with the relative humidity as a result of difficulties in the use of other 

media, like the degree of capillary saturation, which is more scientific. This paper discussed the 

current state of understanding of moisture measurement in concrete, the role of moisture and 

temperature in the kinetics of the reaction, as well as the moisture threshold needed for the reaction. 

Furthermore, the influence of these exposure conditions on the internal damage caused by ASR-

induced deterioration was discussed. 
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2.1 Introduction 

2.1.1 Background 

The alkaliïsilica reaction (ASR) has been a menace to the durability of concrete infrastructure 

since its discovery several decades ago [28]. The ASR is a chemical reaction that results from the 

interaction between reactive silica and alkalis in a humid environment; this reaction generates a 

gel that swells upon moisture uptake, leading to induced expansion and cracking in the affected 

concrete. The occurrence of ASR depends on many factors and although the failure of ASR-

affected structures is not common, it can induce several durability and serviceability issues [29]. 

Extensive research has been conducted on the mechanism of the ASR and the development of 

maintenance strategies [8,28,29]. However, in many cases, locally available aggregates exhibit 

some level of reactivity, necessitating the need to prevent the reaction. Unfortunately, there is 

currently no known technique to completely prevent the reaction once all the required conditions 

are met. Nevertheless, supplementary cementitious materials (SCMs) [30ï33] and lithium 

compounds [34ï37] have often been incorporated into new concrete structures to slow down the 

reaction. However, due to the reported shortages in the supply of SCMs like fly ash [38] and the 

cost of using available admixtures [35], there is an urgent need to explore additional SCMs or 

admixtures that could be used [39,40]. In existing structures already affected by ASR, there is no 

known method to halt the reaction. Common mitigation measures include controlling moisture 

availability through the application of coatings/sealers [41,42], the impregnation of lithium, the 

release of stresses through slot cutting, and external restraint by post-tensioning [43]. However, 

new cracks have been reported to appear years after the application of such techniques [44,45]. 
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Given the challenges posed by the unavailability of non-reactive aggregates, especially in areas 

prone to ASR; diminishing SCMs; the availability of high-alkali cement; and limitations to existing 

coating systems; exploring the influence of moisture and environmental conditions like 

temperature remains crucial for preventing the ASR and selecting effective maintenance strategies. 

Moisture is an important factor for the ASR and its availability in concrete has been often appraised 

with the aid of relative humidity (RH), which is not the true indicator of available water in concrete. 

Other methods like the degree of capillary saturation, chemical reactions, electrical resistance, etc., 

have also been used. Nonetheless, various researchers have reported numerous RH thresholds for 

the onset of the reaction. Some conclusions were based on the external RH, while others were 

based on the internal RH, i.e., relative humidity outside or inside the concrete, respectively 

[8,27,46]. Furthermore, some authors have claimed the threshold is dependent on the temperature 

[47], while others have suggested that the reactivity level of the aggregates is paramount [8,48]. 

Some of these conclusions were inferred from tests using reactive fine aggregates [25] and others 

with reactive coarse aggregates [26]. Other factors, such as size, drying and wetting cycles, etc., 

can also affect the availability of moisture in concrete and, subsequently, the kinetics of the 

reaction. 

Temperature plays a pivotal role in the ASR as with other durability problems in concrete. Concrete 

exposed to high temperatures is more likely to experience the ASR as a result of the increase in 

the rate of expansion aided by the rapid dissolution of silica and the diffusion of ions. However, 

temperature could also play a counter role by improving drying and thereby reducing the 

absorption of water by ASR gel [24]. Furthermore, temperature can significantly affect the relative 

humidity of the air that concrete is exposed to; the higher the temperature, the higher the capacity 
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of the air to take in more moisture, thereby reducing the relative humidity. The impact of this 

relationship and its influence on ASR-induced expansion are yet to be well studied. 

The ASR is initiated in the concrete microstructure and produces internal cracks long before the 

manifestation of surface cracks or other symptoms. The internal cracks in ASR-affected concrete 

can be correlated to its induced expansion [49], thus emphasizing the need to assess the influence 

of various exposure conditions on the microstructural behaviour of the reaction. Cracks due to 

ASR, as shown in Fig. 2.1, were observed as being initiated within the aggregate particles (i.e., 

fine or coarse) and propagating to the cement paste. Coarse aggregates have been known to have 

a different effect on induced expansion when compared to fine aggregates [50]; cracks generated 

by the latter propagate faster into the cement paste due to their small size [51]. Thus, the physical 

integrity determined by the inner damage (pattern and extent of cracks) of affected concrete at 

different moisture and temperature conditions, bearing distinct aggregates with different reactivity 

levels, can vary. 

(a) 

 

(b) 

 

Figure 2.1: ASR induced cracks (a) A (Open crack in aggregate with reaction product; OCAG), B (Crack in cement 

paste with reaction product; CCPG); (b) C (Closed crack in aggregate; CCA), D (Open crack in aggregate; OCA) 

This paper aims to review the influence of moisture and temperature on the ASR. To provide a 

comprehensive overview, the available methods for measuring moisture in concrete, the moisture 
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threshold needed for the reaction, the influence of cyclic conditions, and the multifaceted role of 

temperature in the ASR will be discussed. While the influence of these conditions in the kinetics 

of ASR is well known, existing studies have primarily focused on expansions recorded over time. 

This study seeks to broaden the discussion by exploring the evaluation of damage due to the ASR 

under various moisture and temperature conditions using microscopic assessment. 

2.1.2 The mechanism of the ASR 

In the presence of adequate moisture, the alkalis present in cementðmainly sodium and potassium 

oxidesðreact with poorly crystallized siliceous phases in aggregates. According to Juliana et al. 

[52], the high alkalinity of concrete pore solutions promotes the exchange of hydroxyl ions (ὕὌ) 

with either sodium or potassium through an ion exchange process, and calcium-rich ASR gel is 

formed when amorphous or poorly crystallized silica is attacked. The ASR gel formed has a great 

affinity to water and swelling and exerts pressure in all directions. This mechanism leads to stresses 

which, in turn, generate cracks that initiate from the aggregates and propagate into the cement 

paste, as schematically shown in Fig. 2.2. 

              (a) (b) (c) 

 

Figure 2.2: Sequence of ASR: (a) factors needed for ASR; (b) initiation of cracks; (c) propagation of cracks. 

Modified from [6,53] 

https://liveconcordia-my.sharepoint.com/:x:/g/personal/olusola_olajide_concordia_ca/EYtY6LBGoutDnx4ag4OhOr8BT1XFFzHX-bj_tlmo8CkL3A
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The hydroxyl ions (ὕὌ) present in the pore solution from the hydration of cement attack the 

silica in aggregates, leading to the decomposition of the silica structure. The ὕὌ disrupt the 

siloxane bonds (ſSiïOïSi ſ) and break the network to form a silanol group (ſSiïOH). The 

progressive attack of the hydroxyl ions on the silanol group (ſSiïOH) results in the network 

dissolution of silica. According to Rajabipour et al. [28], this dissolution can be hastened with an 

increase in temperature and/or alkalinity. The high alkalinity of the pore solution promotes the 

exchange of hydroxyl ions (OH-) from the silica surface with alkali ions, such as sodium (Na+) or 

potassium (K+), in the pore solution [54]. The presence of alkali ions triggers the formation of an 

ASR gel composed of alkali silicates. The reaction mechanism is time-dependent [19]; at the 

inception of the reaction, the ASR gel is deficient in calcium. However, as the reaction progresses, 

the dissolution of solid portlandite (CaὕὌ) in the cement occurs. Although the role of calcium 

ions remains controversial [55], popular claims remain stating that calcium hydroxide (CaὕὌ) 

serves two primary roles: it functions as a ñbufferò by helping to sustain a high pH level, which 

corresponds to a significant concentration of hydroxyl ions within pore solutions [56], and allows 

for the potential exchange of Ca++ ions with alkali ions in the gel and forcing the return of the 

alkali ions into the pore solution, a phenomenon referred to as alkali recycling. Despite the 

controversial state of the role of calcium ions in the reaction, their availability remains vital for the 

expansive behaviour of the gel. Irrespective of this, ASR gels have been known to possess a low 

Ca/Si- ratio compared to CïSïH gel. The presence of Ca in the gel ensures its high viscosity and 

swelling upon the imbibition of water. Otherwise, the gel dissolves and remains in the solution 

[57]. 

The deficiency of calcium in the concrete pore solution will further lead to the disintegration of 

more portlandite from the cement. This, combined with the presence of alkali ions in the pore 
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solution, initiates a repetitive sequence, ultimately leading to the formation of additional alkaliï

silica gels. Buttressing the time dependency of the reaction, the reaction can be distinguished into 

two stages [58]. The first stage is composed of amorphous ASR products that are generated in the 

aggregates in proximity to the cement paste. The products move into the interior of the aggregates, 

generating pressure that results in cracks. Since the reaction is a continuous one, new ASR products 

formed in the second stage are crystalline in structure, filling the existing cracks and exerting 

swelling pressure that propagates the cracks into the cement paste. There exist several other 

analogies in the literature about the ASR gel swelling mechanism [59ï61]. Nonetheless, the 

reactivity is endless and will continue until sufficient alkalis, calcium ions, siliceous phases, and 

moisture are no longer available [8]. 

2.2 Review objectives 

The objective of this research was to conduct a thorough examination of the impact of moisture 

and temperature on the alkaliïsilica reaction (ASR). This review highlights the variations in the 

existing literature concerning the role of moisture in the reaction, as well as the limited availability 

of articles specifically addressing the influence of moisture and temperature on the microstructural 

properties of ASR-affected concrete. 

2.3 Moisture in concrete 

Moisture plays a vital role in the durability of concrete [62]. Its availability beyond a specific limit 

could be favourable for the alkaliïsilica reaction, freezing and thawing [27], carbonation [63], etc. 

Available water in concrete can be categorized into chemically bound water, physically bound 

water, and capillary (free) water [64]. Physically bound and free water are responsible for the 

transportation mechanism in concrete pore structures, and their distribution in this space is 

influenced by the moisture content, while chemically bound water is non-evaporable and fixed in 
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the hydrate phases [65]. The moisture content available in concrete can therefore be interpreted as 

the volumetric ratio of the sum of physically bound and free water to the pore space [64]. This 

moisture content has been measured using several methods. 

The gravimetric method is the most dependable and accurate technique for measuring moisture in 

concrete, especially when representative samples can be collected from the body under 

investigation. However, the destructive nature of the test renders it unsuitable in some 

circumstances [66]. Some other relevant methods are itemized in Table 2.1, but most of these 

methods do not measure moisture in concrete directly, thus limiting their use. Other challenges 

include cost, calibration challenges, and ease of usage. Nevertheless, the relative humidity and 

degree of capillary saturation have been popularly used for such measurements. 

Table 2.1: Moisture measurement techniques 

Test NDT Location Influencing Factor Output 

Gamma densitometry 

[67] 
Yes Different depth Geometry Density of concrete 

Electrical resistance 

[68] 
Yes Surface Degree of maturity Electrical conductivity 

Hygrometry [69] Yes 
Location of 

choice 

Calibration, 

temperature 
Relative humidity 

Chemical reactions [70] No 
Representative 

sample 
Evaporation Reaction with water 

Thermalized neutrons 

[71] 
Yes Surface 

Chemical 

composition 

Thermal neutron 

detector 

Microwave absorption 

[72] 
Yes 

Few inches 

deep 
Mix proportion Electromagnetic waves 

Infrared thermography 

[73] 
Yes No contact Concrete density Surface temperature 

Gravimetric [74] No 
Representative 

sample 

Depth of collection, 

incomplete drying 
Surface temperature 
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The choice of relative humidity or degree of capillary saturation measurement is dependent on the 

type of moisture (water vapour or liquid water) under consideration. The assessment of frost 

damage in concrete can be further emphasized with the use of the degree of capillary saturation, 

which illustrates the number of filled pores. Whereas, in describing concrete deterioration 

involving chemical reactions influenced by the activity of moisture in the pores, the relative 

humidity measurement can be more efficient [75]. 

The RH considers the amount of water vapour in the air. The internal RH of early-age concrete is 

hugely dependent on the water-to-cement ratio (w/c), and the readings can be obtained with 

hygrometers [76]. The RH is assumed to be 100% at complete saturation after casting (liquid-like 

condition). According to Zhang et al. [77], this condition exhibits a continuous liquid network, and 

the RH of the air is close to 100% [78]. After some time, the RH starts dropping due to hydration 

and/or evaporation. As hydration continues, the formerly continuous liquid network gets breached, 

secluding the pore water and leading to the decrement in the internal RH. 

The degree of capillary saturation (DCS) of concrete, on the other hand, can be obtained through 

the ratio of the volume of water available in the concrete to the volume taken up when the concrete 

is subjected to capillary suction until equilibrium is reached [75]. A handful of strategies have been 

adopted to measure the DCS in the literature, most of which are focused on obtaining the weights 

of the sample before and after drying as well as the weight after capillary water absorption, which 

can be achieved by submerging the sample or with one surface of the sample in contact with water 

[79,80]. The procedure (weighing and drying) for DCS can limit its use for in situ measurements, 

unlike that for RH [81,82]. 

The DCS and RH focus on different properties of moisture in concrete and are affected by distinct 

factors. However, there exists a seemingly linear relationship between them. According to a study 
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by Weiss [83] on concrete specimens with a w/c of 0.42, the degree of saturation increases as the 

RH increases. Despite the challenges involved in performing the DCS, this test seems to be more 

scientific; the actual amount of water in concrete can be determined. However, the RH is more 

suitable for use in ASR-affected concrete due to the ease of measurement. This can be performed 

easily with the aid of sensors. Furthermore, the ability to carry out RH measurements in situ, 

especially in the laboratory, without interfering with the ASR-accelerated performance tests 

through the drying of samples and the capillary water absorption procedures required for DCS 

makes the RH more suitable. 

2.4 The role of moisture in the alkaliïsilica reaction 

Moisture is a critical factor for the initiation and sustenance of the ASR [84]. The moisture present 

in ASR-affected concrete is largely due to the mixing water (w/c) and ingress of water from 

external sources. Such ingress could be from rain, ambient environmental conditions, drainage, 

etc., or a combination of these. 

The role of moisture in the reaction has been well documented [85]. Its availability serves as a 

transportation medium for the ions involved in the reaction and for the formation/swelling of the 

resulting ASR gel. The transportation of ions can be further enhanced in a highly porous and 

permeable medium obtainable in concrete with high w/cm [86]. As a result, the reduction in the 

available moisture has been used to mitigate the reaction. On the other hand, a reduction in the 

w/cm could potentially aid the reaction. During hydration at low w/cm, the products are less 

heterogeneous and less portlandite is produced. Hydroxyl ions are dissolved from the Ca(OH)2 in 

order to maintain equilibrium with the high alkali concentration in the pore solution as a result of 

the release of Na+ and K+ from the cement, leading to an abundance of ions in the pore solution 

[80]. According to Nilsson and Peterson [87], the reaction can be initiated even at a low RH of 
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80%, but progresses slowly due to the low rate of diffusion. The ASR gel swelling that can arise 

in this condition may not be sufficient to exert significant pressure on the surrounding paste. If the 

concrete is re-exposed to water or moved to a more saturated condition, the rate of the reaction is 

improved, and expansion is significantly improved [11,88]. 

The moisture needed for the ASR has been prominently measured using the RH [8,13,47]. Poyet 

et al. [47] examined the kinetics of the ASR and resulting expansion in cylindrical mortar samples 

stored in different external relative humidity conditions and, based on their studies, ASR expansion 

increases as RH increases. Few researchers have argued that the degree of DCS is a better means 

of moisture measurement for the reaction [75,89]. Nonetheless, damage due to the ASR intensifies 

as the DCS increases [75], and a DCS threshold of 90% has been reported to be needed [89]. 

2.4.1 Relative humidity threshold 

The availability of a sufficient amount of water has been confirmed as a crux for the reaction [24]. 

Based on the discussion in the previous sections, no significant distress can be recorded at low 

moisture conditions. As a result, the concept of the RH threshold has been introduced for the 

prevention and maintenance of ASR-affected structures. 

The absorption of water and expansion of the ASR gel are dependent on the RH. According to a 

work carried out by Baģant and Steffens [90], the absorption capacity of the gel greatly diminishes 

when the RH of the air in the pores falls below 85%. Furthermore, expansion is impeded at low 

RH levels. According to the studies in [91], no expansion was recorded when mortar samples were 

stored at 65% RH and 38ÁC, while considerable expansion was reported in those stored at similar 

temperatures but at 85% RH, buttressing the claims that a minimum RH of 80ï85% is needed for 

the reaction [92]. Some other authors have posited a threshold of 80% [27,87]. Yet, numerous RH 
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thresholds exist in the literature. Olafsson [13] reported 80% at 23ÁC, which falls to 75% at 38ÁC, 

while Ludwig [46] reported it to be between 80ï85% at a lower temperature of 20ÁC. 

Some researchers have worked at higher temperatures. Tomosawa et al. [26] and Kurihara and 

Katawaki [25] investigated the reaction at 40 ÁC and reported a threshold of 75%. Poyet et al. [47] 

reported a threshold of less than 59% at 60ÁC as an expansion of 0.06% was recorded in cylindrical 

concrete specimens exposed to 60ÁC after just 100 days. Thus, the RH threshold could depend on 

the temperature [47]. As indicated by Fig. 2.3, which includes various studies on RH thresholds at 

different temperatures, it is evident that the moisture needed for the reaction at room temperature 

surpasses that required at the standard conditioning temperature of 38ÁC. Moreover, the moisture 

requirement is even lower at a higher temperature of 60ÁC. Consequently, the critical RH for ASR-

induced expansion decreases with increasing temperature, confirming the claims in [47]. However, 

in a report by Pedneault [48], the author stated that the critical RH depends on the form of siliceous 

minerals of the aggregate. Given the different reactivity levels of aggregates, some aggregates are 

expected to have a faster rate of expansion. As a result, very highly reactive aggregates could 

expand at a moisture level where moderately reactive aggregates would not. Furthermore, the 

reactive content (fine versus coarse) of the mix could influence the kinetics of the reaction, as 

clearly shown in Fig. 2.3. 
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Figure 2.3: Relative humidity threshold as a function of temperature, specimen type, and reactive content from 

several studies [8,13,26,46ï48,93,94] 

According to the studies [26,93] carried out on concrete prisms stored at 40ÁC, as shown in Fig. 

2.3, specimens containing reactive coarse content have an RH threshold of 75% compared to the 

65ï70% RH needed for the mix prepared using a reactive fine aggregate. Hence, a lower moisture 

level could be sufficient to initiate the reaction in specimens involving reactive fine aggregate. 

After all, ASR-induced cracks propagate faster in reactive fine aggregates due to their small size. 

Lastly, the RH threshold required for the reaction could vary depending on the sample size and 

shape. After all, the rate of the reaction and ultimate ASR-induced expansion differ in concrete 

prisms, cubes, and cylinders incorporating reactive aggregates [95]. Thus, the varying sample 

types used in the available studies may play a role in the varying thresholds reported in the 

literature. 

2.4.2 The role of alternate drying and wetting on the availability of moisture for the alkaliï

silica reaction 

Concrete exposed to natural environmental conditions is subjected to several drying and wetting 

cycles during its service life; these conditions have an influence on the available moisture in the 

concrete and the development of the ASR. According to Zhang et al. [78], when concrete is 
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exposed to moisture (wetting), the interior RH increases rapidly within a short period of time and 

then reaches a stable level; this, however, is dependent on the concrete grade, permeability, size, 

and other properties of hardened concrete; duration of the wetting cycle; etc. Conversely, during 

drying, the interior RH reduces gradually [78]. According to the study by Zhang et al. [78], 

concrete cubes with 28 days of compressive strength of 30 MPa were subjected to a dry and wet 

cycle (14 and 7 days, respectively) and the internal RH at the centre of the 60 Ĭ 100 Ĭ 350 mm 

cubes of the samples was measured. As expected, the RH reduced during the drying cycle but 

failed to reach the initial moisture level when subjected to wetting. This could have been due to 

the duration of the wetting cycle. As a result, such a phenomenon could influence the available 

moisture in concrete for the ASR [41,96]. 

To discuss the influence of the cyclic condition on ASR, Stark et al. [24] confirmed that cyclic 

wetting and drying conditions could stimulate the initiation and sustenance of the reaction. Of 

course, there was less moisture to be absorbed by ASR gel during drying; nevertheless, the increase 

in temperature improved the concentration of hydroxyl ions in the pore solution, which 

exacerbated the attack on the poorly crystallized aggregates. As a result, expansion progressed 

exponentially in the following wetting cycle. Furthermore, in the next dry period, more non-

expansive reaction products were formed and drying increased the extent of the cracks formed in 

the prior wetting cycle. Thus, minimizing wetting and drying cycles is vital in controlling the 

reaction [97]. 

Evidently, expansion due to the ASR is significantly retarded in the drying cycle, especially 

towards the surface of the concrete. The reaction can, however, progress actively in the inner depth 

but not close to the outer surface due to the moisture gradient. According to Kagimoto and 

Kawamura [98] in their study on lab-conditioned concrete specimens, a relative humidity of up to 
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80ï90% (a moisture level sufficient to initiate the ASR) was measured in the middle of the concrete 

cylinders during drying; such variations in expansion across the depth of affected concrete were 

responsible for surface cracks due to the ASR [99]. A similar observation was recorded in field 

samples by Stark et al. [24]. It is, however, worth noting that this phenomenon could be dependent 

on the size of the concrete member. Slender members would experience a rather quicker drop in 

RH across their depth. 

2.5 The role of temperature in the kinetics of the ASR 

Increases in moisture, temperature, alkalinity, or a combination of any of these factors have been 

adopted in the laboratory to accelerate the rate of ASR-induced expansion, among which, increases 

in temperature have been reported to be the most efficient [100]. Although temperature has not 

been noted as one of the primary factors (alkalis, silica, water) needed for the ASR, its influence 

can affect the availability of these factors. Its influence extends even further into the structure of 

the gel produced upon the initiation of the reaction. An increase in temperature has proven to be 

effective in enhancing the dissolution of silica, thereby accelerating the formation of ASR gel 

[101,102]. The influence of temperature on the accelerated dissolution of silica was reported in 

[103]; the authors recorded an increase in the rate of dissolution of siliceous particles from 71% to 

100% when their storage temperature was increased from 25ÁC to 80ÁC. The role of temperature 

on the availability of alkalis in concrete pore solutions can be categorized into two groups. An 

increase in temperature enhances the mobility of the alkali ions (K and Na); aside from that, the 

concentration of ions in concrete pore solutions increases at elevated temperatures. On the other 

hand, some reactive aggregates have been found to contribute alkalis to concrete pore solutions, 

and temperature has been reported to affect the release of such additional alkalis. In [95], elevated 

temperatures resulted in a greater total alkali content released from the three tested aggregates 
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(Sudbury, Spratt, and Springhill) into the alkaline solutions at three different temperatures (21ÁC, 

38ÁC, and 60ÁC), with the highest release occurring at 60ÁC. An exponential increase in alkali 

release was reported when the temperature was increased from 20ÁC to 80ÁC [104]. It is, however, 

worth noting that after considering other studies in the literature [105] and the comprehensive table 

of available works in the literature on aggregates and alkali release put together in [106], the 

amount of alkali release can also be influenced by the mineralogy of the aggregates and the type 

of aggregate (coarse versus fine). 

The improved properties due to elevated temperature can influence the properties of the resulting 

ASR gels. As noted in the study on synthesized gel in [107], gels at elevated temperatures and 

higher molarities exhibit notable differences in both their microstructure and macrostructure when 

compared to those generated under milder conditions. For instance, the structure of the crystalline 

product formed at 38ÁC/40ÁC was different from that formed at 60ÁC using the Raman spectra 

[58]. The differences in the mobility/dissolution parameters and structure of the gels can influence 

the kinetics of the reaction, leading to a possible rise in the expansion rate by 1.7 times when the 

temperature is increased from 38ÁC to 50ÁC [100]. As a result, several laboratory performance 

tests were conducted at high temperatures to increase the rate of expansion and reduce their 

duration [108ï110]. Table 2.2 comprises a database of several ASR tests that have been conducted 

at different temperatures, highlighting the uniqueness of each test. The table includes the test 

conditions, durations, and ultimate expansion results. Furthermore, the 28-day expansion results 

are highlighted to show the influence of temperature on the evolution of the reaction over time. 
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Table 2.2: Database of ASR expansion at different temperatures 

Ref. 
Aggregate 

Type 

Sample 

Size 

Reactive 

content 

Alkali  

(ὔὥὕ ) 
Temp. 

Test 

Duration 

Final 

Expansi

on 

Expansi

on @ 28 

days 

[8] 

Highly 

reactive 

fine 

75 x 75 x 285 

mm 

(prism) 

Fine agg. 1.25% 

21°C 
167 

Days 

0.14% 0.010% 

40°C 0.55% 0.020% 

[47] 
Reactive 

limestone 

16 x 2cm 

(cylinder) 
Fine agg. 1.84% 60°C 200 days 0.24% 0.220% 

[89] 

Highly 

reactive 

Quartz 

75 x 75 x 285 

mm 

(prism) 

Coarse 

agg. 
0.925% 

38°C 365 days 0.24% 0.010% 

60°C 273 days 0.18% 0.040% 

[95] 

Sudbury 

100 x 285 mm 

(cylinder) 
Coarse 

agg. 
1.25% 

38°C 

365 days 

0.20% 0.010% 

60°C 0.16% 0.040% 

75 x 75 x 285 

mm 

(prism) 

38°C 0.170% 0.015% 

60°C 0.080% 0.030% 

Spratt 

100 x 285 mm 

(cylinder) 
Coarse 

agg. 
1.25% 

38°C 

365 days 

0.26% 0.018% 

60°C 0.18% 0.110% 

75 x 75 x 285 

mm 

(prism) 

38°C 0.21% 0.020% 

60°C 0.17% 0.100% 

[100] Spratt 

75 x 75 x 285 

mm 

(prism) 

Coarse 

agg. 
1.25% 

38°C 730 days 0.26% 0.013% 

50°C 187 days 0.248% 0.085% 

[106] 

Spratt 
75 x 150 mm 

(cylinder) 
Fine agg. 1.07% 

38°C 

365 days 

0.160% 0.033% 

60°C 0.074% 0.058% 

Springhill 
38°C 0.230% 0.028% 

60°C 0.103% 0.050% 

[108] 

Spratt 75 x 75 x 285 

mm 

(prism) 

Coarse 

agg. 
1.25% 

38°C 365 days 0.257% ------- 

60°C 91 days 0.160% ------- 

Sudbury 
38°C 365 days 0.171% ------- 

60°C 91 days 0.138% ------- 

[109] 
Spratt 

75 x 75 x 285 

mm 

(prism) 

Coarse 

agg. 
1.25% 

38°C 365 days 0.229% ------- 

60°C 182 days 0.167% 0.103% 

Sudbury 38°C 365 days 0.150% ------- 
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60°C 182 days 0.187% 0.022% 

[110] Limestone 

75 x 75 x 285 

mm 

(prism) 

Coarse 

agg. 
1.25% 

38°C 365 days 0.22% 0.000% 

60°C 150 days 0.19% 0.065% 

[111] 

Highly 

reactive 

andesite 

75 x 75 x 250 

mm 

(prism) 

Coarse 

agg. 
0.94% 

40°C 

365 days 

0.140% 0.035% 

60°C 0.110% 0.070% 

[112] 

Highly 

reactive 

Jobe sand 

25 x 25 x 

285mm 

(prism) 

Fine agg. 1.04% 

38°C 

600 days 

0.800% 0.050% 

55°C 0.790% 0.350% 

[113] 

Silica sand 

and Pyrex 

Glass 

28 x 28 x 180 

mm 

(Prism) 

Fine agg. 1.20% 

30°C 

100 days 

0.650% 0.350% 

60°C 0.420% 0.410% 

 

Despite the pros of the accelerated performance tests conducted at high temperatures, some 

shortcomings have been identified. As a matter of fact, the ultimate expansion can be lower at high 

temperatures [100,108,111]. Significant reductions in the ultimate expansion recorded from 

several accelerated tests are in Fig. 2.4. At similar ages of exposure, specimens conditioned at 

38ÁC all had a higher final expansion than at 60ÁC, even in tests involving the use of similar 

aggregates. Based on findings from the literature, increased alkali leaching, non-reactive sand, 

improved porosity, and reduced calcium content [108,114] are factors that could be deemed 

responsible for a lower final expansion. 
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Figure 2.4: ASR-induced ultimate expansion at different temperatures reported by several authors 

[89,95,100,106,108ï111] 

The curing temperature to which concrete specimens are exposed before being conditioned for the 

ASR can affect their expansion. High curing temperatures tend to result in a high degree of 

hydration, consequently reducing the porosity of concrete and thereby reducing water uptake 

properties and the mobility of ions [80]. Although this does not stop expansion, the final expansion 

can be much lower [89]. Considering this, some researchers [115] developed a micro-mechanical 

expansion model that assessed the effect of ASR gel in cement paste in terms of hydrostatic 

pressure in the microstructure of cement at different temperatures. Porosity is considered an 

important characteristic of concrete microstructure, and experimental results prove its reduction at 

high temperatures because of hydration. According to the authors, the hydrostatic pressure 

decreases with increases in temperature due to improved porosity, leading to a reduced diffusion 

of alkali and ASR expansion. However, since hydration is a continuous process, the rate of 

expansion could be higher at early ages and dwindle at later ages. 

An increase in temperature can indirectly lead to a reduction in calcium concentration and 

accelerate various chemical reactions, including the dissolution of alkali compounds and their 
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mobility, thus enhancing the concentration of the alkalis in the pore solution [58] and the ASR 

reaction. The absorption of Ca by existing gel reduces the concentration of Ca ions in the pore 

solution. Hence, new ASR gels generated may lack the required expansive properties that can be 

acquired by reactions with Ca ions. In fact, a less viscous gel has been reported to be produced in 

such conditions that flows into the concrete matrix without an accompanied swelling pressure 

[80,112]. In the same context, several authors have reported the instability of ettringite at high 

temperatures greater than 60ÁC leading to the presence of sulfate ions and aluminium in the pore 

solution [116]. The presence of these ions lowers the concentration of Ca and, consequently, the 

ASR expansion. 

Other factors like the drying of the ASR gel leading to the reduced absorption of water by the gel 

[24] and alkali leaching have been studied [111,116ï119]. The role of alkali leaching has been the 

most studied from the above factors. The existing literature on notable possible solutions includes 

the adoption of a maximum testing temperature of 50ÁC/60ÁC [100], wrapping of test samples 

[80], and reduction of the testing duration [105]. Nevertheless, most of these solutions have proven 

to be abortive. Of notable importance is the wrapping of concrete specimens during testing. For 

instance, in the study carried out by Kawabata et al. [111], concrete prisms containing highly 

reactive aggregates wrapped with alkaline cloth to reduce alkali leaching were conditioned to 

20ÁC, 40ÁC, and 60ÁC in accordance with [117]. The correlation of the results was confirmed by 

calculating the total alkali content in the wrapping cloth and assessing the water at the bottom of 

containers. The kinetics of the reaction differed at different temperature levels and no linear 

relationship existed between the temperature and ultimate expansion; specimens at 60ÁC yielded 

the highest early expansion, but the highest final expansion was achieved at 40ÁC, which was only 

slightly higher than the ultimate expansion at 20ÁC. Since this method [117] made provisions for 
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the recycling of alkalis, other factors that have been previously discussed or combinations of these 

factors might be hypothesized to be responsible for the low ultimate expansion at 60ÁC. 

2.2.6 The influence of moisture and temperature on the microstructure properties of  

ASR-affected concrete 

The ASR is known to induce the degradation of the microstructure of concrete before its 

appearance on the macroscale. This facilitates the need to understand the behaviour of the 

mechanism from a microstructural point of view. Several microscopic methods have been 

established for such assessment, some of which are highlighted in Table 2.3. The scanning electron 

microscope has been the most used tool; this has often been coupled with other tools like the EDS 

and XRF among others to assess the properties of ASR gel and induced cracks. Other tools such 

as the TEM and CT scan are also becoming popular for the diagnosis of the ASR. It should be 

noted that while some of the assessments from these tests are quantitative, they are somewhat 

relative [111]. Furthermore, these tools have been proven reliable in determining the cause of 

deterioration (the ASR, in this case), and visual descriptions of the extent of damage can be made. 

However, a quantitative output for assessing the extent of damage is lacking. The Damage Rating 

Index (DRI) has so far proven reliable in determining the cause (using the location, features, and 

propagation of cracks) and extent of damage in concrete (using the DRI number) [120ï122]. 

Table 2.3: Microstructure assessment of ASR 

Ref. Study Test and Methods Findings 

[58] 

Characterization of 

amorphous and crystalline 

ASR products formed in 

concrete aggregates 

SEM, X-ray 

spectroscopy, and 

Raman 

microscopy 

The morphology of crystalline ASR products is 

influenced by temperature. 

[100] 
The effect of elevated 

conditioning temperature 

Damage Rating 

Index 

Similar ASR-induced expansion can result in 

different levels of damage as temperature increases. 
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on the ASR expansion, 

cracking, and properties of 

reactive Spratt aggregate 

concrete 

[123] 

Failure criteria and 

microstructure evolution 

mechanism of the alkaliï

silica reaction 

of concrete 

Scanning electron 

microscopy 

(SEM) and X-ray 

computed 

microtomography 

Microcracks propagate from voids in the aggregate 

into the cement paste. Presence of ASR gel in the 

pores leads to a reduction in porosity. 

[124] 

Quantitative analysis of the 

evolution of ASR products 

and crack networks in the 

context of the concrete 

mesostructure 

Time-lapse X-ray 

tomography 

Visualization of the movement of ASR products 

from the aggregates into the cement paste in 4D. 

[125] 

Diagnosis of ASR damage 

in highway pavement after 

15 years of service in wetï

freeze climate region 

Thin section, 

SEM, and 

electron 

dispersive 

spectroscopy 

(EDS) 

Cracks were identified in the grains of coarse 

quartzite aggregate. Gel-like products in the cracks 

were confirmed to be ASR products by EDS. 

[126] 

Assessment of the alkaliï

silica reactivity potential in 

granitic rocks 

X-ray diffraction 

(XRD) and 

SEM/EDS 

Contents of strained quartz in quartz were 

determined using image analysis and correlated 

with AMBT results. There existed a linear 

correlation between the two observations. 

[127] 

Composition of alkaliï

silica reaction products at 

different locations within 

concrete structures 

Thin section and 

SEM/EDS 

Structure and qualitative properties of ASR gel in 

different structures were verified. Composition of 

gel varied with location. Gels that had propagated 

into the cement paste contained a higher amount of 

calcium than those in the aggregates. 

[128] 

Application of electron 

backscatter diffraction to 

evaluate the ASR risk of 

concrete aggregates 

SEM and electron 

backscatter 

diffraction 

(EBSD) 

The dissolution of quartz at high pH was observed 

to occur along its grain and sub-grain boundaries. 

This technique can be used to assess the properties 

of slow-late reactive aggregates. 

[129] 

Microstructure, 

crystallinity, and 

composition of alkaliïsilica 

reaction 

SEM, EDS, 

focused ion beam 

(FIB), and 

transmission 

The morphology of ASR products differs with 

location. Products located in thin grains are 

amorphous while those in larger widths are 

crystalline. 
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products in concrete 

determined by transmission 

electron microscopy 

electron 

microscopy 

(TEM) 

The DRI is a petrographic-based semi-quantitative analysis performed on a polished surface using 

a stereomicroscope with a magnification of 15-16x, and damage features - as highlighted in Table 

2.4 - are counted in a 1 cm2 square gird. The count of each feature is multiplied by the 

corresponding weighting factor. The DRI number is obtained by taking the sum of the weighted 

features and normalizing it to 100 cm2 [130]. 

Table 2.4: Damage features used in Damage Rating Index [6] 

Features Weighting Factors 

CCA: Closed cracks in aggregates 0.25 

OCA: Open cracks in aggregates 2 

OCAG: Open cracks in aggregates with reaction products 2 

CAD: Coarse aggregate debonded 3 

DAP: Disaggregated/corroded aggregate particle 2 

CCP: Cracks in cement paste 3 

CCPG: Cracks in cement paste with reaction products 3 

Quite a huge amount of work has been conducted to evaluate the reliability of the DRI in assessing 

damage due to ASR and other internal swelling reactions. In summary, the DRI number has been 

reported to increase as ASR-induced deterioration increases [49]. Cracks in aggregates have been 

categorized into two types, namely, sharp cracks and onion skin cracks [131]. Furthermore, a 

qualitative model for crack propagation in ASR-affected concrete has been developed: it highlights 

the development of several single sharp and onion cracks in aggregates at low expansion levels. 

These cracks increase in length, connect, and propagate into the cement paste at moderate to high 

expansion levels [130]. Despite the enormous work that has been conducted with this tool, most 

studies have been limited to concrete/mortar samples conditioned at high and constant moisture 

levels. No study has been carried out to directly evaluate the influence of moisture on ASR-induced 
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damage features. An assessment of the few microstructural studies [6,100] that have been 

conducted at different temperatures shows that an increase in temperature can lead to changes in 

the pattern, location, and number of cracks, even at similar expansion levels. Comparing the DRI 

results of samples affected by the ASR through the accelerated concrete prism test (ACPT) carried 

out [100] at 50ÁC and the concrete prism test (CPT) carried out [6] at 38ÁC, at ~0.1% and 0.2% 

expansion levels, a higher DRI number was recorded in the ACPT than in their counterparts in the 

CPT. Fig. 2.5 combines the data from published sources and shows that the damage features are 

different; more open cracks in aggregates with reaction products (OCAG) were counted in ACPT 

than in CPT at similar expansion levels. This is because of the fast rate of expansion leading to 

more induced cracks. Another interesting point is the influence of temperature on the number of 

cracks in the cement paste at similar expansion levels. Fewer CCPs were recorded at 60 ÁC 

compared to 38 ÁC. This interesting result validates the hypothesis that exposure conditions can 

influence the microstructural properties of ASR-affected samples, even at similar expansion levels. 

Since this comparison is based on ASR-induced expansion and DRI results from two different 

authors, research is needed to improve our understanding of the influence of these exposure 

conditions on internal damage caused by ASR-induced expansion. 
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(a) 

 

(b) 

 

Figure 2.5: Damage features counted in CPT (38ÁC, >95% RH) and ACPT (50ÁC, >95% RH) at 0.1% and 0.20% 

expansion levels: (a) comparison of DRI results at 0.1% expansion; (b) comparison of DRI results at 0.2% 

expansion. Adapted from[6,100] 

2.7 Conclusions 

¶ Moisture is an important factor for the reaction and an ample amount is needed. The 

utilization of relative humidity, an indirect technique measuring the quantity of water 

vapour in the air, has been both commonly employed and scrutinized. However, it has been 

preferred as a means of moisture measurement in ASR-affected concrete due to the ease of 

measurement compared to other methods like the degree of capillary saturation. 

¶ A moisture threshold of 80% RH has been generally agreed to be required to initiate and 

sustain the reaction. However, based on reviewed works in the literature, there exist studies 

that report thresholds lower and higher than this value. The threshold could be dependent 

on the reactivity of the aggregate, temperature, or other factors that differed among the 

existing studies. 

¶ Concrete subjected to wet and dry cycles are prone to exhibiting moisture gradients, and 

their impact on ASR expansion may vary depending on the size of the concrete member, 

with slender members experiencing a quicker drop in RH across their depth. In managing 
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the reaction, minimizing the number of wetting and drying cycles is critical. Furthermore, 

understanding the combined influence of moisture availability, cyclic conditions, and 

concrete properties is essential for developing effective strategies to mitigate the 

deleterious effects of the ASR. 

¶ The influence of temperature on the ASR is multifaceted and extends beyond its direct 

inclusion among the primary factors (alkalis, silica, moisture) necessary for the initiation 

and continuation of the reaction. An increase in temperature has been identified as the most 

efficient factor for accelerating ASR-induced expansion in laboratory conditions. However, 

the ultimate expansion can be lower at higher temperatures. Efforts to address these 

complexities have not consistently proven to be effective. Hence, the relationship between 

temperature and ASR-induced expansion is complex and non-linear. 

¶ The assessment of the ASR in concrete has evolved to include a detailed assessment of the 

influence of induced expansion on microstructural properties, recognizing that ASR 

induces microstructural degradation before visible signs appear at the macroscale. This 

shift in focus emphasizes the need to comprehend the influence of moisture and 

temperature in ASR-affected concrete from a microstructural standpoint rather than just the 

induced expansion. The availability of moisture and temperature has been reviewed to have 

a possible influence on the properties of cracks induced by the ASR. 
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3. CHAPTER THREE: MULTILEVEL ASSESSMENT OF ASR-INDUCED 

DAMAGE 

Expansion and external signs of damage resulting from alkali-silica reaction have often been used 

to determine the degree of ASR development. However, this may not accurately reflect the internal 

condition of the distressed concrete, leading to uncertainties in the condition assessment of the 

affected concrete. Hence, the multi-level assessment protocol has been developed to address these 

challenges [130]. This protocol entails using microscopic and mechanical advanced techniques, 

namely the Damage Rating Index (DRI), Stiffness Damage Test (SDT), and other mechanical 

property tools like shear strength and compressive strength, to appraise the cause(s) and extent 

(i.e., diagnosis) of concrete deterioration. 

3.1 Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) has been confirmed to be a reliable tool for evaluating ASR-

induced deterioration in concrete [132,133]. The test is a non-destructive method used to assess 

the response of concrete to cycles of uniaxial loading/unloading. Walsh originally conceptualized 

the test [134] based on a correlation between crack density and the loading and unloading cycles 

in rock specimens. The test was later adapted for concrete specimens by Crouch [135] in 1987. 

Building upon those developments, in 1993, the test was adapted explicitly by Chrisp [136] to 

evaluate concrete affected by ASR using a fixed stress of 5.5 MPa at a loading rate of 0.10 MPa/s. 

The authors proposed parameters like the average secant modulus (using the last four cycles) and 

the hysteresis area over the five cycles, which reflect energy loss in the system. The Nonlinearity 

Index (NLI) was also introduced to illuminate the damage pattern based on the slope of the stress-

strain curve. Smaoui et al. [137] later proposed a fixed load of 10 MPa to improve the diagnostic 
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nature of the test and they found a correlation between expansion and plastic deformation from the 

five loading/unloading cycles. 

Sanchez et al. [138] further refined the test through a comprehensive experimental campaign, 

evaluating numerous concrete mixtures of varying compressive strength ranges and reactive 

aggregate types (i.e., fine versus coarse) for the use of SDT in appraising concrete affected by 

ASR. Other internal swelling reactions like delayed ettringite formation (DEF), and freezing and 

thawing (FT), single or combined were investigated as well. The authors proposed conducting the 

SDT at 40% of the 28-day compressive strength of the concrete at the loading rate of 0.10 MPa/s 

and established indices like the Stiffness Damage Index (SDI), Plastic Deformation Index (PDI), 

Non-Linearity Index (NLI), and the modulus of elasticity which can be obtained from Fig. 3.1. 

The SDI (Equation 3.1) and PDI (Equation 3.2) represent the ratio of dissipated energy/plastic 

deformation to the total energy/deformation implemented over the five loading cycles in the 

system, respectively. The NLI computed from the first loading cycle (obtained by taking the ratio 

of the secant modulus at half load to the peak load; sec1/sec 2) is efficient in evaluating the 

orientation of inner cracks, and the modulus of elasticity (Equation 3.3) is computed from the 

average of the secant modulus of 2nd and 3rd cycles. 

 

Figure 3.1: The Stiffness Damage Test [133] 
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SI = Dissipated energy over the five cycles. 

SI + SII = Total energy placed in the system (i.e., the area under the entire stress/strain curve) 

DI = Plastic deformation 

DI + DII = Total deformation of the system 

ίὸὶὩίίϷ = stress at 40% of maximum load 

ίὸὶὥὭὲϷ = strain at 40% of maximum load 

 

3.2 Damage Rating Index (DRI) 

The Damage Rating Index (DRI) has proven reliable for its semi-quantitative role in assessing 

internal swelling reactions (ISR) such as ASR. It is a simple-to-use technique proposed by Grattan-

Bellew [139] that can evaluate the cause of distress through its damage features, and the extent of 

damage can be quantified using its result along with other mechanical properties of affected 

concrete. ASR-induced cracks are counted in 1 by 1 cm squares drawn on the surface of polished 

concrete sections using a stereomicroscope at 15-16X magnification, and the count for each 

damage feature can be multiplied with their respective weighting factor as shown in Fig. 3.2 to 

balance their relative importance towards the ASR distress mechanism, as proposed by Villeneuve 

& Fournier [140] to obtain the DRI number that is normalized to 100 cmĮ. The DRI number has 

been proven to increase as ASR-induced deterioration increases [121]. Some of the damage 

features that can be counted are shown in Fig. 3.2. 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.2: Damage Rating Index: (a,b) ASR distress features (c) Distress features with corresponding weighting 

factors [140] 

A closed crack in the aggregate (CCA) is given the lowest importance with a weighting factor of 

0.25 as they are most likely a product of pre-existing flaws in aggregate particles before their use 

in concrete, commonly originating from natural erosion or during the processing of the aggregates. 

The open cracks in the aggregates with or without reaction product (OCA_RP and OCA) are given 

a factor of 2 since their occurrence can be related to ASR development. Similarly, the 

disaggregated particle (DAP) with a factor of 2 represents an aggregate particle exhibiting 

evidence of disintegration, characterized by the breakdown into loose rock grains. Finally, a crack 

in the cement paste with or without reaction product (CCP or CCP_RP) and debonded aggregate 
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(CAD) is assigned the highest weighting factor of 3 since these types of distress are associated 

with concrete with high damage. The DRI can be conducted in its traditional form using the DRI 

number and the weighted distress feature to appraise damage as proposed by [140]. However, the 

extended version proposed by [6] can provide a more detailed overall assessment. Specifically, 

microscopic distress features can be evaluated in absolute (i.e., counts) and relative (i.e., 

percentage-%) methods without multiplying with weighting factors, thus contributing to a robust 

understanding of the mechanism of the reaction. Furthermore, the extended DRI also involves the 

assessment of the crack lengths, widths, and density, all of which have been reported to be sensitive 

to ASR development [7]. These would contribute to an extensive overall appraisal of ASR 

development in affected concrete.  

DRI has been adopted to assess damage from concrete containing aggregates of different levels of 

reactivity [141], concrete with different strengths [6], concrete undergoing free expansion [7], and 

concrete undergoing different forms of restraint [142ï144]. Moreover, its reliability in assessing 

damage in existing infrastructures has been verified [145]. However, there is a lack of research on 

the influence of varying moisture and temperature conditions on the microstructural properties of 

ASR-affected concrete and the influence of these exposure conditions on the DRI results. 

3.3 Direct shear  

Shear strength in concrete is controlled by tensile and compressive forces [146]. Concrete 

inherently contains some internal cracks and flaws, and it can transfer shear forces across these 

cracks via two primary mechanisms: a) the dowel effect through the reinforcement and b) shear 

friction through the characteristics of the concrete. The latter can be defined as the ñfrictional 

resistance to crack,ò popularly called ñaggregate interlock,ò which can be affected by ASR-

induced deterioration [147]. Several methods exist for assessing direct shear capacity in concrete 
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[148,149]. The recently developed technique [17] is of significant relevance to this study due to 

its extensive testing on unreinforced lab-made concrete cylinders. Moreover, the tool is less 

variable than tensile strengths, leading to its preference in this work. Furthermore, unlike the 

compressive strength test, the direct shear strength (obtained using Equation 3.4) is more 

diagnostic for low and moderate expansion levels [17]. Thus, the tool looks promising for 

evaluating ASR-induced deterioration, especially at low RH levels where low to moderate 

expansions are expected. The test is conducted on concrete cylinders of 100 x 200mm, as displayed 

in Fig. 3.3.  Notches of about 20 - 25 mm have been reported to be reliable to reduce discrepancies 

that may arise from leaving a too-small or big area for the test [148]. 

 

Figure 3.3: The direct shear test [148] 

Direct shear strength = 
ᶻ

ᶻ
 éééééé.(3.4) 

‰ ȡ cylinder diameter (mm) 

a: depth of notch (mm) 

3.4 Compressive strength 

Studies have reported a low reliability of the compressive strength in assessing ASR-induced 

development. This is because the reaction is initiated in the aggregate particles and cracks only 

propagate into the cement paste at moderate/high expansion levels. Hence, since cracks in the 

cement paste largely influence compressive strength, the tool is less effective in assessing damage, 

especially at low to moderate expansion. Therefore, significant reductions have only been reported 
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for high ASR-induced expansion levels; up to a 25% reduction in compressive strength is expected 

[141]. Nevertheless, this tool has been selected for use in this study because of its structural design 

importance (i.e., ultimate capacity). Moreover, it could account for the possible occurrence of 

shrinkage cracks at low RH. 
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4. CHAPTER FOUR: PROBLEM STATEMENT AND OBJECTIVES OF THE 

STUDY 

As previously mentioned, moisture and temperature play crucial roles in ASR development. While 

extensive research exists on their influence on the kinetics of ASR, there is a lack of in-depth 

understanding of how these factors contribute to induced deterioration. Specifically, a thorough 

and quantitative analysis of their effect on ASR-induced damage (i.e., cracks generation and 

propagation and associated mechanical properties reduction) is necessary.  

The multi-level assessment protocol proposed by Sanchez et al. in 2017 proved effective for 

assessing damage development in ASR-affected concrete but has been limited to specimens 

subjected to high moisture conditions and standard temperatures, particularly in laboratory 

settings. The physical integrity of concrete may behave differently at low moisture conditions. For 

instance, concrete specimens stored in low humidity environment are susceptible to shrinkage  

cracks [10,13]. Shrinkage-induced cracks could lead to an occurrence of coupled mechanisms and 

can be expected to exacerbate overall ASR-induced damage. Given the peculiarity of moisture 

reduction as a strategy for mitigating ASR, this study will focus on the following objectives to 

enhance an in-depth understanding of the role of moisture and temperature in ASR: 

¶ Understanding the relationship between internal and external RH and their effect on ASR 

development, 

¶ Assessing the mechanical properties of ASR-affected concrete exposed to varying moisture 

(low versus high moisture) and temperature conditions,  

¶ Understanding the impact of exposure conditions on the physical integrity (crack 

generation, properties, and propagation) of ASR-affected concrete, 
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¶ Assessing the impact of aggregate reactivity level on the role of moisture and temperature 

on ASR-induced damage, 

¶ Propose a damage-based assessment of the RH threshold needed to trigger ASR. 
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5. CHAPTER FIVE: RESEARCH PROGRAM AND CORE OF THE THESIS 

The comprehensive experimental program for this study involves three reactive coarse aggregates 

with different levels of reactivity (i.e., moderate; Sudbury, high; Spratt, and very high; Springhill), 

one non-reactive coarse aggregate, one non-reactive fine aggregate (i.e., manufactured sand),  two 

alkali levels (i.e., 3.82kg/mį and 5.25kg/mį), three temperatures (i.e., 21, 38 and 60) and 

five relative humidities (i.e., 100%, 90%, 82%, 75%, and 62%). Several combinations of these 

factors were divided into four scientific papers (Chapters 6-9). The testing matrix for each chapter 

is illustrated in Table 5.1. The mix proportions and aggregate properties are presented in the 

scientific papers.  

Table 5.1: Testing matrix 
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Chapter 6  +   +  + + + +     

Chapter 7  +  + +  + +  + +  + + 

Chapter 8  +  + +  + +  +  +   

Chapter 9 + + + + + + + +  + + +  + 

*Specimens made with nonreactive coarse aggregates are used to account for shrinkage at low moisture 

levels 

**IRH and ERH represent the internal relative humidity (in concrete) and external relative humidity (in 

the surrounding environment), respectively. 

 

Concrete cylinders of 100mm x 200mm were manufactured and proportioned as per ASTM C1293. 

After casting, the specimens were de-molded and moist-cured at room temperature for 48 hours; 
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holes were drilled on both sides, and studs were installed using a fast-setting cement slurry during 

the first 24 hours. The initial length readings were conducted after 48 hours, and specimens were 

ready for storage. Concrete specimens were placed in sealed buckets, each containing four concrete 

cylinders, and a minimum of 12 specimens were prepared for each RH (i.e., a minimum of three 

buckets per RH) at each temperature and relative humidity for each aggregate type.  

5.1 Experimental procedures 

5.1.1 Control of relative humidity (RH) 

Fifteen relative humidity (RH) and temperature combinations, as shown in Table 5.2, were 

prepared for this study. Each condition was achieved with distilled water or salt solutions as 

stipulated in ASTM E104 [150]. The procedure was initiated by selecting the appropriate salt based 

on the desired RH condition and preparing saturated solutions using distilled water. Subsequently, 

the salt solution was placed at the bottom of a 20L container, and each container was stored at a 

specific temperature. 

Table 5.2: Control of relative humidity 

RH/Temperature 21 38 60 

100% Distilled water Distilled water Distilled water 

90% Barium chloride Potassium nitrate Potassium sulfate 

82% Ammonium sulfate Potassium chloride Potassium nitrate 

75% Sodium chloride Sodium chloride Sodium chloride 

62% Sodium bromide Sodium nitrite Sodium nitrite 

 

 iButton DS1293 sensors, as shown in Fig. 5.1, were placed in the containers to monitor the RH 

and temperature readings over time; the framework for the measurement is illustrated in Fig. 5.1.  
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(a) 

 

(b)

 

(c)

 

(d) 

 

Figure 5.1: Experimental set up: (a) Framework for internal and external RH measurement (b) storage bucket with 

sensor for external RH measurement (c) iButton sensor [151] (d) test cylinder for internal RH measurement 

The iButton sensors are made of stainless steel to ensure their durability. Functioning as self-

collecting data loggers, the iButton sensors operate within an RH range of 0% to 100%, providing 

reliable measurements with an RH accuracy level of Ñ5% and temperature accuracy of Ñ0.5%. 

Data readings are stored directly within the iButton's memory, and retrieval is facilitated by 
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connecting the sensor to a computer through a data logger hardware and software. Despite its 

capability to measure relative humidity every 1 second, a 24-hour time interval was selected for 

this study to optimize the sensorsô battery life, and 15 containers were monitored over up to one 

year. 

To measure the external RH, a sensor was attached to the lid of each container to track the RH 

inside the container, representing the RH external to the cylinder. To monitor the internal RH 

within the concrete, a hole was perforated into the cylindrical mold before batching, and a plastic 

tube was inserted into the mold, extending to the middle of the mold. This setup allowed for the 

measurement of internal RH at the center of the concrete. Before batching, a Gortex material, 

similar to the approach outlined in [152], was attached to the end of the tube to prevent concrete 

spillage during the batching process. After demolding, the Gortex material was retained in the 

concrete specimen since it facilitates the passage of water vapor through its pores. The iButton 

sensor was then introduced into the tube to monitor internal RH, and a rubber stopper was attached 

to the opposite end of the tube to ensure air tightness. This procedure was repeated using the 

appropriate salt solutions or water for all fifteen conditions. One of the specimens for each 

condition was configured for internal RH measurements. Additional cylinders were also stored in 

the same bucket for length change measurements. This approach was adopted to balance the costs 

of acquiring multiple sensors while ensuring reliability and consistency in data collection. The 

reactive aggregate used exhibited minimal variability [153]. Moreover, testing and calibration 

procedures were employed to validate the reliability of the iButton sensor reported in [154]. 

5.1.2 Expansion measurements 

Length and mass change measurements were taken over 6 months (i.e., 60 ) or 12 months (i.e., 

21  and 38 ). Specimens were collected after 3 and 6 months (i.e., for those stored at 60ÁC) and 



43 

 

after 6 and 12 months (i.e., for those conditioned at 21ÁC and 38ÁC) for the multi-level assessment 

protocol (i.e., SDT, DRI, Shear, and compressive strength).  

5.1.3 Stiffness Damage Test (SDT) 

The SDT procedure was performed as per the methodology proposed by Sanchez et al. [138], 

which involves subjecting concrete specimens to five loading/unloading cycles at a controlled rate 

of 0.10 MPa/s, with a maximum load equivalent to 40% of the 28-day concrete compressive 

strength. Tests were conducted on specimens from each relative humidity (RH) condition after 6 

and 12 months (i.e., for specimens conditioned at 21°C and 38°C) and after 3 and 6 months (i.e., 

for those stored at 60°C). It is noted that three separate specimens were tested for each RH level, 

temperature, and age combination. Before the initiation of the test, specimens from each condition 

were stored in a humid environment at room temperature for 48 hours as per [138], and each end 

of the specimens was mechanically ground to ensure a flat surface. This study reports an average 

of three specimens for each result (i.e., ME, SDI, and PDI).  

5.1.4 Damage Rating Index (DRI) 

This study conducted a microscopic evaluation involving the conventional and extended Damage 

Rating Index (DRI) versions. A time-based assessment was selected to monitor the evolution of 

ASR-induced expansion and damage. The concrete specimens conditioned at 21  and 38  were 

tested at 6 and 12 months. The 60  specimens were, however, assessed after three months and 

six months. Before the assessment, a specimen from each setup at each predetermined age was cut 

into half longitudinally. One half was polished using a mechanically operated table polish with grit 

sizes 30, 60, 120, 240, 600, 1200, and 3000. A square grid of 1cmĮ was drawn on the polished 

surface, and the DRI was conducted using a stereomicroscope at a magnification of 16x. 

Considering each square at a time, the number of each damage feature, as shown in Fig. 3.7, is 
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counted. The sum of the total count per feature is multiplied by weighting factors specified by 

Villeneuve and Fournier [140]. Furthermore, a more comprehensive assessment was conducted to 

determine maximum crack length, width, and density. 

5.1.5 Direct shear 

The direct shear test was performed as illustrated by De Souza et al. [17]. Specimens similar to the 

SDT were collected at the predetermined testing age. The specimens were conditioned at 100% 

RH and room temperature 48 hours before testing as per [155]. Then, a notch of 5mm width and 

20 ï 22mm depth was carefully made around the circumference of the cylinder using a masonry 

saw. The concrete cylinders were then loaded to failure at an applied loading rate of 100 N/s. It is 

worth noting that only two specimens were selected for each test condition.  

5.1.6 Compressive strength 

The 28-day compressive strength of the concrete mix utilized in this study was assessed by 

employing the maturity concept due to the reactivity potential of the aggregate, which could 

potentially trigger ASR at room temperature and above, thereby impacting the strength of the 

concrete. Six concrete specimens were enclosed in a plastic wrap and stored at 12°C for 47 days 

(i.e., the maturity is equivalent to 28 days at standard temperature), after which they were tested. 

To assess compressive strength reductions, the specimens tested for SDT underwent an additional 

48-hour reconditioning at 21°C. This approach was facilitated by the non-destructive nature of the 

SDT, as confirmed by Sanchez et al. [138]. 

5.2 Core of the thesis ï scientific paper 

Five scientific papers were prepared to effectively assess and present the findings from the 

experimental work conducted in this Ph.D. study. Each paper addresses key aspects of the research, 
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allowing them to fulfill the objectives of the Ph.D. study collectively. The connections of these 

papers are shown in Fig. 5.2. 

 

Figure 5.2: Core of the PhD. Thesis-link between scientific papers 

Paper I (Chapter two) reviews the current understanding of the influence of moisture and 

temperature on alkali-silica reaction (ASR). It highlights the key role these exposure conditions 

play in ASR kinetics and identifies research gaps, particularly the lack of studies on the interaction 

between internal and external moisture and its impact on ASR development. Additionally, the 

paper discussed the moisture limitation as a mitigation strategy for ASR. Relative humidity (RH) 

threshold is commonly used for this purpose. However, the review notes the variability of this 

threshold in the literature. Furthermore, it indicates that most research on exposure conditions 
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primarily focuses on assessing expansion which might not give the actual state of ASR-induced 

damage. These identified gaps inspired the subsequent studies conducted and reported in Papers II 

through V (Chapters 6 to 9). 

Paper II (chapter 6) focuses on the dynamics between external and internal moisture at various 

temperatures and examines how this interaction influences ASR kinetics. Observed shrinkage at 

low moisture levels led to the decoupling of shrinkage from total expansion, as presented in Paper 

III  (chapter 7). Additionally, Paper III evaluates the impact of ASR-induced expansion under 

different moisture and temperature conditions on the mechanical properties of affected concrete. 

Building on the identified differences in mechanical properties, Paper IV (chapter 8) investigates 

the microscopic properties to understand how these exposure conditions affect the physical 

integrity of concrete. 

Given that Papers II  through IV were limited to one aggregate and alkali loading, the findings from 

these papers motivated a comprehensive analysis using a multi-level assessment protocol to 

evaluate the influence of moisture and temperature on ASR-induced deterioration in concrete with 

aggregates of varying reactivity and alkali loading in Paper V (chapter 9). This thorough 

assessment enables the proposal of a damage classification table and a damage-based evaluation 

of the RH threshold necessary to trigger ASR. 
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Abstract 

Moisture availability is crucial for initiating and progressing alkali-silica reaction (ASR) in 

concrete. As a result, moisture control has often been adopted as a mitigation strategy in 

maintaining ASR-affected concrete. Selecting effective maintenance strategies requires a deep 

understanding of the moisture dynamics between internal moisture in concrete and its 

environment, and influence on ASR, which remains incompletely explored. To evaluate this 

interplay, 180 concrete cylinders incorporating a reference reactive aggregate (i.e., Spratt) were 

manufactured and stored at distinct conditions: i.e., three different temperatures (21, 38 and 

60) and five relative humidities (100% RH, 90% RH, 82% RH, 75% RH, and 62% RH). The 

internal and external relative humidity, length, and mass change were monitored for up to a year. 

Results indicate that the amount of water used for cement hydration is sufficient to trigger the 

reaction, regardless of the subsequent exposure condition. However, the rate of ASR-induced 

development is influenced by the internal relative humidity, which changes with time based on the 

external relative humidity and temperature. Additionally, the minimum moisture (i.e., RH 

threshold) required to cause significant deleterious effects from ASR was assessed and confirmed 

to be temperature-dependent. 

mailto:olusoladavid2013@gmail.com
mailto:m.nokken@concordia.ca
mailto:leandro.sanchez@uottawa.ca
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6.1  Introduction 

Alkali-silica reaction (ASR) is a well-known deterioration mechanism in concrete. It involves a 

physicochemical reaction between certain siliceous phases present in aggregates and the alkali ions 

(i.e., Na+, K+, and OH-) in the concrete pore solution. This leads to the generation of a secondary 

reaction product (i.e., often referred to as ASR gel) that exhibits swelling characteristics and can 

potentially induce cracks in affected concrete, especially in humid environments. Since the 

discovery of this reaction several decades ago [1], numerous concrete structures suffering from 

ASR have been reported, and they are often prone to an early loss of serviceability [2ï5].  

Moisture significantly influences ASR kinetics, acting as a transport medium for alkali ions and 

facilitating ASR gel absorption [10]. When sufficient moisture is available, ASR-induced 

expansion and deterioration are exacerbated. To mitigate this, maintenance strategies often focus 

on limiting water ingress into affected concrete structures [156]. A key strategy in ASR 

maintenance is maintaining an internal relative humidity (IRH) below 80%, which has been 

reported to control ASR effectively [8]. Some studies even suggest that lower thresholds might be 

needed [13,25].  Equally critical to ASR kinetics is the external relative humidity (ERH); ASR-

induced expansion has been shown to be significantly reduced in less humid environments 

[97,157]. Hence, the external moisture condition of ASR-affected concrete would notably 

influence its internal moisture dynamics [158]. Concrete exposed to varying environmental 

conditions, such as submerged, drying and wetting cycles, etc., may experience changes in their 

internal moisture over time. Therefore, understanding how environmental moisture affects internal 

moisture in concrete is crucial for selecting effective ASR maintenance strategies.  
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While several studies have assessed the internal RH of concrete in various indoor/outdoor 

environments, as well as in controlled laboratory settings [69,159,160], limited research has 

focused specifically on how internal RH influences ASR. Furthermore, numerous studies have 

explored the influence of external RH on the kinetics of ASR [8,10], highlighting the impact of 

increasing ERH on ASR kinetics. Yet, there remains a significant gap in understanding the 

interaction between internal and external RH and its effects on ASR. This gap emphasizes the need 

for further research to understand the evolution of the internal RH as a function of the external RH, 

which is crucial in ensuring the robustness of ASR-affected concrete maintenance protocols in the 

face of diverse environmental conditions.  

Considering the knowledge gap that has just been identified, this paper aims to assess the time-

dependent evolution of internal and external moisture conditions and their influence on the 

initiation and progression of ASR. Furthermore, the role of temperature on moisture interplay (i.e., 

internal RH versus external RH) and subsequent impact on the kinetics of the reaction was 

explored. 

6.2  Background 

Alkali-silica reaction (ASR) has been a significant concern for the durability of concrete 

infrastructure for many years [19,22,52,59,61,161,162]. The resulting ASR gel from the reaction 

has a strong affinity with water, inducing swelling and exerting volumetric pressure. Whenever the 

pressure generated overcomes the materialôs capacity in tension, cracks are generated in the 

aggregates and propagate to the cement paste [141], resulting in durability issues and premature 

loss of serviceability. In structures already affected by ASR, no known method exists to stop the 

reaction. The only reliable mitigation measure involves controlling moisture availability. Hence, 
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establishing an effective moisture management strategy in ASR-affected concrete requires a broad 

understanding of moisture dynamics in concrete [163]. 

As a porous material, concrete can absorb (i.e., absorption) and release moisture (i.e., desorption) 

[164]. Furthermore, capillary pores facilitate moisture movement through capillary action [165ï

167]. In conjunction with diffusion and permeation, these mechanisms can all be influenced by 

relative humidity, temperature, and, consequently, the moisture state in concrete. Additionally, 

environmental factors such as relative humidity and temperature significantly affect external 

moisture availability by influencing the evaporation rate and the amount of moisture available for 

absorption by the concrete. Hence, the interaction between internal and external moisture 

conditions creates a dynamic system that can impact concrete properties [168ï172].  

The influence of relative humidity on ASR has been well-studied [36]. Available findings revealed 

that elevated relative humidity levels speed up ASR-induced expansion and damage in concrete; 

otherwise, it has been found that significant ASR deterioration is unlikely to occur in dry concrete. 

Some studies have reported that ASR is not prone to occur in concrete with an internal relative 

humidity below 80% [13,27,46]. Most studies highlighting the threshold at 80% RH were 

conducted within a temperature range of 20 - 24 . As earlier reported, environmental conditions 

like temperature can influence moisture dynamics in concrete, potentially explaining why some 

authors have reported a lower threshold at higher temperatures [93]. For instance, values close to 

75% RH were reported at 38-40  [13,25,26] or even as low as 59% RH at 60  [10]. 

Nevertheless, a threshold of 80% RH has been widely accepted in the literature. The above reveals 

discrepancies in the literature regarding a single threshold. Increased temperature enhances the 

diffusion rate in concrete microstructure, thereby improving the mobility of ions, the movement 

of moisture, and the solubility of silica [102,103], all of which are crucial for ASR development. 
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Hence, the reaction is more rapid at higher temperatures, potentially requiring lower moisture 

levels to initiate ASR, which might explain why RH thresholds might be lower at higher 

temperatures.  

All the highlighted studies on the role of moisture only considered the ERH in their assessment, 

disregarding the IRH, which is expected to influence ASR kinetics directly. Although the ERH is  

more straightforward to measure, the IRH accurately reflects the conditions influencing ASR 

within the concrete. Measuring the IRH may be challenging due to factors such as moisture 

gradients within the concrete [173], poor reliability of some sensors [169,174], etc. Nevertheless, 

understanding the IRH is required to improve current ASR management strategies. It could even 

lead to reassessing our current conclusions on moisture thresholds.  

The above clearly illustrates the need to study the IRH in concrete and its interaction with the 

environment to further our understanding of the influence of moisture on ASR. Several studies 

[69,98,99,160,175ï180] exist on the impact of exposure conditions (i.e., natural or simulated) on 

the moisture conditions in concrete. However, only a few [98,99] are related to ASR. Yet, they are 

all limited to a handful temperature and relative humidity combinations, limiting a comprehensive 

understanding of the moisture interplay across a broader range of exposure conditions.  

6.2.1 Scope of work 

This study aims to improve our understanding of internal relative humidity (IRH), external relative 

humidity (ERH), their interaction and how they influence ASR kinetics. To accomplish this goal, 

concrete specimens incorporating a highly reactive coarse aggregate (i.e., Spratt) were fabricated 

in the lab and conditioned in three temperatures (i.e., 21 , 38  and 60 ) and five relative 

humidities (i.e., 100%, 90%, 82%, 75%, and 62%). Relative humidity sensors were placed in the 
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storage container and embedded inside the specimens, and the moisture dynamics (i.e., changes in 

the IRH and ERH) were monitored over time. Furthermore, the mass and length change of the 

specimens were measured during the storage period. The evolution of IRH and ERH as a function 

of time was then assessed, and the relative humidity threshold required for ASR-induced expansion 

was evaluated. 

6.3 Materials and methods 

6.3.1 Concrete mixture design and materials 

The standard mixture design used in this study was based on ASTM C1293 [181]; the properties 

of the aggregates are presented in Table 6.1, and information on the proportioning of the mixture 

is shown in Table 6.2. The reference Spratt reactive aggregate was selected as the reactive coarse 

aggregate, and a non-reactive manufactured sand was used as fine aggregate. The concrete was 

fabricated with a conventional GU cement (i.e., equivalent to ASTM Type I) with a total alkali 

content of 0.86% ὔὥὕ . The alkali content of the mixture was raised to 1.25% ὔὥὕ  by 

cement mass by adding reagent-grade NaOH pellets. The details of the mixture are presented in 

Table 6.2. 

Table 6.1: Characterization of aggregates 

Aggregate Location Lithotype Specific gravity 

(kg/ά ) 

Absorption 

(kg/ά ) 

AMBT-14 Days 

expansion (%) 

CPT-365 Days, 

Expansion (%) 

Reactive 

coarse  

Ontario 

(Canada) 

Siliceous 

limestone 

(Spratt) 

2.70 0.62 0.310 0.211 [182] 

Non-

Reactive 

fine  

Ontario 

(Canada) 

Crushed 

limestone 

2.76 0.65 0.04 0.025 
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Table 6.2: Mixture design of concrete 

Cement 

(kg/ά ) 

Water 

(kg/ά ) 

Coarse aggregate (kg/ά ) Fine 

Aggregate 

(kg/ά ) 

Alkali Pellet 

(kg/ά ) 4.75-9.5mm 9.5-12.5mm 12.5-19mm 

420 177.4 334.12 334.12 344.24 833.46 2.12 

 

6.3.2 Experimental program 

The experimental program was designed to simultaneously monitor internal and external relative 

humidities (IRH and ERH) along with length and mass changes in concrete specimens over time. 

This study was conducted at three different temperatures (i.e., 21 , 38 , and 60 ) and five 

relative humidity conditions (i.e., 100%, 90%, 82%, 75%, and 62%).  

6.3.2.1 Control and measurement of relative humidity 

Fifteen relative humidity (RH) and temperature combinations, as shown in Table 6.3, were 

prepared for this study. Each RH condition was achieved with saturated salt solutions as stipulated 

in ASTM E104 [150]. The procedure was initiated by selecting the appropriate salt based on the 

desired RH condition and preparing saturated solutions using distilled water. Subsequently, the salt 

solution was placed at the bottom of a 20L container, and each container was stored at a specific 

temperature. iButton DS1293 sensors, as shown in Fig. 6.1, were placed in the containers to 

monitor the RH and temperature readings over time; the framework for the measurement is 

illustrated in Fig. 6.1. The iButton sensors are made of stainless steel to ensure their durability. 

Functioning as self-collecting data loggers, the iButton sensors operate within an RH range of 0% 

to 100%, providing reliable measurements with an RH accuracy level of Ñ5% and temperature 

accuracy of Ñ0.5%. Data readings are stored directly within the iButton's memory, and retrieval is 

facilitated by connecting the sensor to a computer through a data logger hardware and software. 

Despite its capability to measure relative humidity every 1 second, a 24-hour time interval was 
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selected for this study to optimize the sensorsô battery life, and 15 containers were monitored over 

up to one year. 

Table 6.3: Control of relative humidity 

RH/Temperature 21 38 60 

100% Distilled water Distilled water Distilled water 

90% Barium chloride Potassium nitrate Potassium sulfate 

82% Ammonium sulfate Potassium chloride Potassium nitrate 

75% Sodium chloride Sodium chloride Sodium chloride 

62% Sodium bromide Sodium nitrite Sodium nitrite 

 

To measure the external RH, a sensor was attached to the lid of each container to track the RH 

inside the container, representing the RH external to the cylinder. To monitor the internal RH 

within the concrete, a hole was perforated into the cylindrical mold before batching, and a plastic 

tube was inserted into the mold, extending to the middle of the mold. This setup allowed for the 

measurement of internal RH at the center of the concrete. Before batching, a Gortex material, 

similar to the approach outlined in [152], was attached to the end of the tube to prevent concrete 

spillage during the batching process. After demolding, the Gortex material was retained in the 

concrete specimen since it facilitates the passage of water vapor through its pores. The iButton 

sensor was then introduced into the tube to monitor the internal RH, and a rubber stopper was 

attached to the opposite end of the tube to ensure air tightness. This procedure was repeated using 

the appropriate salt solutions or water for all fifteen conditions. One of the specimens for each 

condition was configured for internal RH measurements. Additional cylinders were also stored in 

the same bucket for length change measurements. This approach was adopted to balance the costs 

of acquiring multiple sensors while ensuring reliability and consistency in data collection. The 
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reactive aggregate used exhibited minimal variability [153]. Moreover, testing and calibration 

procedures were employed to validate the reliability of the iButton sensor reported in [154]. 

(a) 

 

(b)

 

(c)

 

(d) 

 

Figure 6.1: Experimental set up: (a) Framework for internal and external RH measurement (b) storage bucket with 

sensor for external RH measurement (c) iButton sensor [151] (d) test cylinder for internal RH measurement. 
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6.3.2.2 Concrete cylinders conditioned at the selected testing temperatures  

A total of 180 cylinders (i.e., 60 each for 21 , 38 , and 60 ), 100 mm in diameter by 200 mm 

in length, were manufactured using the mixtures presented in Table 6.2. After 24 hours of moist-

curing (100% RH and 21 ), the specimens were de-molded, small holes were drilled in both ends, 

and stainless-steel gauge studs were bonded in place with a fast-setting cement slurry. The 

specimens were then moist-cured for another 24 hours to ensure the hardening of the slurry, after 

which the initial longitudinal reading was taken. For each temperature, the specimens were placed 

in sealed containers with four cylinders per container. Distilled water or salt solutions were added 

at the bottom of each container, depending on the desired RH. A detailed experimental plan is 

illustrated in Fig. 6.2. Typically, 12 concrete cylinders were prepared per RH condition at each 

temperature. Of these, one specimen was dedicated to monitoring the internal RH, while the 

remaining eleven (11) cylinders were monitored for length and mass variations over 182 days (for 

60 ) and 365 days (for 21  and 38 ). 

 

 

Figure 6.2: Testing Matrix. 
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6.4 Results 

6.4.1 Relative humidity and temperature measurements 

The IRH and ERH (i.e., RH inside the specimen and the storage container, respectively), as well 

as temperature readings as a function of time for specimens incorporating the Spratt reactive coarse 

aggregate stored in numerous RH (i.e., 100%, 90%, 82%, 75%, and 62%) and temperature (i.e., 

21, 38 and 60) combinations, are presented in Fig. 6.3. In all conditions, the ERH tends to 

converge towards the targeted RH over time. Moreover, the IRH initially showed a higher value 

than the ERH. The ERH in the storage buckets on day 1 before placing the specimens ranges 

between 28.08% - 58.22%. As shown in Table 6.4,  it is interesting to note that these values increase 

towards the targeted RH, showing a significant increase by day 7. Meanwhile, the initial IRH in 

the concrete specimens on day 1 is within the range of 90.08% ï 97.77%, indicating a high 

moisture state in the concrete at an early age, which is expected. Additionally, the internal and 

external temperatures were always at the target temperature. 

The ERH and IRH results at 21  in Fig. 6.3a show that the targeted RH was achieved in less than 

28 days for all conditions and sustained over time except for the 100% RH that recorded an ERH 

greater than 100% between 42-70 days. This situation was due to condensation and prevented in 

subsequent measurements by briefly removing and air drying the sensors bi-weekly. Consequently, 

an ERH of 98.80% ï 99.30% was recorded afterward for the 100% RH target. As mentioned earlier, 

the early-age IRH in the specimens was high and is highlighted in Table 6.4. Subsequently, these 

values either increase (in the case of 100% RH condition) or decrease (for all other conditions) 

towards equilibrium with the ERH. The duration for equilibrium is shorter in high moisture than 

in low moisture conditions. Interestingly, the 62% RH condition at 21  did not equilibrate 
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throughout the study despite the sharp drop in IRH between 1-50 days. However, all the other RH 

conditions bear less than a 1% difference between the ERH and IRH at day 365. 

(a) 21 

 

 

(b) 38 
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(c) 60 

 

Figure 6.3: Internal RH (IRH) and External RH (ERH) as a function of time: (a) 21  (b) 38  (c) 60 

Table 6.4: Early age external RH (ERH) and internal (RH) readings 

Temp. Day 

100% RH 90% RH 82% RH 75% RH 62% RH 

ERH IRH ERH IRH ERH IRH ERH IRH ERH IRH 

21  

Day 2 98.34 97.65 90.47 90.46 83.19 87.97 75.53 86.10 78.54 91.42 

Day 7 98.90 97.81 91.48 90.72 82.88 84.94 78.13 80.94 75.71 85.04 

38  

Day 2 97.37 93.73 87.10 92.11 83.19 88.67 75.53 90.00 69.43 89.00 

Day 7 95.57 89.44 88.62 85.34 83.68 86.77 77.54 83.83 68.86 82.78 

60  

Day 2 78.96 90.54 82.69 90.65 66.78 89.54 67.43 91.43 68.78 89.56 

Day 7 98.34 87.93 88.66 85.66 86.66 87.00 82.00 86.00 77.00 82.00 

 

Fig. 6.3b and 6.3c display the IRH and ERH under tests conducted at 38  and 60 , respectively. 

In Fig. 6.3b, over 365 days at 38 , ERH showed a significant increment towards the target RH, 

ranging from 68.86% to 95.57% by day 7. At the same time, IRH remained higher than 82% across 
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all conditions despite some early losses, likely due to hydration effects within the first week. 

Subsequently, the IRH in 100% RH and 90% RH conditions increased to equilibration with the 

ERH, while other conditions experienced a reduction in IRH towards the ERH. Meanwhile, Fig. 

6.3c details a 182-day study at 60 , showing a rapid convergence of ERH to the target RH across 

all conditions, with high moisture setups like 100% and 90% RH achieving this within just 21 days 

and 62% RH taking up to 75 days. The 100% RH condition failed to fully equilibrate, mirroring 

the IRH at 90% RH, while lower RH setups, such as 62% RH, reached equilibrium in less than 

150 days, quicker than at lower temperatures.  

It is worth noting that some temporal changes (i.e., increase/decrease) in ERH can be observed in 

the plots in Fig. 6.3. These changes might have occurred due to excess water diluting the saturated 

salt solutions, typically resulting from condensation since fluctuations in temperature cause water 

to accumulate in the solution. Additional salt was added to mitigate this issue and to maintain 

consistent RH levels. Furthermore, some observed drops can be attributed to the 18-24 hours 

transfer of storage buckets to room temperature before expansion measurements. This was limited 

to the 38  and 60  setups. 

6.4.2 Mass and length change and ASR kinetics 

The average induced mass and length changes as a function of time for concrete specimens 

containing Spratt reactive aggregates stored at three temperatures (i.e., 21, 38  and 60 ) under 

numerous RH conditions (i.e., 100% RH, 90% RH, 82% RH, 75% RH and 62% RH) are presented 

in Fig. 6.4. The data presented represents the average of 11 cylinders for each data point. Standard 

deviations are presented in supplementary materials (Table S6.1-3), which fall within 0.01-0.04% 

depending on the exposure conditions. It is interesting to note that conditions below 100% RH 

displayed a significant initial shrinkage during the test. The recovery duration from shrinkage 
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depends on the moisture level and exposed temperature. However, the 62% RH conditions failed 

to achieve a net positive expansion throughout the study for any temperature appraised. Fig. 6.4a, 

6.4c, and 6.4e illustrate the average mass change for all conditions, and the mass change presents 

a generally similar behavior across all temperatures. 

The influence of moisture conditions and temperature on concrete specimens over different 

durations highlights significant trends in mass changes and ASR kinetics, as illustrated in Fig. 6.4. 

At 21 over 365 days, the plots (Fig. 6.4a and 6.4b) show distinct behaviors influenced by RH 

levels. In the most humid condition (i.e., 100% RH), specimens gained up to 0.97% mass due to 

moisture gain and, therefore, enhanced ASR activity. In comparison, the driest condition (i.e., 62% 

RH) experienced a substantial mass loss of about 1.6%, indicative of a moisture-driven mass 

reduction. Interestingly, specimens at 90% RH maintained nearly constant mass throughout the 

test. Similarly, ERH influences ASR-induced expansion, and ultimate expansion reduces with 

ERH; the highest ultimate expansion of 0.1113% was reached at 100% RH, and notably, the lowest 

RH condition, 62% RH, led to a net shrinkage of -0.0096%. At 38  over the same duration (Fig. 

6.4c and 6.4d), ASR kinetics varied more significantly with ERH than at 21 , especially for high 

RH conditions. Specimens at 100% RH displayed the highest ultimate expansion of 0.210%. 

Contrastingly, 62% RH conditions only showed minor shrinkage (i.e., -0.002%). Lower RH 

conditions (i.e., 82%, 75%, and 62%) initially suffered from early age shrinkage, transitioning to 

expansion later during the test. The shift from shrinkage to expansion became more prolonged and 

less significant with decreasing RH, leading to the 62% RH specimens failing to achieve a net 

positive ultimate expansion. Nevertheless, the switch from a high negative length change at around 

3 months to close to 0% length change at 12 months indicates the occurrence of ASR for this 

exposure. At 60  (Fig. 6.4e and 6.4f), the mass and length change trend over 182 days echoed 
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earlier temperatures, but the behavior was accelerated. For instance, specimens conditioned at 62% 

RH attained up to 2.5% mass loss, the highest among all conditions, likely due to intensified drying 

effects at elevated temperatures. Remarkably, the ultimate expansion at 90% RH exceeded that of 

100% RH, suggesting possible increased alkali leaching, a widely known drawback of accelerated 

ASR testing [14,100,183].  

(a) 21 

 

(b) 21 

 

(c) 38 

 

(d) 38 

 

(e) 60 

 

(f) 60 
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Figure 6.4: Mass and length change as a function of time at three different temperatures: (a) mass change-21 (b) 

length change-21 (c) mass change-38 (d) length change-38 (e) mass change-60 (f) length change-60 

6.5 Discussion 

6.5.1 Influence of exposure conditions on ASR-induced length change rates 

The rate of ASR-induced expansion can provide deeper insights into ASR kinetics, which is crucial 

for predicting how quickly ASR-induced expansion might occur in different environments. 

Different temperatures and RH levels can significantly alter the kinetics of ASR, as already shown 

in the results and as per [13,46], making it essential to study these factors in detail. Furthermore, 

understanding how ASR-induced length change rate is affected by measurable environmental 

factors, such as the ERH and temperature, is critical for identifying periods of rapid ASR 

progression, which can inform maintenance schedules and mitigation strategies. Therefore, a time 

series analysis involving the rate of expansion change over time, based on the external RH and 

temperature, is presented in Fig. 6.5 (i.e., length change rate at fixed temperature) and Fig. 6.6 

(i.e., length change rate at fixed ERH).  

(a) 21 

 

(b) 38 
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(c) 60 

 

Figure 6.5: Length change rate over time at five different relative humidity: (a) 21  (b) 38  (c) 60 

(a) 100% RH 

 

(b) 90% RH 

 

(c) 82% RH 

 

(d) 75% RH 

 

(a)  
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(e) 62% RH 

 

Figure 6.6: Length change rate over time at three different temperatures: (a) 100% RH (b) 90% RH (c) 82% RH (d) 

75% RH (e) 62% RH 

Each point on the plots represents the linear length change (i.e., expansion/shrinkage) over 14 days 

(i.e., the time between measurements). Analyzing Fig. 6.6, higher temperatures (i.e., 38  and 

60 ) and moisture (i.e., 90%RH and 100%RH) lead to positive initial length change rates from 

the onset of the reaction. This can be attributed to the optimal moisture availability and enhanced 

chemical reactivity potentials at elevated temperatures. Furthermore, the rate of 

expansion/shrinkage for all conditions increases and converges over time. As displayed in Fig. 6.5 

and 6.6, the combination of the highest moisture and temperature (i.e., 60  and 100% RH) 

presents the highest positive rate of 0.0023%/day. This demonstrates the influence of the exposure 

conditions on ASR-induced expansion, especially the role of elevated temperature in enhancing 

the dissolution of silica and mobility of ions for the reaction. On the other hand, the combination 

of the lowest moisture and temperature (i.e., 21  and 62% RH) considered in this study presents 

the highest negative slope of -0.003% (i.e., shrinkage)  recorded at an early age of 14 days. Despite 

the low ERH in this condition, the IRH was reasonably high (i.e., ~82%), which can be considered 

enough to initiate ASR-induced expansion as per [12,27]. However, the observed shrinkage can be 

attributed to the sharp decrease in the IRH from 95% recorded on day 1. Exploring Fig. 6.5 and 

6.6, such magnitude of negative slope was not attained again throughout the study. This can be 
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attributed to the subsequent steady drop in IRH over time. Moreover, as illustrated in Fig. 6.6e, 

there are instances of positive slope even at later ages, confirming an expansive behavior and a 

recovery from shrinkage at low moisture conditions.   

Another interesting point about the length change rate is the initial rise and steady decline over 

time, evident in most conditions, correlating with the expansive behavior of ASR. Typically, ASR 

is known to possess fast kinetics in its early stages, which tends to diminish over time until leveling 

off [16]. For instance, 60  attained the highest rate of 0.0023%/days, while 38  and 21  

attained 0.0019%/days and 0.0012%/days, respectively, all at 100% RH. All of these are within 

the first two months of the reaction. The length change rates became slower towards the mid-

duration of the test and leveled off after that. The stabilization of the length change rate can be 

interpreted differently depending on the exposure conditions. As displayed in Fig. 6.6a and 6.6c, 

considering  90% RH and 100% RH (i.e., high moisture condition), the rates stabilized around 200 

days; this stabilization can be attributed to the reaction nearing its completion. Alkali leaching will 

likely influence the ultimate expansion, preventing further expansion in these conditions. Other 

reasons can be attributed to the properties of the ASR gel, such as viscosity, especially in the case 

of 38  and 60  as per [14,100]. On the other hand, for low RH conditions (i.e., 62% RH and 

75% RH), as displayed in Fig. 6.6d and 6.6e, the relatively stable rates, except for a few spikes 

recorded, suggest that these exposure conditions limit ASR-induced expansion. Although some 

expansion can be recorded in this condition, the kinetics appear stable and less sensitive to 

temperature changes. As a result, maintenance strategies need to be focused on this moisture level. 
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6.5.2 Understanding moisture dynamics in concrete and the influence of ASR-induced 

expansion 

Moisture has been established to play a vital role in ASR kinetics [10,16]. Fig. 6.3 provides insight 

into moisture evolution in a controlled environment and its influence on moisture availability in 

concrete specimens at different temperatures as ASR develops. Concrete inherently contains a high 

moisture content from batching, which is reduced by hydration and environmental conditions over 

time. While the rate of hydration is unknown in this study, the latter is quantified by monitoring 

the IRH as a function of ERH and temperature. Fig. 6.7 provides a simplified influence of ERH 

and temperature on IRH as a function of time by determining the absolute RH difference (i.e., 

ERH-IRH) for all exposure conditions over time. Each point shown represent the same day 

expansion measurements were taken.  This highlights the rate and extent of moisture movement 

into and out of concrete specimens; furthermore, it highlights how quickly the concrete reaches 

equilibrium with its environment. 

(a) 21

 

(b) 38 
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(c) 60 

 

 

Figure 6.7: RH difference as a function of age (Abs [IRH-ERH]): (a) 21  (b) 38  (c) 60 

Typically, concrete specimens subjected to 100% ERH and 90% ERH regained their moisture loss 

to hydration through the ERH, stabilizing their IRH. This stabilization is expected to depend on 

the hydration degree, which is temperature-dependent. Enhanced hydration at elevated 

temperatures leads to the need for more moisture from the ERH to maintain equilibrium. This can 

be attributed to the higher RH differences recorded at 38  and 60  compared to 21 . However, 

this phenomenon is multifaceted. On the other hand, at 62% ERH, concrete requires a high 

moisture loss to maintain a stable IRH. This condition favors elevated temperatures where 

enhanced moisture loss due to hydration is possible. This leads to a lower RH difference of 62% 

RH at 60  compared to 21  and 38 . Overall, reducing RH differences for all conditions over 

time highlights the importance of environmental factors such as ERH and temperature in governing 

concrete's IRH state. Hence, while ERH is not directly responsible for initiating ASR, it plays a 

critical role in the internal moisture level and would be vital for sustaining the reaction.   

The trend of RH differences appears to be sensitive to temperature, as illustrated in Fig. 6.7.  

Hence, it is evident that the concrete specimens studied at different temperatures undergo different 

hydration rates, which might influence properties such as ions and moisture movement [184]. 
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Since hydration can be related to concrete maturity [185], adapting this concept into the discussion 

would provide a more comprehensive understanding of the temperature-dependent behaviors 

observed in this study. Maturity is a well-established measure of the combined effects of 

temperature and time on concrete properties. Hence, properties such as the rate and amount of 

hydration can differ at the same age, leading to differences in moisture availability in the concrete 

pores (i.e., IRH) [186]. The above suggests that moisture availability should be assessed based on 

concrete maturity. Additionally, it serves as a critical parameter for explaining the accelerated 

ASR-induced expansion recorded at higher temperatures. Equation 6.1 describes the maturity 

method. Furthermore, a K value, as per Equation 6.2, defined as the ratio of Internal Relative 

Humidity (IRH) to External Relative Humidity (ERH), measures how the internal moisture content 

in the concrete specimen responds to the environment. Fig. 6.8 displays a dual-axis plot illustrating 

the length change and associated K-values as a function of maturity for all conditions to explore 

the interplay between moisture (i.e., IRH and ERH) and ASR-induced expansion. 

Maturity = В Ὕ Ὕέῳὸéééééééé(6.1) 

t = time 

T = average temperature ( ) over the time interval ῳὸ 

To = Datum temperature, taken as 0  in this work 

K = ééééééééééééééé (6.2) 

K = 1: equilibrium state 

K ᾽ 1: ERH greater than IRH 

K ι 1: IRH greater than ERH 
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Several studies [187ï189] have verified the importance of concrete maturity on various concrete 

properties. However, its applicability in discussing the moisture movement in concrete and ASR-

induced expansion has not been quantified. Therefore, Fig. 6.8 describes the appraisal of moisture 

conditions and ASR-induced deterioration via concrete maturity.  

(a) 100% RH 

 

(b) 90% RH 

 

(c) 82% RH 

 

(d) 75% RH 

 

(e) 62% RH 

 

Figure 6.8: K values (IRH/ERH) and length change as a function of maturity: (a) 100% RH (b) 90% RH (c) 82% RH 

(d) 75% RH (e) 62% RH 
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Hydration, a unique, never-ending chemical reaction in concrete, results in moisture loss over time, 

coinciding with the densification of its microstructure. Hydration and the state of the 

microstructure can influence the availability of moisture in pores as well as the movement of ions 

and moisture. However, these conditions are expected to remain fairly similar in different concrete 

at similar maturity. As shown in Fig. 6.8, each RH has a different evolution for K; at high RH 

levels, the K is always near 1 except for 60  at 100% RH. On the other hand, it takes more time 

for K to reach 1 for lower RH levels. This demonstrates that moisture equilibrium is RH-dependent 

at similar maturity as expected. Interestingly, the trends in K remain similar at each RH level, 

despite the difference in temperatures, highlighting the role of maturity. Furthermore, similar 

maturity ensures a similar porosity level for the migration of ions. While silica's dissolution rate 

might differ at different temperatures (e.g., 21  versus 60 ), a similar amount of silica 

dissolution is expected at comparable maturity, leading to close ASR-induced expansion at each 

RH, as illustrated in Fig. 6.8. 

The role of ERH in ASR has been well-documented [8,10]. Response surface analysis (RSA) plots 

illustrating the influence of ERH and IRH separately on ASR-induced expansion at numerous 

temperatures, confirming the uniqueness of both moisture states, are presented in supplementary 

materials (Fig. S6.1-3). However, discussions on the influence of the interplay between these states 

(i.e., IRH and ERH) on ASR-induced expansion are missing in the literature. Such interplay can 

be simplified using the K values. K value changes with maturity, reflecting a stabilization of 

moisture content within the concrete. This stabilization could either mitigate or exacerbate ASR, 

depending on the surrounding conditions. High RHs (i.e., 100% and 90% RH), as illustrated in 

Fig. 6.8a and b, remained in a high moisture state and close to equilibrium throughout the study, 

mainly due to the high ERH and initial IRH. The closeness to equilibrium ensures a steady increase 
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in ASR-induced expansion. Moreover, exploring the plots, 90% RH maintained a steady moisture 

state throughout the maturity period, emphasizing a minimal barrier to moisture exchange exists 

between the concrete and its surrounding environment. Hence, it is safe to assume that for 

environments with around 90% RH, the IRH of concrete can be similar to the ERH, irrespective 

of maturity (i.e., age and temperature). Furthermore, the K values play a significant role in length 

change. A sharp drop in K will mean a drop in internal moisture corresponding to considerable 

shrinkage in the affected concrete specimen. This scenario can be attributed to a high moisture loss 

due to hydration, which is not compensated by the environmental condition (i.e., low ERH). In 

contrast, a steady drop/increase or constant K value close to equilibrium will maintain or further 

enhance ASR-induced expansion depending on the IRH level. Hence, it can be deduced that ASR-

induced expansion is sensitive to the interplay of the ERH and IRH. 

6.5.3 Assessing the moisture threshold for ASR 

A trident of factors (i.e., reactive silica, alkali, and moisture) is crucial for ASR, with moisture 

playing a pivotal role in the reaction. A relative humidity threshold of 80% has been widely 

referenced as sufficient for the reaction [13,46]. However, there have been other contrary opinions, 

with some suggesting different thresholds at varying temperatures [8,25,26]. This study has 

verified that the ERH and temperature play a crucial role in the state of moisture in concrete (i.e., 

IRH). Hence, the likely existence of a moisture threshold is assessed by preparing a plot of the 

ultimate expansion from 62% to 90% ERH at three temperatures (i.e., 21 , 38 , and 60 ), as 

shown in Fig. 6.9.  
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Figure 6.9: Assessing the influence of temperature on RH threshold for ASR 

The surface plots suggest that the relationship between temperature, ERH, and ASR-induced 

expansion is non-linear. Thus, it can be deduced that the RH threshold is not a fixed value but 

varies depending on the combination of temperature and RH. This means ASR forecasting in the 

field via modeling or the selection of mitigation strategies should consider both factors together 

rather than relying on a single RH threshold for all conditions. Temperature can be noted to 

significantly influence ASR sensitivity to variations in RH when observing the plot. At higher 

temperatures (i.e., 38  and 60 ), the reaction becomes more sensitive to RH changes, and length 

change rates increase more sharply above a certain ERH. 

The threshold for ASR in this study is defined as an expansion below a limit (i.e., 0.04%) that 

causes deterioration in concrete. Overall, ultimate expansion is less susceptible to variability in 

temperature changes at 62% ERH. Although some expansions can be recorded at this RH despite 

the low moisture condition, the expansions recorded are negligible/marginal and all below 0.04% 

[24]. Hence, monitoring ASR-affected structures at this condition would sufficiently mitigate the 

reaction. However, observing the plot, the temperature dependence of the RH threshold is evident 
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above 62% ERH, with a steeper increase in expansion as RH increases from this level. At 21 , 

the relatively low expansions, even at higher RH levels, suggest that the RH threshold at lower 

temperatures might be higher. Considering the well-referenced 80% threshold, 21  failed to attain 

a 0.04% expansion. 85% - 90% ERH could be needed at this temperature to achieve 0.04%. For 

higher temperatures (i.e., 38  and 60 ), they presented a reasonably similar expansion from 

62% - 82% ERH, and the critical RH threshold for significant ASR expansion appears to decrease; 

75% ERH is needed to achieve 0.04% in agreement with findings by [13]. These findings highlight 

the dependence of the RH threshold on temperature, as stated by [190]. Hence, the potential for 

ASR development might vary depending on the temperature. This further confirms the unique 

influence of exposure conditions on the reaction. Understanding this relationship will significantly 

influence our decision-making processes in maintaining ASR-affected structures. However, it is 

crucial to note that while ERH/IRH can be controlled through several available maintenance 

strategies, the temperature can not be controlled in the field. The results gathered in this work seem 

to indicate that limiting the ERH and thus IRH to 75% ERH can be considered an effective strategy 

to mitigate important induced deterioration in the field. However, these results need to be 

confirmed using a wide variety of aggregate types and concrete mixtures. 

6.6 Conclusion 

This study aimed to investigate how external moisture conditions influence internal moisture in 

concrete and the dependence of this interplay on temperature and, subsequently, the effects on 

ASR-induced expansions. The main findings can be highlighted hereafter: 

¶ Concrete undergoes moisture loss or gain to achieve equilibrium with its surroundings, 

with temperature playing a vital role in this equilibration process. The relationship between 

temperature and equilibrium proves to be non-linear. In low moisture conditions, the 
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increase in temperature enhances drying and the rapid drop in internal moisture, leading to 

a quicker equilibration with the environment. On the other hand, in high moisture 

conditions, a reduction in temperature enhances the equilibration of external moisture with 

internal moisture. 

¶ All concrete specimens studied have initial internal moisture more significant than 90% 

RH. Hence, sufficient moisture needed to initiate the reaction is available from batching. 

Provided all other factors required for ASR are met (i.e., alkali and reactive silica), the 

reaction can start irrespective of the storage condition. However, the rate depends on the 

evolution of the internal RH, which depends on external RH and temperature. As shown in 

the lowest moisture condition considered in this study (i.e., 21-62%), an expansion of 

0.0367% was recorded between 97-365 days (i.e., after recovery from shrinkage). Hence, 

the reaction can not be stopped. Mitigating deleterious expansion becomes feasible by 

moderating the reaction rate, for how long would depend on the extent to which internal 

RH can be effectively reduced. 

¶ Comparing internal and external RH, it was evident that ASR is more sensitive to internal 

RH, as a drop in the internal RH results in shrinkage. This suggests that maintaining lower 

internal RH could effectively control ASR. However, managing the external RH can make 

this possible. As a result, both internal and external RH are to be considered while assessing 

maintenance strategies. 

¶ The moisture dynamics in concrete are influenced by temperature, leading to differences 

in ASR kinetics. Hence, the minimum moisture needed for substantial deleterious ASR 

depends on temperature. As a result, mitigative and preventive measures should be tailored 

to specific environmental conditions.  



76 

 

¶ The kinetics of the reaction are affected by moisture conditions. The rate is slow for low 

moisture conditions across all temperatures, leading to an early age combined mechanism 

including shrinkage, especially in 62% RH, 75% RH, and 82% RH. As a result, some of 

these conditions failed to attain positive net length change at the end of the study, but they 

were in an expansive state after recovery from shrinkage. Therefore, considering shrinkage-

induced damage would be crucial in comprehensively assessing damage in ASR-affected 

structures across all moisture levels. 

Supplementary materials 

Table 6.5: Length change measurements for concrete specimens stored at 21  and numerous relative humidities 

 

Table 6.6: Length change measurements for concrete specimens stored at 38  and numerous relative humidities 

 

Day 

21-100% 21-90% 21-82% 21-75% 21-62% 

Length  

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

28 0.0018 0.0191 -0.0106 0.0226 -0.0294 0.0177 -0.0339 0.0237 -0.0443 0.0250 

97 0.0320 0.0218 0.0120 0.0203 -0.0084 0.0230 -0.0390 0.0279 -0.0463 0.0262 

174 0.0607 0.0126 0.0275 0.0167 -0.0012 0.0170 -0.0105 0.0233 -0.0262 0.0275 

286 0.0982 0.0109 0.0428 0.0102 0.0142 0.0108 0.0093 0.0128 -0.0108 0.0178 

365 0.1113 0.0080 0.0507 0.0088 0.0244 0.0118 0.0172 0.0089 -0.0096 0.0147 

Day 

38-100% 38-90% 38-82% 38-75% 38-62% 

Length 

 ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

28 0.0341 0.0175 0.0192 0.0208 -0.0192 0.0222 -0.0277 0.0446 -0.0426 0.0233 

91 0.0682 0.0171 0.0299 0.0281 -0.0023 0.0313 -0.0279 0.0365 -0.0570 0.0237 

182 0.1483 0.0201 0.0517 0.0244 0.0285 0.0252 -0.0089 0.0418 -0.0317 0.0248 

280 0.1898 0.0157 0.0765 0.0235 0.0493 0.0179 0.0175 0.0394 -0.0115 0.0100 

365 0.2106 0.0162 0.1072 0.0210 0.0756 0.0124 0.0398 0.0328 -0.0023 0.0104 
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Table 6.7: Length change measurements for concrete specimens stored at 60  and numerous relative humidities 

 

(a) 

 

 

(b) 

 

 

Figure S6.1: Surface plot - 21 : (a) 3D response surface plot of interaction between time and ERH (b) 3D response 

surface plot of interaction between time and IRH 

(a) 

 

(b) 

 

 

Figure S6.2: Surface plot - 38 : (a) 3D response surface plot of interaction between time and ERH (b) 3D response 

surface plot of interaction between time and IRH 

 

Day 

60-100% 60-90% 60-82% 60-75% 60-62% 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

Length 

ȹ (%) 

Std. 

Dev. 

28 0.0369 0.0189 0.0277 0.0195 -0.0074 0.0262 -0.0150 0.0223 -0.0295 0.0319 

63 0.1028 0.0196 0.0629 0.0181 0.0184 0.0358 -0.0010 0.0299 -0.0349 0.0324 

91 0.1378 0.0190 0.1030 0.0165 0.0384 0.0419 0.0120 0.0334 -0.0302 0.0249 

182 0.1810 0.0149 0.1875 0.0152 0.0886 0.0211 0.0319 0.0306 -0.0070 0.0261 
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(a) 

 

(b) 

 

 

Figure S6.3: Surface plot - 60 : (a) 3D response surface plot of interaction between time and ERH (b) 3D response 

surface plot of interaction between time and IRH 

Overview of chapter six 

Chapter six discusses the interplay between moisture in concrete and external moisture at 

numerous temperatures and how it evolves. The influence of such interplay on ASR development 

was evaluated, and such dynamics were confirmed to influence ASR kinetics. Results from this 

chapter motivate the assessment of the impact of moisture at different temperatures on the 

mechanical properties of ASR-affected concrete. 
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Abstract 

Moisture and temperature are critical for developing alkali-silica reaction (ASR) in concrete. 

However, the influence of these exposure conditions on ASR-induced deterioration, specifically 

mechanical property losses, has not been well studied. To further our understanding, concrete 

cylinders made with Spratt reactive coarse aggregates and boosted in alkalis to 5.25kg/mį ὔὥὕ  

were manufactured and stored at three different temperatures (i.e., 21 , 38 , and 60 ) under 

numerous relative humidities (i.e., 100%, 90%, 82%, 75%, and 62%). The reduction in mechanical 

properties was assessed using the Stiffness Damage Test (SDT), direct shear and compressive 

strength tests. Overall, most results for mechanical properties showed a strong linear trend with 

expansion, with the exception of the modulus of elasticity and shear strength. In low moisture 

conditions that experienced both drying shrinkage and ASR, the expansion level associated with a 

given mechanical property loss differs from that in high moisture conditions due to early age cracks 

that developed in the cement paste. In most published research, expansion is the primary criteria 

used in assessing role of exposure conditions. However, it was found that expansion levels alone 

are not reliable indicators of induced deterioration due to the coupled mechanism. Furthermore, 

the impact of this phenomenon varies with the different mechanical properties assessed. 

mailto:olusola.olajide@concordia.ca
mailto:m.nokken@concordia.ca
mailto:leandro.sanchez@uottawa.ca
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Additionally, the moisture threshold required for the reaction was evaluated by considering the 

impact on mechanical properties.  

Keywords: Alkali silica reaction (ASR), Relative humidity (RH), Temperature, Mechanical properties, RH threshold 

7.1 Introduction 

Alkali-silica reaction (ASR) is a leading cause of aggregate-based concrete degradation. This 

phenomenon often leads to a loss in the mechanical properties of the affected concrete [191ï193] 

and the initiation of other durability issues, ultimately resulting in the inevitable loss of 

serviceability of the affected structure [20,161]. Our comprehension of the underlying mechanisms 

and mitigation strategies has notably advanced after several decades of research. While a complete 

halt to the reaction within affected structures remains elusive [194], reducing moisture has been 

generally accepted as a preventive/mitigative approach [195]. Consequently, a relative humidity 

threshold (RH) of 80% has frequently been proposed for managing ASR-induced deterioration 

[196].  

Several tools have been employed to appraise damage in concrete affected by ASR. Promising 

tools such as the Stiffness Damage Test (SDT) are of significant importance and have proven 

reliable in assessing the condition (i.e., the extent of deterioration) of ASR-affected concrete. 

Notably, the combination of outcomes from the test, such as modulus of elasticity (ME), Stiffness 

Damage Index (SDI), and Plastic Deformation Index (PDI), alongside the non-linearity index 

(NLI), have contributed to the extensive assessment of damage. Other tools like the direct shear 

strength [17], tensile strength [18] and compressive strength [19] have successfully been used to 

evaluate induced deterioration in specimens undergoing ASR in high moisture environments at 

standardized temperatures (i.e., particularly in laboratory settings at Ó95% RH and 

38 /60 )[138,197,198]. While numerous studies have explored the interaction and influence of 
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other exposure conditions on the kinetics of ASR [8,80], there is a notable lack of data on the 

impact of lower moisture levels (i.e., which are crucial in mitigating ASR) on the mechanical 

properties deterioration caused by ASR at varying temperatures. Therefore, this study aims to 

appraise the influence of numerous exposure conditions on the induced mechanical deterioration 

associated with ASR through numerous mechanical test protocols. It is anticipated that a better 

understanding of how different moisture and temperature conditions affect ASR development and 

the subsequent mechanical property degradation will be gathered at the end of this work. 

7.2 Background 

7.2.1 Overview of ASR 

Alkali-silica reaction (ASR) is a complex physicochemical process that significantly influences  

concrete infrastructure's long-term serviceability and durability worldwide. This reaction is 

triggered when poorly crystallized siliceous phases in aggregates are exposed to the alkalis in 

concrete from the pore solution [19,55,199]. A reaction product (i.e., ASR gel) is produced in the 

presence of sufficient moisture, which often induces expansion and cracking [10,200]. ASR is 

typically initiated within the aggregate particles (i.e., fine or coarse), as proven by the descriptive 

model by Sanchez et al. [6]; sharp and onion skin cracks represented by A and B, respectively, in 

Fig. 7.1, are generated in the aggregates at low expansion levels (i.e., 0.05%). The existing cracks 

increase in length and width as expansion increases, and some of these cracks can propagate into 

the cement paste at moderate expansion levels (i.e., ~0.12%). At high expansion levels (i.e., 

Ó0.20%), most of the cracks originating in the aggregates propagate to the cement paste, and some 

network of cracks in the cement paste can be observed. At very high expansion levels (i.e., 

Ó0.30%), the cement paste cracks are quite dense, with cracks originating from distinct aggregate 

particles connecting to one another [6,7]. The reaction described can subsequently reduce the 
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mechanical properties of the affected concrete. In most cases, the reduction in mechanical 

properties increases with an increase in expansion. 

 

Figure 7.1: Descriptive model for crack propagation in ASR-affected concrete[6] (reproduced with permission of 

Elsevier) 

7.2.2 ASR and mechanical properties reduction 

Knowledge about the mechanical properties, such as modulus of elasticity, direct shear, tensile 

and compressive strength of ASR-affected concrete, has often been used as a criterion to assess 

the effects of the deleterious mechanism. The higher the induced expansion, the  more significant 

the impact on the mechanical properties of the affected material. However, such a relationship 

does not appear linear, as displayed in Fig. 7.2. Rather, it varies depending on the mechanical 

property type. Typically, unlike compressive strength, ASR presents a high sensitivity to modulus 

of elasticity and direct shear [133,141], while the tensile strength test is found to have a high 

variability [64,201]. Since the modulus of elasticity (ME) of concrete is primarily influenced by 

the modulus of elasticity of aggregate particles, and ASR is a mechanism initiated within the 

aggregate particles, several studies [18,19,141,192,202ï204] have reported a significant reduction 

in stiffness with ASR-induced expansion. The sensitivity of stiffness to ASR can already be 

observed even at low expansion levels [141]. Depending on the aggregate lithotype, an expansion 

of 0.05% can reduce stiffness by up to 40%. Likewise, around 20 ï 50% loss is attainable at a 

moderate expansion of  ~0.12%, which can significantly lead to up to 70% loss at high and very 
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high expansion levels (i.e., 0.20% and >0.30%). Likewise, shear friction reduction, or ñaggregate 

interlockò loss, which serves as a crack arrest mechanism in concrete, has been reported to be 

effectively measured using the direct shear setup [17,148,205]. In plain concrete, ASR-induced 

cracks within the aggregate particles can significantly diminish shear friction, especially during 

the initial reaction stages at low and moderate expansion levels. Studies [17,206] have reported 

reductions in shear strength ranging from 6% - 15% at low expansion levels (i.e., 0.05%), 12% - 

30% at moderate expansion levels (i.e., 0.12%), and up to 18% - 33% at very high expansion levels 

(i.e., >0.30%) as illustrated in Fig. 7.2c. Thus, since ASR-induced cracks are initiated within the 

aggregate particles and only extend to the cement paste at later ages, ASR causes a progressive 

shear friction loss in affected concrete. 

Conversely, contradictory compressive strength reductions have been reported in the literature as 

a function of ASR development. Some studies have found that compressive strength decreases as 

ASR-induced expansion increases [18,207,208], while others have found no significant 

relationship, and some even reported increased compressive strength with expansion [36,43,44]. 

Yet, it has been prominently verified that compressive strength is notably affected at high 

expansion levels [133,137]. The low sensitivity of the compressive strength to ASR-induced 

development at low expansion levels could be partially related to the strength gain due to the 

ongoing hydration superseding ASR deterioration. The reaction, as earlier mentioned, involves an 

aggregate-based mechanism. Microcracks resulting from the expansive properties of the gel do not 

propagate into the cement paste until a later stage of the reaction (i.e., moderate to high expansion), 

as illustrated in Fig. 7.1. Since the compressive strength of concrete is primarily governed by the 

cement paste, the compressive strength loss associated to ASR might not be noticeable at low 

expansion levels. 
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(a) 

 

(b) 

 

(c) 

 

Figure 7.2: Reduction in mechanical properties involving aggregates of varying levels of reactivity, aggregate type, 

and concrete strength: (a) Compressive strength (b) modulus of elasticity (c) direct shear [17,141] (used with 

permission from Elsevier) 

7.2.3 Influence of temperature and RH on ASR-induced development 

Moisture and temperature play a critical role in the development of the reaction [8ï16]. Moisture 

serves as a transportation medium for the alkali ions involved in the reaction and for the formation 

of ASR gel [10]. A humid environment, therefore, leads to significant ASR-induced expansion 

[16]. On the other hand, while temperature is not typically considered one of the primary factors 

(i.e., alkalis, silica, moisture) necessary to trigger ASR, its influence can affect the availability of 

these factors [101ï103], the structure of the gel [58], rate, and ultimate expansion [209]. It has 

been found that ASR expansion can increase by 1.8 times when temperature is increased from 

38  to 50 [15].  



85 

 

While the impact of moisture and temperature on ASR-induced expansion is more established, 

little is known about how these factors affect induced damage. Most existing studies on ASR-

induced deterioration were conducted on specimens stored in a humid environment (RH >95%) 

and stored at standard conditioning temperatures (i.e., 38-CPT and 60-ACPT) [19ï21]. Thus, 

limited studies have been performed to understand the influence of other exposure conditions. For 

instance, concrete specimens stored under low moisture conditions are susceptible to shrinkage 

[10,13]. Shrinkage-induced cracks or inner flaws could be expected to exacerbate overall damage. 

For context, shrinkage-induced cracks in the cement paste are known to increase the loss of 

compressive strength [210,211]. Moreover, since ASR-induced cracks are initiated in the aggregate 

particles at low expansion levels and propagate into the cement paste at higher expansion [7], a 

pre-existing network of shrinkage cracks could facilitate the interconnection/densification of ASR-

related cracks when they propagate into the cement paste, increasing the overall damage. Still, the 

extent of this is mostly unknown. 

7.2.4 Mechanical property protocols to appraise ASR-induced deterioration 

7.2.4.1 Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) has been confirmed to be a reliable tool for evaluating ASR-

induced deterioration in concrete [132,133]. The test is a non-destructive method used to assess 

the response of concrete to cycles of uniaxial loading/unloading. Walsh originally conceptualized 

the test [134], based on a correlation between crack density and the loading and unloading cycles 

in rock specimens. The test was later adapted for concrete specimens by Crouch [135] in 1987. 

Building upon those developments, in 1993, the test was adapted explicitly by Chrisp [136] to 

evaluate concrete affected by ASR using a fixed stress of 5.5 MPa at a loading rate of 0.10 MPa/s. 

The authors proposed parameters like the average secant modulus (using the last four cycles) and 
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the hysteresis area over the five cycles, which reflect energy loss in the system. The Nonlinearity 

Index (NLI) was also introduced to illuminate the damage pattern based on the slope of the stress-

strain curve. Smaoui et al. [137] later proposed a fixed load of 10 MPa to improve the diagnostic 

nature of the test and they found a correlation between expansion and plastic deformation from the 

five loading/unloading cycles. 

Sanchez et al. [138] further refined the test through a comprehensive experimental campaign, 

evaluating numerous concrete mixtures presenting distinct compressive strength and reactive 

aggregate size (i.e., fine versus coarse) on the use of SDT for appraising concrete affected by ASR 

and other internal swelling reactions like delayed ettringite formation (DEF), and freezing and 

thawing (FT), single or combined. They proposed conducting the SDT at 40% of the 28-day 

compressive strength of the concrete at the loading rate of 0.10 MPa/s and established indices like 

the Stiffness Damage Index (SDI), Plastic Deformation Index (PDI), NLI, and the modulus of 

elasticity which can be obtained from Fig. 7.3. The SDI (Equation 7.1) and PDI (Equation 7.2) 

represent the ratio of dissipated energy/plastic deformation to the total energy/deformation 

implemented over the five loading cycles in the system, respectively. The NLI computed from the 

first loading cycle (obtained by taking the ratio of the secant modulus at half load to the peak load; 

sec1/sec 2) is efficient in evaluating the orientation of inner cracks, and the modulus of elasticity 

(Equation 7.3) is computed from the average of the secant modulus of 2nd and 3rd cycles. 

 

Figure 7.3: The Stiffness Damage Test [133] (reproduced with permission of Elsevier) 
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SI = Dissipated energy over the five cycles. 

SI + SII = Total energy placed in the system (i.e., the area under the entire stress/strain curve) 

DI = Plastic deformation 

DI + DII = Total deformation of the system 

ίὸὶὩίίϷ = stress at 40% of maximum load 

ίὸὶὥὭὲϷ = strain at 40% of maximum load 

7.2.4.2 Direct shear test 

Shear strength in concrete is controlled by tensile and compressive forces [146]. Concrete 

inherently contains some internal cracks and flaws, and it can transfer shear forces across these 

cracks via two primary mechanisms: a) the dowel effect through the reinforcement and b) shear 

friction through the characteristics of the concrete. The latter can be defined as the ñfrictional 

resistance to crack,ò popularly called ñaggregate interlock,ò which can be affected by ASR-

induced deterioration [147]. Several methods exist for assessing direct shear capacity in concrete 

[148,149]. The recently developed technique [17] is of significant relevance to this study due to 

its extensive testing on unreinforced lab-made concrete cylinders. Moreover, the tool is less 

variable than tensile strengths, leading to its preference in this work. Furthermore, unlike the 

compressive strength test, the direct shear test (derived using Equation 7.4) was more diagnostic 
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for low and moderate expansion levels, as shown in Fig. 7.2c [17,133,141]. Thus, the tool looks 

promising for evaluating ASR-induced deterioration, especially at low RH levels where low to 

moderate expansions are expected. The test is conducted on concrete cylinders of 100 x 200mm, 

as displayed in Fig. 7.4.  Notches of about 20 - 25 mm have been reported to be reliable to reduce 

discrepancies that may arise from leaving a too-small or big area for the test [148]. 

 

Figure 7.4: The direct shear test 

Direct shear strength = 
ᶻ

ᶻ
 éééééé.(7.4) 

‰ ȡ cylinder diameter (mm) 

a: depth of notch (mm) 

7.2.4.3 Compressive strength 

Studies on ASR have reported a low reliability of the compressive strength in assessing ASR-

induced development. This is because the reaction is initiated in the aggregate particles and cracks 

only propagate into the cement paste at moderate/high expansion levels. Hence, since cracks in the 

cement paste largely influence compressive strength, the tool is less effective in assessing damage, 

especially at low to moderate expansion. Therefore, significant reductions have only been reported 

for high ASR-induced expansion levels; up to a 25% reduction in compressive strength is expected 

[141]. Nevertheless, this tool has been selected for use in this study because of its structural design 
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importance (i.e., ultimate capacity). Moreover, it could account for the possible occurrence of 

shrinkage cracks at low RH. 

7.2.5 Scope of work 

As already highlighted, there is a need to conduct a comprehensive assessment of the influence of 

numerous moisture and temperature on ASR development and associated mechanical properties 

losses. To achieve this objective, concrete cylinders containing a highly reactive coarse aggregate 

(i.e., Spratt) were manufactured in the laboratory and stored at distinct conditions; three different 

temperatures (i.e., 21 , 38 , and 60 ) and five relative humidities (i.e., 62%, 75%, 82%, 90%, 

and 100%) were selected as storage conditions for the specimens, which were monitored for length 

change as a function of time. Midway through the time-based assessment and at the end of the 

experiment, specimens were collected to conduct mechanical property tests (i.e., Stiffness Damage 

Test, shear strength and compressive strength). Finally, damage was compared at all distinct 

moisture and temperature setups. 

7.3 Materials and Method 

7.3.1 Concrete mix design and materials 

Two sets of concrete cylinders were fabricated in the laboratory using a mixture design based on 

the concrete prism test (ASTM C1293). The first set is a reactive mix containing a highly reactive 

coarse aggregate (i.e., Spratt) and non-reactive fine aggregate (i.e., manufactured sand). The 

second set includes the same nonreactive fine aggregates but rather bears a nonreactive limestone 

to monitor shrinkage. The information about the aggregates is displayed in Table 7.1. A 

conventional GU cement (i.e., equivalent to ASTM type I) with a total alkali content of 0.86% 
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ὔὥὕ  by mass of cement was used, and the alkali content of the mix was boosted to 5.25kg/mį 

ὔὥὕ  by adding NaOH pellets to the mixing water, as presented in Table 7.2. 

Table 7.1: Aggregates used in the study 

Aggregates Location Rock type Specific gravity 

(kg/ά ) 

Absorption 

(%) 

AMBT-14 Days 

expansion (%) 

Spratt 
Ottawa 

(Canada) 

Crushed 

siliceous 

limestone 

2.70 0.62 0.310 

Non-reactive 

limestone 

Ottawa 

(Canada) 
Limestone 2.78 0.42 0.02 

Sand 

(Nonreactive) 

Ottawa 

(Canada) 

Derived from 

limestone 
2.76 0.65 0.04 

 

Table 7.2: Characteristics of the two mixtures 

Concrete Type Cement 

(kg/ά ) 

Water 

(kg/ά ) 

Coarse aggregate (kg/ά ) Fine 

Aggregate 

(kg/ά ) 

Alkali 

Pellet 

(kg/ά ) 

4.75-9.5mm 9.5-12.5mm 12.5-19mm 

Reactive mix 

420 177.4 

334.12 334.12 344.24 833.46 

2.12 Non-reactive 

mix 
328.58 328.58 338.53 855.17 

7.3.2 Testing conditions 

Five relative humidity conditions (i.e., 62% RH, 75% RH, 82% RH, 90% RH, and 100% RH) and 

three temperatures (i.e., 21, 38, and 60) were selected for this study. Specimens were stored 

and monitored over time for length change. Specimens at 21 and 38 were stored for twelve 

months based on the concrete prism test (CPT: ASTM C1293), while the specimens at 60 were 

conditioned for six months following the accelerated concrete prism (ACPT: AAR-4.1) [212]. A 

time-based evaluation was selected; specimens were tested for mechanical property losses at 6 and 

12 months (i.e., 21 and 38 ) and 3 and 6 months (i.e., 60). 
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7.3.3 Manufacturing of concrete specimens and storage 

A total of  300 concrete cylinders (i.e., 180 and 120 for length change and shrinkage, respectively), 

each 100mm x 200mm, were fabricated in this study. After casting, the specimens were de-molded 

and moist-cured at room temperature for 48 hours; holes were drilled on both sides, and studs were 

installed using a fast-setting cement slurry during the first 24 hours. The initial length readings 

were conducted after 48 hours, then the specimens were ready for storage. Concrete specimens 

were placed in sealed buckets, each containing four concrete cylinders, and a minimum of 12 

specimens were prepared for each RH/temperature combination (i.e., a minimum of three buckets 

per RH/temperature combination) for length change measurements. Three sets of complete RH 

(i.e., 62% RH, 75% RH, 82% RH, 90% RH, and 100% RH) were prepared; One set was stored at 

21 , the second at 38 and the last set was stored at 60. A similar set was prepared using non-

reactive coarse aggregate for shrinkage measurements, but each RH/temperature combination 

contains only eight specimens. The relative humidity conditions were targeted and maintained 

using a saturated salt solution as used by Poyet et al. [10]. Length change measurements were 

carried out after 14, 28, 97, 119, 182, 273, and 365 days for 21  and 38 . The specimens stored 

at 60  were measured after 14, 28, 97, 119 and 182 days. 

7.3.4 Experimental procedures 

7.3.4.1 Stiffness Damage Test (SDT) 

The SDT procedure was performed as per the methodology proposed by Sanchez et al. [138], 

which involves subjecting concrete specimens to five loading/unloading cycles at a controlled rate 

of 0.10 MPa/s, with a maximum load equivalent to 40% of the 28-day concrete compressive 

strength. Tests were conducted on specimens from each relative humidity (RH) condition after 6 

and 12 months (i.e., for specimens conditioned at 21°C and 38°C) and after 3 and 6 months (i.e., 
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for those stored at 60°C). It is noted that three specimens were tested for each RH level, 

temperature, and age combination. Before the initiation of the test, specimens from each condition 

were stored in a humid environment at room temperature for 48 hours as per [138], and each end 

of the specimens was mechanically ground to ensure a flat surface. This study reports an average 

of three specimens for each result (i.e., ME, SDI, and PDI).  

7.3.4.2 Direct shear test 

The direct shear test was performed as illustrated by De Souza et al. [17]. Similar to the SDT, 

specimens were collected at the predetermined testing age. The specimens were conditioned at 

100% RH and room temperature 48 hours before testing as per [155]. Then, a notch of 5mm width 

and 20 ï 22mm depth was carefully made around the cylinder's circumference using a masonry 

saw. The concrete cylinders were then loaded to failure at an applied loading rate of 100 N/s. It is 

worth noting that only two specimens were selected for each test condition.  

7.3.4.3 Compressive strength test 

The 28-day compressive strength of the concrete mix utilized in this study was assessed by 

employing the maturity concept due to the reactivity potential of the aggregate, which could 

potentially trigger ASR at room temperature and above, thereby impacting the strength of the 

concrete. Six concrete specimens were enclosed in a plastic wrap and stored at 12°C for 47 days 

(i.e., the maturity is equivalent to 28 days at standard temperature), after which they were tested. 

To assess compressive strength reductions, the specimens tested for SDT underwent an additional 

48-hour reconditioning at 21°C. This approach was facilitated by the non-destructive nature of the 

SDT, as confirmed by Sanchez et al. [138]. 
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7.4 Results 

7.4.1 ASR development  

The length change measurements as a function of time for concrete specimens incorporating a 

reactive coarse aggregate (i.e., Spratt) and nonreactive fine aggregate stored in numerous relative 

humidity conditions (i.e., 62% RH, 75% RH, 82% RH, 90% RH and 100% RH) and temperatures 

(i.e., 21 , 38  and 60 ) are presented in Fig. 7.5, with standard deviations ranging from 0.01% 

to 0.03%. Total expansion (i.e., Tot. Exp.) represents the overall length change readings from the 

reactive aggregate specimens, including the shrinkage effect. The net expansion (i.e., Net Exp.) 

represents the positive length change readings after accounting for the shrinkage measured from 

non-reactive aggregate specimens. It is important to highlight the overlapping of some conditions, 

such as 62%RH Net Exp. and 90% RH Tot. Exp. in Fig. 7.5a. This was retained to maintain clarity 

in the general trend presentation and comparison between the two length change types. 

(a) 21°C 
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(b) 38°C 

 

(c) 60°C 

 

Figure 7.5: ASR kinetics at numerous relative humidities, including both decoupled expansion and non-decoupled 

length changes: (a) 21ÁC (b) 38ÁC (c) 60ÁC 
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As shown in Fig. 7.5, higher RH levels result in greater length change, indicating more significant 

ASR-induced expansion of the concrete specimens. Furthermore, length change measurements 

increase with age across all the distinct RH and temperature conditions, which means that ASR 

has been at least partially triggered in all scenarios studied. The significance of elevated 

temperature on ASR-induced expansion is more pronounced at 38  and 60  as illustrated in Fig. 

6.5b and c with faster ASR kinetics. Moreover, specimens stored at high RH conditions (i.e., 100% 

RH and 90% RH) expanded significantly beyond those conditioned at lower RH conditions. 

Comparing the change in moisture from 90% RH to 100% across the three temperatures, ASR-

induced expansion behaves differently upon the change in temperature from 21  to 38 . Despite 

both temperature conditions having sufficient moisture at 100% RH, there is a considerable gap in 

expansion between 90% RH and 100% RH at 38  compared to 21 . However, this behavior is 

not linear. There are lower differences between 90% RH and 100% RH when the temperature is 

increased to 60 , which may be attributed to alkali-leaching [200,213,214] or reduced viscosity 

of gel [15,215].  

Although changing exposure conditions (i.e., RH and temperature) often changes the kinetics of 

the reaction, as displayed in Fig. 7.5,  specimens stored at low moisture conditions (i.e., low RHs) 

are susceptible to shrinkage. Hence, there is a need to decouple shrinkage from the total expansion 

(i.e., Tot. Exp.) to determine the net ASR-induced expansion (i.e., Net. Exp.). However, before 

decoupling, given that all the required factors for ASR are available, shrinkage switches to 

expansive behavior, leading to higher total ASR-induced expansion.  For instance, at 62% RH and 

21°C, the specimen initially exhibits peak shrinkage at 3 months, reaching -0.040% total 

expansion. However, the total expansion has increased to -0.010% by 12 months. This shift 

suggests that despite initial shrinkage, expansion is occurring. Similar initial shrinkage was 
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obtained in most conditions at 21°C but with different recovery ages and magnitudes; the higher 

the RH, the lower the magnitude and recovery duration. Hence, even at low RH, it is essential to 

highlight that the moisture required to trigger ASR was present in the mix. Comparing the 

shrinkage obtained across all temperatures, the recovery time from shrinkage appears shorter at 

higher temperatures, even in similar RH conditions. For instance, at 38°C  (i.e., Fig. 7.5b), 

specimens stored at 82% RH and 75% RH experienced a negative length change over the first 98 

days and 182 days, respectively, and a positive length change was obtained afterward, quicker than 

at 21ÁC and even more rapid at 60  as displayed in Fig. 7.5c.  

Although changing exposure conditions (i.e., RH and temperature) often changes the kinetics of 

the reaction, as displayed in Fig. 7.5,  specimens stored at low moisture conditions (i.e., low RHs) 

are susceptible to shrinkage. Hence, there is a need to decouple shrinkage from the total expansion 

(i.e., Tot. Exp.) to determine the net ASR-induced expansion (i.e., Net. Exp.). However, before 

decoupling, given that all the required factors for ASR are available, shrinkage switches to 

expansive behavior, leading to higher total ASR-induced expansion.  For instance, at 62% RH and 

21°C, the specimen initially exhibits peak shrinkage at 3 months, reaching -0.040% total 

expansion. However, the total expansion has increased to -0.010% by 12 months. This shift 

suggests that despite initial shrinkage, expansion is occurring. Similar initial shrinkage was 

obtained in most conditions at 21°C but with different recovery ages and magnitudes; the higher 

the RH, the lower the magnitude and recovery duration. Hence, even at low RH, it is essential to 

highlight that the moisture required to trigger ASR was present in the mix. Comparing the 

shrinkage obtained across all temperatures, the recovery time from shrinkage appears shorter at 

higher temperatures, even in similar RH conditions. For instance, at 38°C  (i.e., Fig. 7.5b), 

specimens stored at 82% RH and 75% RH experienced a negative length change over the first 98 
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days and 182 days, respectively, and a positive length change was obtained afterward, quicker than 

at 21ÁC and even more rapid at 60  as displayed in Fig. 7.5c.  

Comparing the three temperatures (i.e., 21 , 38  and 60 ) at all RH levels, it can be observed 

that at 21 , the expansion is slower than at 38 ; 60  has the highest rate of expansion. 

Furthermore, 21  has the highest magnitude of early-age shrinkage, and all its RH conditions 

experienced some contraction at the beginning of the reaction. Specimens at 38  and 60 

obtained net negative length change only in 82%, 75%, and 62% RH conditions with a quicker 

recovery time than 21 , highlighting how temperature change can influence the initiation and 

progress of the reaction. 

7.4.2 Mechanical Properties  

The results presented in this section are those conducted on concrete specimens incorporating a 

reactive coarse aggregate (i.e., Spratt) and nonreactive fine aggregate at 6 and 12 months (i.e., 

21  and 38 ) and 3 and 6 months (i.e., 60 ). 

7.4.2.1 Stiffness Damage Test 

7.4.2.1.1 Modulus of elasticity 

The modulus of elasticity reduction (MER) as a function of RH at three different temperatures is 

displayed in Fig. 7.6. A similar increasing trend of loss in modulus of elasticity against RH, 

similarly to expansion, was found for all temperatures; however, the specimens conditioned to 

21  present slightly lower losses than at 38  and 60 , as expected due to lower ASR-induced 

expansion. Generally, as shown in Fig. 7.6a for 21 , a low to moderate ME loss (i.e., from 7% ï 

21% at six months to 16% ï 33% at 12 months) was obtained. For higher temperatures at 38 , 

the modulus of elasticity losses ranged from 12% ï 38% at six months to 23% ï 42% at 12 months. 

A similar trend is observed at 60  (Fig. 7.6c), with ME losses of 12 ï 37% at three months, 
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increasing to 20 ï 40% at six months. Even though the modulus of elasticity losses varied with 

temperature, similar reduction trends were generally observed as a function of the relative 

humidity and expansion. 

(a) 21 

 

(b) 38 

 

(c) 60 

 

 

Figure 7.6: Modulus of Elasticity reduction versus relative humidity: (a) at 21  (b) at 38  (c) at 60 

7.2.4.1.2 Stiffness Damage Test ï Indices 

Fig. 7.7 and 7.8 illustrate the SDI and PDI values over time for concrete specimens undergoing 

ASR-induced expansion under numerous RH and temperature conditions. SDI and PDI values of 

0.093 and 0.087 were observed for the control samples (i.e., average of three samples). Generally, 

the SDI and PDI values increased towards the ultimate ASR expansion at each temperature; 

moreover, the higher the relative humidity and temperature, the higher the SDI and PDI. Evaluating 

the SDI data across all temperatures (i.e., Fig. 7.7), one observes that the SDI increases with age, 
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coinciding with the development of ASR. At 21 , the SDI range increases from 0.105 ï 0.135 at 

six months to 0.119 ï 0.160 at 12 months. Likewise, a similar trend was observed at 38  and 

60 .  It is worth noting that the initial SDI values obtained (i.e., at 6 and 3 months for 21 /38  

and 60  respectively) at lower RHs (i.e., 62%, 75%, and 82% RH) are quite similar at high RHs 

(i.e., 90% and 100% RH). 

Fig. 7.7 and 7.8 illustrate the SDI and PDI values over time for concrete specimens undergoing 

ASR-induced expansion under numerous RH and temperature conditions. SDI and PDI values of 

0.093 and 0.087 were observed for the control samples (i.e., average of three samples). Generally, 

the SDI and PDI values increased towards the ultimate ASR expansion at each temperature; 

moreover, the higher the relative humidity and temperature, the higher the SDI and PDI. Evaluating 

the SDI data across all temperatures (i.e., Fig. 7.7), one observes that the SDI increases with age, 

coinciding with the development of ASR. At 21 , the SDI range increases from 0.105 ï 0.135 at 

six months to 0.119 ï 0.160 at 12 months. Likewise, a similar trend was observed at 38  and 

60 .  It is worth noting that the initial SDI values obtained (i.e., at 6 and 3 months for 21 /38  

and 60  respectively) at lower RHs (i.e., 62%, 75%, and 82% RH) are quite similar at high RHs 

(i.e., 90% and 100% RH). 

(a) 21 

 

(b) 38 
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(c) 60 

 

Figure 7.7: Stiffness Damage Index versus relative humidity: (a) at 21  (b) at 38  (c) at 60 

Fig. 7.8 displays the PDI values obtained for all temperatures at distinct relative humidity 

conditions. At 21 , the PDI range increased from 0.096 ï 0.125 at six months to 0.110 ï 0.154 

after 12 months of exposure. The ASR-induced expansion was higher at 38 , leading to higher 

PDI values of 0.110 ï 0.149 and 0.119 ï 0.201 after 6 and 12 months, respectively. Similarly, the 

PDI values at 60  range from 0.110 ï 0.157 at three months to 0.120 ï 0.171 at six months. 

(a) 21 

 

(b) 38 

 

 

 

 

 

 



101 

 

(c) 60 

 

Figure 7.8: Plastic Deformation Index versus relative humidity: (a) at 21  (b) at 38  (c) at 60 

7.4.2.2 Direct Shear 

The direct shear strength reduction (DSR) results of specimens stored in numerous RH are 

illustrated in Fig. 7.9a (i.e., 21 ), Fig. 7.9b (i.e., 38 ), and Fig. 7.9c (i.e., 60 ). The overall 

behavior of the concrete specimens is quite similar across the three temperature conditions. The 

results present a shear strength decrease as a function of RH, as expected, due to an increase in 

ASR-induced expansion as RH increases. As shown in Fig. 7.9a, after six months of exposure at 

21 , a reduction in the range of 4% ï 16% was obtained, which increased to 13% ï 21% after 12 

months, highlighting the progress of the reaction. Notably, specimens stored in 62% RH, 75% RH, 

and 82% RH showed similar reductions at six months compared to 90% RH and 100% RH. Higher 

reductions were obtained at 38  and 60 , as shown in Fig. 7.9b and c, respectively. Evaluating 

both plots, direct shear strength loss at 38  ranged from 11% ï 25% at six months to 17% ï 34% 

after 12 months of exposure. Similarly, at 60 , the reductions increased from 6% ï 24% to 15% 

ï 30% after 3 and 6 months. As displayed in Fig. 7.9c, it is interesting to note that 100% RH 

exhibited a higher reduction than 90% RH at three months. However, 90% RH obtained a higher 

reduction after six months of exposure, matching the expansion results reported in Fig. 7.5c. 
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(a) 21 

 

(b) 38 

 

(c) 60 

 

Figure 7.9: Direct shear reduction versus relative humidity: (a) at 21  (b) at 38  (c) at 60 

7.4.2.3 Compressive strength 

The compressive strength (CS) results as a function of numerous relative humidities (i.e., 62%, 

75%, 82%, 90%, and 100%) at 21 , 38 , and 60  are illustrated in Fig. 7.10. The equivalent 

28-day compressive strength obtained in the control sample was 45.2 MPa (i.e., an average of 6 

samples stored at 12  for 47 days). After 6 and 12 months of exposure, the compressive strength 

results correspond to the average of at least three concrete specimens. As Fig. 7.10a displays, after 

six months of exposure at 21  to different relative humidity conditions, the compressive strength 

reduced to 44.1 ï 40.2 MPa (i.e., from low RH to high RH), representing a 2.4% ï 11.1% reduction 

in compressive strength, respectively. The compressive strength reduction (CSR) increases with 

age, with 4.8% ï 16.4% (i.e., from low to high RH) obtained after 12 months of exposure. 

Ultimately, the specimens exposed to the highest RH (i.e., 100% RH) with a final expansion of 

0.111% were subjected to a 16.4% reduction in compressive strength. Furthermore, higher 

temperatures lead to enhanced expansion, which causes an increase in the compressive strength 

reduction. As shown in Fig. 7.10b, the reduction in compressive strength at 38  is in the range of 

3.3% ï 20.5% at six months and increases to 8.3% ï 25.9% after 12 months of exposure. Similarly, 

at 60 , as presented in Fig. 7.10c, compressive strength reduction increases from 3.1% ï 19.0% 

at three months to 6.6% ï 24.5% after six months. The range in this section and subsequent sections 
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highlights values from low to high RH levels (i.e., corresponding to low to high ASR-induced 

expansion). 

(a) 21 

 

(b) 38 

 

 

(c) 60 

 

Figure 7.10: Compressive strength results: (a) at 21  (b) at 38  (c) at 60 

7.5 Discussion 

Exposure conditions such as relative humidity and temperature have been proven to be crucial to 

ASR [10,12,209]. Findings from this study agree with this fact. ASR kinetics is significantly 

reduced at low RHs and temperature and these conditions are of specific interest in this study. 

Specimens stored at low RH conditions experienced a delayed or slow initiation of ASR with an 

occurrence of shrinkage in their early ages. The switch from shrinkage to expansion means enough 

moisture to initiate the reaction is undoubtedly present in the mix, given the low RH environment 
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they are exposed to. Hence, it is safe to assume that ASR gel was generated from the expansion 

onset even while shrinkage was still ongoing, although the initiation time of the reaction is 

unknown; nevertheless, the build-up of expansive pressure is expected to be lower in low RH. The 

shrinkage obtained in the test can be attributed to the moisture loss to the dry environment (i.e., 

low RH), and the continued hydration, especially for specimens in 62% - 82% RH. During this 

period of length reduction, one may assume that ASR gel is still generated and swells slowly, 

counteracting the compressive forces due to shrinkage. Yet, this counteraction is not enough to 

supersede shrinkage. Therefore, the switch from shrinkage to expansion can be discussed in three 

distinct ways. First, it can be a result of the shrinkage reaching a plateau, making the slow 

expansion evident over time. This could be especially true for very low exposure conditions such 

as 62% RH at 21 . Secondly, as hydration progresses, the alkalinity of the pore solution has been 

reported to increase over time [216], leading to the initiation or even acceleration of ASR, 

overcoming shrinkage before its plateau. This could be the case at high temperatures, which 

experienced an early switch to expansion in this study, for instance, 82% RH at 60 . The third 

hypothesis is a change in the solubility of silica, which is known to increase with temperature rise 

[103]. The second and third hypotheses are significantly influenced by temperature [14,22]. Hence, 

it explains why lower moisture conditions could be sufficient to initiate the reaction at higher 

temperatures as obtained in this study and as per [59]. The switch from shrinkage to expansion is 

expected to induce shrinkage-induced cracks in the cement paste, which can potentially influence 

ASR-induced damage development. Hence, the following sections evaluate the potential 

contribution of these factors to the overall damage in ASR-affected concrete. 
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7.5.1 Mechanical properties of ASR affected concrete and influence of moisture and 

temperature 

The evaluation of the ASR-induced distress in concrete specimens conditioned under numerous 

relative humidities (i.e., 100%, 90%, 82%, 75%, and 62%) and temperature conditions (i.e., 21 , 

38 , and 60 ) through mechanical analyses provides results that align with expansion levels 

(i.e., total and net), as shown in Fig. 7.11. In general, the increase in expansion leads to an increase 

in losses of modulus of elasticity, shear and compressive strength; conversely, higher SDI and PDI 

values are obtained. The modulus of elasticity and direct shear reductions display a bilinear trend 

(i.e., reduction increases with expansion up to a certain point where it levels out ï potentially 

indicating that the internal cracking has reached a critical point); however, SDI, PDI, and 

compressive strength reductions correlate linearly with expansion. The influence of ASR-induced 

expansion on the mechanical properties reduction has been well documented, most often in lab-

made specimens conditioned at high moisture conditions [18,19]. By analyzing the mechanical 

properties results obtained in this study, one will notice that for all temperatures considered, 

concrete specimens conditioned at high RH (i.e., 100% RH and 90% RH) follow the same trend 

as proposed by Sanchez et al. [141]. Some of which are highlighted in Table 7.3.   
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Table 7.3: Classification of damage[141] [Reproduced with permission from Elsevier] 

Classification 

of ASR 

damage degree 

(%) 

Reference 

expansion 

level (%) 

Assessment of ASR This Study 

MER 

(%) 

CSR (%) SDI Net 

Expansion 

(%) 

Exposure 

condition 

MER 

(%) 

CSR 

(%) 

SDI 

Negligible 0.00 ï 0.03 - - 0.06-0.16      

Marginal 0.04 Ñ 0.01 5-37 10-15 0.11-0.25 0.08% 90% RH/21ÁC 23.87 10.03 0.15 

Moderate 0.11 Ñ 0.01 20-50 0-20 0.15-0.31 0.11% 100%RH/21ÁC 33.29 16.44 0.16 

High 0.20 Ñ 0.01 35-60 13-25 0.19-0.32 0.21% 100%RH/38ÁC 41.72 25.85 0.21 

Very high 0.30 Ñ 0.01 40-67 20-35 0.22-0.36      

 

On the other hand, for low RH conditions, the early age shrinkage is anticipated to influence the 

losses obtained. Hence, the damage caused by low moisture is worth examining. Therefore, Fig. 

7.11 displays the evolution of the mechanical properties reduction as a function of length change 

grouped by temperature for a comprehensive damage assessment. It is important to highlight that 

the grouping per temperature is intended to present the testing conditions and not a direct 

comparison between the testing conditions. Furthermore, the influence of total and net expansion 

on the mechanical properties is presented. A solid trend line represents net expansions with 

corresponding mechanical properties reductions, while the dashed line represents total expansion 

and associated reductions. 

(a) MER 

 

(b) SDI 
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(c) PDI 

 

(d) DS 

 
 

(e) CSR 

 
Figure 7.11: Mechanical properties reduction as a function of expansion (i.e., total and net), relative humidity (RH), 

and temperature ( ): (a,b) modulus of elasticity reduction (c,d) SDI (e,f) PDI (g,h) shear strength reduction (i,j) 

Compressive strength reduction 

Pronounced shrinkage at low moisture levels, particularly 62%-82% RH, can sometimes offset the 

visible expansion caused by ASR. However, the induced deterioration might still be significant 

even if the total expansion (i.e., Tot. Exp.) is relatively low. This is the case when considering the 

modulus of elasticity reduction, for instance, where a total expansion of 0.01% could translate to 

a 15% loss in modulus. Such a phenomenon can influence the accurate evaluation of the damage 

extent of ASR-affected concrete. Hence, the total expansion does not give the actual state of 

damage. Yet, this expansion could be more representative of the real-world scenario where both 

ASR and shrinkage occur in concrete structures simultaneously; which makes the total expansion 
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a valuable metric for assessing the combined effects of environmental conditions on concrete 

deterioration. 

By observing the difference between the total and net expansion in Fig. 7.11, the influence of 

shrinkage on mechanical properties outcomes appears to differ with tests. The modulus of elasticity 

and direct shear seem to be the most influenced by shrinkage, as expected, given their diagnostic 

nature at low expansions. Nevertheless, some influence is also captured in the compressive 

strength, which can be attributed to the pre-existing micro-cracks that weaken the cement paste 

properties and, thus, the concreteôs response under compressive forces. Conversely, the Stiffness 

Damage Test indices (i.e., SDI and PDI) present a much lower difference, indicating a similar 

amount of inner cracks. It is worth noting that a similar amount of cracks does not attest equivalent 

mechanical propertiesô responses; the location of cracks (i.e., aggregates versus cement paste) and 

their features (i.e., length, width) are the major components associated with mechanical responses 

Fig. 7.11 shows noticeable differences in mechanical properties reductions obtained at similar 

expansion levels due to shrinkage, particularly for low and moderate expansion levels (i.e., 

<0.15%). Total expansion, which accounts for shrinkage and ASR, presents higher losses than net 

expansions (i.e., ASR alone) at similar expansion levels. This effect is particularly significant in 

modulus of elasticity and direct shear reductions. For instance, at 0.05% expansion (i.e., x-axis), 

modulus loss due to net expansion is around 16%. However, the loss increases to close to 25% for 

total expansion. The influence of shrinkage appears to reduce as expansion increases, which 

coincides with higher levels of RH. Beyond 0.15% expansion, attained at RH levels of 90% and 

above, where minimal or no shrinkage was obtained, similar reductions were recorded in both 

expansion types (i.e., total and net expansion). Interestingly, while significant reduction differences 

exist in the modulus of elasticity and direct shear reductions, which can be related to their 
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effectiveness in assessing ASR-induced damage even at low expansion levels [17,141], a moderate 

difference is presented in the compressive strength reduction due to the inability of the test to 

diagnose ASR-induced damage at low expansions reliably [141]. On the other hand, the SDI and 

PDI show closer trends, capturing a similar number of cracks. These results show that the ñamount 

of cracksò generated is similar in systems containing positive or negative (i.e., shrinkage) swelling. 

Yet, their impact on the mechanical responses of affected concrete may significantly differ. 

Although this might not be of concern in accelerated laboratory tests, where specimens are 

conditioned at high moisture, these tests will ideally be represented by the solid trend lines in Fig. 

7.11. However, the dashed trendlines are more representative of field structures that could be 

subjected to some form of shrinkage over their life span. 

Given that the management of ASR-affected concrete infrastructures has always been focused on 

maintaining RH below 80%, the result gathered from this study emphasizes the effectiveness of 

this approach. Specifically, these findings suggest that lowering RH to below 82% can effectively 

minimize ASR-induced damage from high to marginal damage levels with a reduction from 100% 

RH [141]. However, the temperature-dependent shrinkage associated with such RHs can 

compromise the long-term structural integrity of affected concrete through the development of 

microcracks that may aggravate the degradation of mechanical properties over time.  

7.5.2 Statistical analysis of data 

The statistical significance of the mechanical properties results (i.e., CS, ME, SDI, and PDI) 

obtained in this study was determined using a two-way analysis of variance (ANOVA) with a 

confidence level of 95%. Typically, the significance of each outcome (i.e., CS, ME, SDI, and PDI) 

across the numerous RH considered (i.e., 62% RH ï 100% RH) over time was examined. 

According to the results, the test duration (i.e., time) significantly affects the response variables 
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(i.e., CS, ME, SDI, and PDI) as expected. Given that expansion and associated deterioration 

increased over time, as illustrated in Table 7.4, the influence of RH on the outcomes is statistically 

significant since all p-values are lower than 0.05 and F values are greater than Fcritic. However, 

after a critical assessment of the average values and error bars associated with the mechanical 

property results presented in Fig. 7.6 ï 7.10, a second statistical test was conducted to assess the 

significance of the RHs in pairs and to determine how each pair is statistically different from the 

others.  

Table 7.4: ANOVA results 

Temp. RH 
CS ME PDI SDI 

F Fcrit P F Fcrit P F Fcrit P F Fcrit P 

21 62%-100% 33.79 2.87 
1.23E-

08 
33.79 2.87 1.23E-08 14.99 2.87 8.12E-06 19.46 2.87 

1.14E-

06 

38 62%-100% 85.09 2.87 2.9E-12 85.09 2.87 2.9E-12 39.92 2.87 2.89E-09 41.77 2.87 
1.94E-

09 

60 62%-100% 81.18 2.87 4.5E-12 81.18 2.87 4.5E-12 76.67 2.87 7.68E-12 42.87 2.87 
1.54E-

09 

 

A Tukeyôs honesty significant difference (HSD) post hoc test was conducted for each mechanical 

property outcome obtained at three temperature levels over time. The RHs were paired, and their 

significance results are displayed in Table 7.5. 
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Table 7.5: Tukey post hoc test results: (a) compressive strength (b) Modulus of elasticity (c) SDI (d) PDI 

(a) 

Treatment 21 38 60 

 6M 12M 6M 12M 3M 6M 

62% v 75% x x x x x x 

62% v 82% x x x ã x ã 

62% v 90% x x x ã ã ã 

62% v 100% ã ã ã ã ã ã 

75% v 82% x x x ã x ã 

75% v 90% x x x ã ã ã 

75% v 100% ã ã ã ã ã ã 

82% v 90% x x x x ã ã 

82% v 100% ã ã ã ã ã ã 

90% v 100% ã ã ã ã x x 
 

(b) 

Treatment 21 38 60 

 6M 12M 6M 12M 3M 6M 

62% v 75% x x x x x x 

62% v 82% x x ã ã ã ã 

62% v 90% x ã ã ã ã ã 

62% v 100% ã ã ã ã ã ã 

75% v 82% x x ã ã x ã 

75% v 90% x x ã ã ã ã 

75% v 100% ã ã ã ã ã ã 

82% v 90% x x x x ã x 

82% v 100% ã ã ã x ã x 

90% v 100% ã ã ã x x x 

 

 

(c) 

Treatment 21 38 60 

 6M 12M 6M 12M 3M 6M 

62% v 75% x x x x x x 

62% v 82% x x x ã x ã 

62% v 90% x ã x ã ã ã 

62% v 100% ã ã ã ã ã ã 

75% v 82% x x x x x ã 

75% v 90% x x x ã ã ã 

75% v 100% ã ã ã ã ã ã 

82% v 90% x x x x x x 

82% v 100% ã ã ã ã ã x 

90% v 100% x x ã ã ã x 

 

 

(d) 

Treatment 21 38 60 

 6M 12M 6M 12M 3M 6M 

62% v 75% x x x x x x 

62% v 82% x x x ã x ã 

62% v 90% x x x ã ã ã 

62% v 100% ã ã ã ã ã ã 

75% v 82% x x x x x ã 

75% v 90% x x x x x ã 

75% v 100% ã ã ã ã ã ã 

82% v 90% x x x x x x 

82% v 100% ã x ã ã ã ã 

90% v 100% x x ã ã ã ã 
 

ã Significant x Insignificant 
 

 

Overall, the mechanical property outcomes for all conditions and ages for 100% RH and 62% RH 

are statistically different as expected. Furthermore, mechanical reductions for 62% RH and 75% 

RH are statistically similar. This means that even though different net expansion levels were 

reached in both conditions, a comparable level of deterioration was attained. As discussed, 75% 

RH experiences more expansion than 62% RH. However, a higher shrinkage at 62% RH 

compensates for its lower expansion, leading to similar damage in both conditions. Considering 
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the ultimate mechanical property outcomes (i.e., outcomes after 12M and 6M for 21/38  and 

60  respectively) at low moisture levels (i.e., 62% RH, 75% RH, and 82% RH), the significance 

of the pairs is dependent on temperature. For instance, in Table 7.5a, there is no significant 

difference in the CS reduction for 62% RH ï 82% RH at 21 , meaning that specimens conditioned 

in this environment can be said to possess similar levels of deterioration. However, this threshold 

is lower for 38  and 60 , where 62% RH ï 75% RH are statistically equivalent. Table 7.5b ï d 

shows a similar trend for other properties assessed. These findings further contribute to the existing 

literature on the influence of RH on ASR-induced deterioration and the existence of an RH 

threshold for the reaction, which could be dependent on temperature. 

7.5.3 Validation of ASR distress development using microscopic assessment 

To validate the mechanical deterioration observed in this study, particularly the data gathered at 

low RHs, microscopy evaluations using the Damage Rating Index (DRI) were performed on one 

specimen from each predetermined testing age from 62% to 90% at all temperatures. The Damage 

Rating Index (DRI) has proven reliable for its semi-quantitative role in assessing internal swelling 

reactions (ISR) such as ASR. It is a simple-to-use technique proposed by Grattan-Bellew [139] 

that can evaluate the cause(s) and the extent of damage by evaluating the number and features of 

cracks presented in the concrete under analysis. ASR-induced cracks are counted in 1 by 1 cm 

squares drawn on the surface of polished concrete sections using a stereomicroscope at 15-16X 

magnification, and the count for each damage feature can be multiplied by their respective 

weighting factor as shown in Table 7.6 to balance their relative importance towards the ASR 

distress mechanism, as proposed by Villeneuve & Fournier [140] to obtain a final DRI number that 

is normalized to 100 cmĮ. The number has been proven to increase as ASR-induced deterioration 

increases [121].  
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Table 7.6: Damage features and corresponding weighting factors [140] 

Features Weighting factors 

CCA: Cracks in aggregates 0.25 

OCA: Open cracks in aggregates 2 

OCARP: Cracks with reactive products in aggregates 2 

CAD: Coarse aggregate debonded 3 

DAP: Disaggregated/corroded aggregate particle 2 

CCP: Cracks in cement paste 3 

CCPRP: Cracks with reaction products in cement paste 3 

 

Each concrete specimen selected for this test was cut into half longitudinally, and one half was 

polished using a mechanically operated table polish with grit sizes 30, 60, 120, 240, 600, 1200, 

and 3000. The numbers of each crack feature ï closed cracks in the aggregates (i.e., CCA), open 

cracks in aggregates with or without reaction product (i.e., OCA or OCA_RP), and cracks in the 

cement paste with or without reaction product (i.e., CCP or CCP_RP) ï were counted and 

normalized to 100cmĮ. Since the main goal of the microscopic analysis conducted in this project 

was to understand and validate the mechanical properties results obtained throughout this 

experimental campaign, it was decided to perform the extended version of the DRI, which involves 

disregarding the weighting factors proposed and focusing on quantifying the above mentioned 

distinct types of cracks. The results are illustrated in Fig. 7.12. 
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(a) 21 

 

(b) 38 

 

(c) 60 

 

Figure 7.12: Microscopic features count at numerous RH and temperature as a function of time: (a) 21  (b) 38  

(c) 60 

In the case of low moisture conditions (i.e., 62% - 82% RH), a high count of cracks in the cement 

paste (i.e., CCP +CCP_RP) was obtained. Given that their ultimate net expansions are lower than 

0.12% (i.e., expansion level above which ASR-induced cracks are expected to propagate to the 

cement paste), one may infer that the high counts of cracks in the cement paste are not related to 

ASR, validating the occurrence of early-age shrinkage obtained in this study. Moreover, exploring 

the DRI plots at six months (i.e., for 21  and 38 ) and three months (i.e., for 60 ), the cracks 

count in the cement paste reduces with a rise in relative humidity, with 62% RH experiencing the 

highest count of CCP+CCP_RP. This further validates the claim of the influence of RH on the 

magnitude of shrinkage at early ages.  
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The development of the distress features in the aggregates explains the modulus of elasticity 

reduction obtained at low RHs despite their low total expansion (or negative net expansion). As 

one may notice, the plots in Fig. 7.11 show that the total expansion may underestimate the actual 

ASR-induced damage in systems preliminarily showing shrinkage. Yet, up to 15% reduction in 

modulus of elasticity are obtained at low RHs (i.e., 62% -75% RH). Considering the microscopic 

features count plots, some counts of cracks in the aggregates (i.e., OCA + OCA_RP) are obtained 

in these conditions, validating the modulus of elasticity loss. Furthermore, as mentioned earlier, 

similar expansions can result in different mechanical properties losses. Fig. 7.12a illustrates an 

instance where similar expansion leads to similar cracks count in the aggregates (i.e., 

OCA+OCA_RP) as expected, highlighting the damage due to ASR. However, the difference in 

their moisture conditions (i.e., 90% RH versus 62% RH) leads to a difference in crack count in the 

cement paste (i.e., CCP+CCP_RP), causing a difference in their mechanical properties.  

Considering the microscopic features count obtained in this study, one realizes that at each 

temperature, the crack counts are similar for some RHs. For instance, at 21  after 12 months, 

62% RH ï 82% RHs present similar counts within 175-197, while they undergo different levels of 

expansion and shrinkage, yet the damage is similar; this could explain the similarities in their 

mechanical properties. This similarity is limited to 62% RH and 75% RH at higher temperatures 

(i.e., 38  and 60 ), which interestingly validates Tukeyôs post hoc test conclusions. This 

suggests a closer look at RH threshold for ASR-induced deterioration. 

7.5.4 Assessing moisture threshold for ASR using mechanical properties reductions 

As mentioned earlier, an RH level at which ASR-induced expansion is expected to be significantly 

impaired exists, called the RH threshold. Numerous authors [8,13,25,26] have reported different 

values, among which is the 80% RH that has been commonly cited. The post hoc test conducted 
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in Table 7.5 has highlighted the possible occurrence of a threshold in this study, which could be 

dependent on temperature, in agreement with the study by [10]. The available studies were limited 

to expansion assessments, but this study investigates the mechanical responses at different RHs to 

improve our understanding of such a threshold. This assessment focuses on the mechanical 

properties reductions around the 80% RH threshold; hence, the 75% RH, 82% RH, and 90% RH 

conditions were evaluated as shown in Fig. 7.13, comprising of the plot of final mechanical 

property reductions (i.e., MER, DSR, CSR) as a function of RH at three temperatures (i.e., 21 , 

38  and 60). The difference between the 75% RH and 82% RH, as well as 82% RH and 90% 

RH, were calculated and highlighted in the figures to observe the trend of reductions. The RH 

threshold for this study is defined as an RH level where an increase in RH does not lead to a 

significant jump (i.e.,  Ò2%) in all mechanical property losses. 

(a) 21 

 

(b) 38 
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(c) 60 

 

Figure 7.13: Mechanical properties reductions as a function of relative humidity: (a) 21  (b) 38  (c) 60 

Overall, the reduction of mechanical properties over the studied RH levels depends on 

temperature; thus, the RH threshold is temperature-dependent. At 21 , the increase in mechanical 

property loss from 75% RH to 82% RH was minimal; there was no change in direct shear 

reduction, and there was less than a 1% reduction in compressive strength reduction. Hence, the 

damage at these levels is similar (which has already been highlighted by the Tukey test and 

validated by the DRI) and falls short of the RH threshold definition. However, there is a 

considerable increase in losses at 90% RH. Hence, a possible threshold at 21  could lie around 

90% RH. The threshold is lower at 38  with a sharp increase in all properties from 75% to 82% 

RH. For instance, the modulus of elasticity reduction has an approximately 13% increment. Hence, 

the threshold at 38  could be around 82% RH. A similar threshold can also be observed at 60 .  

Overall, based on the aggregate tested in this study, ASR-induced expansion is expected even at a 

low RH of 62%. However, an RH increase that could lead to significant damage in affected 

concrete is dependent on temperature. However, minimizing the RH to 75% would be effective for 

all temperatures. 

 






































































































































































































































