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Abstract 

Alkali -Aggregate Reaction (AAR) is one of the most harmful distress mechanisms affecting the 

serviceability and durability of concrete critical infrastructure worldwide. Over the past decades, 

several approaches and recommendations have been developed to assess the potential reactivity of 

aggregates in the laboratory and the efficiency of preventive measures (e.g., supplementary cementing 

materials ï SCMs) to mitigate ASR in the field. Yet, recent findings suggest that the appropriate use of 

SCMs ñonlyò delayed and does not entirely prevent ASR occurrence. Moreover, once ASR starts in the 

field, there is no ñuniversalò solution that should be applied in various cases, and each situation should 

be evaluated as ñuniqueò. Nevertheless, artificially triggering healing agents have been studied in the 

late years, thus presenting an interesting ñphysicalò solution to reduce the ingress of water and recover 

damaged concrete elements, which could present an interesting solution for durability-related distress 

due to ASR. 

This Ph.D. project focuses on detailed laboratory investigations aiming first to understand the self-

healing process of concrete (i.e., by the natural or engineered process). Then, its further influence on 

ASR-induced expansion and deterioration, either applied internally or externally to the concrete. To 

achieve this goal, concrete mixtures presenting a wide range of binder compositions, using distinct 

types of chemical admixtures (e.g., crystalline self-healing), and incorporating five different 

types/nature of highly reactive aggregates (i.e., coarse and fine) were combined to manufactured 

concrete specimens in the laboratory. Otherwise, in aging specimens, concrete samples were designed 

only with GU-cement as the binder material but incorporated two different types/nature of highly 

reactive aggregates. Then, the samples were exposed to ASR-induced development until they reached 

pre-determined expansion levels, in which a wide range of sealers and coating materials were applied 

on the surface of the affected specimens. Mechanical (i.e., stiffness damage test, modulus of elasticity, 

micro indentation, shear and compressive strengths) and microscopic (damage rating index and 

scanning electron microscopy) tests were performed on samples at different ages (up to two years of 

accelerated ASR development).  

The results show that besides changing AAR-kinetics, the different binder compositions or the 

chemical admixtures could modify the distress mechanism due to AAR. The addition of crystalline 
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healing agents or their combination with SCMs in concrete not only delayed the development of inner 

damage but significantly lowered the compressive strength loss at equivalent expansion amplitudes 

than control specimens. Moreover, the combination of different binder materials modified the chemical 

and mechanical properties of the ASR-gel, changing its swelling properties and the further damage 

development in concrete. On the other hand, the wide range of surface treatments used were not able to 

alter ASR distress mechanism; yet, they changed ASR-kinetics. Moreover, their effectiveness to slower 

the reaction shows to be significantly influenced by the damage degree to which the surface treatment 

is applied. Finally, a comprehensive framework enabling the optimized selection of raw materials to 

prevent or mitigate ASR development is proposed. 

Keywords: alkali-aggregate reaction, durability of concrete, supplementary cementitious materials, 

self-healing of concrete, surface treatment. 
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Foreword 

This Ph.D. thesis presents and analyses the results of a comprehensive investigation performed by the 

author in the laboratory.  The main objective of this work is to perform an in-depth evaluation to 

understand the self-healing of the concrete (i.e., by the natural or engineered process) and its further 

influence on ASR-induced expansion and deterioration: 1) in new laboratory-made concrete specimens, 

and 2) in aging laboratory-made concrete specimens.  

This Ph.D. thesis is divided into different sections, corresponding to five scientific papers covering 

specific but complementary research themes. In order to make the content of this paper-based Ph.D. 

thesis clear to readers, section 1 displays a brief synopsis introducing the global context and structure 

of this study. Section 2 presents a comprehensive literature review on AAR; hence, detailed 

background on techniques to avoid and mitigate ASR-induced development in new and aging concrete 

structures is presented. In the following section (Chapter 3), the problem statement is then established, 

and the summary of the current research gaps in the field is displayed. Next, the study's objectives are 

presented, followed by a summary of the proposed global experimental program (section 4). The scope 

and technical contents of the five scientific papers are then presented in section 5; from sections 6 to 

10, all scientific papers are displayed in sequence.  

Through this Ph.D. project, I first established, in collaboration with my director, since this project was 

performed as part of a contractual agreement with the Natural Science and Engineering Research 

Council of Canada (NSERC), as part of a Collaborative Research & Development between the 

University of Ottawa and Kryton International. Thus, I designed the experimental program, which was 

further optimized with the support and recommendations of my supervisor. Then, I personally 

performed and/or participated in all experimental works carried out in the laboratory. Likewise, I 

treated and analyzed all the data used, after which I wrote the first draft of each of the five scientific 

papers (sections 6 to 10). The manuscripts were all reviewed by my supervisor, who made suggestions 

to improve the manuscript. At the time of the final submission of the thesis, papers 1, 2, 3, and 4 have 

been submitted for publication in scientific journals. Paper 5 is expected to be submitted in 2022.  

Finally, based on the results obtained in this study, the presentation of the conclusions and 

recommendations of the scientific papers are given in Section 11. 
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Chapter One:  Introduction  

1.1 Synopsis 

Alkali -Aggregate Reaction (AAR) is one of the most harmful distress mechanisms affecting the 

serviceability and durability of concrete critical infrastructure worldwide [1]. The term alkali-aggregate 

reaction (AAR) describes chemical reactions between certain mineral phases from the aggregates and the 

alkali hydroxides from the concrete pore solution [1]. Overall, AAR can be divided into two main 

reaction types: Alkali-Silica Reaction (ASR) and Alkali-Carbonate Reaction (ACR); they differ in the 

type of mineral phases and mechanisms involved [2].  

From the first ASR records by Stanton in 1940 and 1942 and the ACR by Swenson in 1957, many 

research and knowledge were developed to understand these deterioration mechanisms [3ï9]. Several 

approaches and recommendations, including a comprehensive variety of laboratory test procedures, 

have been developed to assess the potential alkali-reactivity of concrete aggregates and the efficiency 

of preventive measures (i.e. control of the cement & concrete alkali content, use of supplementary 

cementing materials - SCMs, etc.) [1,10]. A number of engineers and researchers worldwide have been 

trying to develop mitigation & rehabilitation measures in the laboratory and in the field in order to 

avoid, cease or, at least, mitigate AAR-induced development. It has been shown that expansion & 

distress due to AAR could be avoided or reduced (chemically) by the appropriate use of supplementary 

cementing materials (SCMs). Many laboratory studies have confirmed this efficiency [11,12]. 

However, new studies are now finding that the deterioration is only delayed and not entirely prevented 

[13]. Moreover, it has been recently reported that some of the current standardized test methods used to 

determine the efficiency of SCMs in avoiding/mitigating AAR are not entirely reliable when compared 

to exposed field concrete structures. 

The longer the concrete field exposure time, the lower the correlation with laboratory test methods. 

Otherwise, once AAR starts in the field, there is no ñuniversalò solution that should be applied in 

various cases, and each situation should be evaluated as ñuniqueò. Thus, various types of treatments, 

especially aiming to ñphysicallyò stop/reduce the ingress of moisture and/or to provide confinement of 
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the affected members. Multiple types of wrapping, coating and/or waterproofing materials have been 

used with more or less limited success. Although a number of contradictory data were also obtained 

[14,15], since the presence of cracks generally provides a point of entry for moisture and other 

aggressive agents, their effectiveness is reduced over time, which reflects the current lack of consensus 

in the area. Furthermore, it has been verified that some products (i.e. crystalline admixtures, bacteria-

based products, etc.), either applied in the bulk paste or externally, can provide concrete with self-

healing properties, which may present an interesting ñphysicalò solution for durability-related distress 

in concrete, especially AAR [15ï18]. Yet, very few data are available considering the competence of 

such products for mitigating/rehabilitating AAR-affected concrete, and some doubts remain regarding 

their ability to recover concrete integrity. 

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

self-healing of the concrete (i.e., by the natural or engineered process). Then, its further influence on 

ASR-induced expansion and deterioration, either applied internally or externally to the concre.  

1.2 Research Objectives 

Researchers are constantly developing new materials and techniques to be applied in the concrete 

industry to lessen onerous human interventions in ageing concrete structures. Yet, these findings are in 

constant demand of evaluation and to verify their appraisal to maintain the concrete elements at ñsafeò 

working conditions and ñfreeò from durability-related problems. Moreover, several techniques, 

supplementary cementing materials, chemical admixtures, and surface treatments have been used in the 

past, aiming to assess, prevent, and mitigate ASR development in the field. Although promising results 

have been obtained, there is a frequent need for improvement and optimization on materials without 

losing concrete performance. Thus, this PhD thesis is designed to meet the following objectives: 

Å Evaluate the combination of different types of supplementary cementing materials (SCMs) 

and crystalline admixtures to enhance the healing properties of concrete and prevent and/or 

mitigate (i.e., physically, chemically or both) concrete deterioration caused by ASR. 
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Å Evaluate different surface treatments and techniques (i.e., water repellent, rigid coating 

based, lithium-based products, cementitious based systems with self-healing products, etc.) 

to stop, delay and/or mitigate ASR development in its initial, moderate, and advanced 

phases. 

In order to do so, an extensive investigation program was developed and implemented in the 

laboratory, which involved the manufacturing and testing of a large number of concrete cylinders made 

from concrete mixtures with different raw materials, chemical admixtures, engineered triggering self-

healing agents, coating and sealers. Finally, qualitative frameworks are proposed to optimize the 

selection of raw materials and/or surface treatment towards the prevention and/or mitigation of ASR in 

concrete. 

This Ph.D. thesis presents and analyses the results of the investigation program mentioned above. It is 

divided into different sections, corresponding to five scientific papers covering specific but 

complementary research themes. In order to make the content of this paper-based this Ph.D. thesis clear 

to readers, section 1 displays a brief synopsis introducing the global context and structure of this study. 

On the other hand, section 2 displays a comprehensive literature review on AAR; furthermore, a 

detailed background on techniques to avoid and mitigate the development of alkali-aggregate reaction 

in new and ageing concrete structures. In following section (Chapter 3), a problem statement is then 

established and a summary of the current research gaps in the field is displayed. Next, the objectives of 

the study are presented, followed by a summary of the proposed global experimental program (section 

4). Next, a summary of the scope and technical content of the five scientific papers is displayed 

(section 5). From section 6 to section 10 all scientific papers are presented. Finally, the presentation of 

the conclusions and recommendations of the scientific papers are given (Section 11). 
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Chapter Two:  Background and Literature Review 

2.1 Introduction  

Alkali -aggregate reaction (AAR) is a chemical reaction that induces internal swelling and distress in 

affected concrete [1,2]. Moreover, it is a very complex anisotropic reaction, which is influenced by 

several parameters, such as temperature, alkali loading, type and nature/mineralogy of aggregates, 

presence of moisture, stress-state, etc. [3ï6]. The first recorded cases of AAR are dated from the 1940s 

in California (USA); afterwards, many cases have been identified around the world. Nowadays, this 

deterioration mechanism is recognized as one of the most harmful processes affecting concrete 

structures' durability worldwide [1,5].  

Overall, AAR can be divided into two main reaction types: Alkali-Silica Reaction (ASR) and Alkali-

Carbonate Reaction (ACR). The most common, ASR, is conventionally defined as a chemical reaction 

between the alkali hydroxides (i.e., Na+, K+, OH-) and metastable silica mineral forms present in both 

natural and synthetic aggregates [1,2,7]. The reaction generates a secondary product (the so-called 

ASR-gel) that induces expansive pressures within the reacting aggregate material(s) and the adjacent 

cement paste while moisture uptake [8]. Thus, causing microcracking, loss of material integrity 

(mechanical/durability), and, in some cases, functionality in the affected structure [9]. On the other 

hand, ACR is a much less common concrete distress whose mechanism is still mostly unknown. ACR 

is viewed by many as a reaction that occurs between alkali hydroxides and certain types of dolomitic 

limestones [2,3]. However, the threshold between ACR and ASR is not clear in many studies. It is 

generally agreed that ACR is accompanied by the process of dedolomitization and formation of calcite 

and brucite [10]. This reaction reduces the volume of solids by approximately 13% [10]; therefore, 

induced expansion is attributed to a parallel mechanism. Some authors [11,12] considered ACR a form of 

ASR, while others believe that ACR follows a completely different distress mechanism [2,3]. 

The most effective and easy way to prevent ASR is avoiding reactive aggregates; however, this is not 

always possible. Despite that, any preventive strategies/measures seeking to control at least one of the 

conditioning factors necessary for ASR occurrence are desirable. 
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2.2 Conditions for AAR development 

AAR-induced expansion and damage in concrete members is quite heterogeneous and depends upon 

several parameters such as the exposed conditions, type and reactivity of the aggregates, the overall 

concrete mixture characteristics, temperature and humidity conditions, and mechanical confinement 

and restraints [2]. In other words, three conditions are simultaneously necessary for the development of 

AAR in a concrete [13,14]: 

¶ Presence of reactive aggregates. 

¶ High concentration of alkali hydroxides (NaOH, KOH) in the interstitial solution. 

¶ High humidity conditions. 

2.3 AAR-induced expansion and damage 

AAR damage development is often directly correlated to the level of expansion triggered by the 

concrete under this physicochemical mechanism. Yet, important progress has been made in the last 

decades to better understand and explain the mechanical and microscopical distress development due to 

AAR in concrete. As widely studied by Sanchez et al. [15,16], at the beginning of the physicochemical 

reaction (i.e. low expansion levels up to 0.05%), it has been found that ASR-induced cracks are mainly 

generated within the aggregate particles. For moderate expansion levels (i.e., ± 0.12%), new cracks are 

still developed within the aggregate particles; yet, the pre-existing cracks keep growing in length and 

width, with some cracks reaching the cement paste. In higher expansion levels (i.e., ± 0.20%), most of 

the previously generated cracks may already be found in the cement paste. Furthermore, from this 

stage, it seems that due to the ñminimum energy law,ò it is easier for ASR-induced expansion to keep 

increasing pre-existing cracks than generating new ones. Finally, for very high expansion levels (Ó 

0.30%), the cracks previously formed throughout the whole physicochemical process connect to each 

other in the cement paste, which directly impacts the mechanical properties of the affected concrete, 

especially its compressive strength. Figure 2.1 illustrates the qualitative damage model described above 

[15,16].  
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Figure 2.1: Qualitative damage model based on distinct levels of expansion [16] (reproduced with 

permission of Elsevier). 

ACR-induced expansion and damage were different from ASR, at least in its microscopic damage 

features [9]. Furthermore, although there is no model proposed to explain ACR-crack pattern 

development (i.e. generation and propagation), it has been verified that very few cracks are found 

within the aggregate particles. In contrast, essential cracks are observed in the cement paste from the 

beginning of the physicochemical process. Moreover, minimal amounts of reaction products are 

observed, even at high expansion levels. Therefore, from an engineering and performance point of 

view, ACR should be considered a different mechanism than ASR, causing a distinct impact on the 

mechanical response of affected materials [8,9,17]. 

2.4 AAR influence on the mechanical properties of affected concrete structures 

AAR damage development is usually directly related to the degree of induced expansion caused by this 

physicochemical mechanism [9]. Although conventional mechanical testing (i.e. compressive and 

tensile strengths, modulus of elasticity, etc.) are often used to evaluate the mechanical properties of 

AAR-affected concrete, a multi-level approach through the use of advanced microscopic and 

mechanical techniques was found to be extremely important to understand and explain AAR-induced 

damage development [9,16,18].  

AAR microscopic/macroscopic distress degree and features depend upon the type and reactivity of the 

aggregates, the amount of alkalis, the temperature, relative humidity and confinement (i.e. 

reinforcement ratio, etc.) conditions of a given structure/structural member under analysis [9,18,19]. 

Literature data show that the stiffness (i.e. modulus of elasticity) and tensile strengths are the most 
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influenced mechanical properties of AAR-deteriorated concrete [9]. Furthermore, the compressive and 

shear strength seem to be less affected, although some contradictory results are found, especially in 

shear [17,20,21]. 

Concrete affected by AAR with expansion levels lower than 0.10% can generally still efficiently 

withstand service stresses; however, once the expansion becomes more significant, a complete 

structural evaluation should be performed [22ï24]. It has been found that the compressive strength is a 

mechanical property that is not considerably influenced by AAR, at least in its early stages. Significant 

reductions in compressive strength are only observed for high and very high expansion levels (i.e. > 

0.20%) as by [9,24,25], which disables its use for diagnostic purposes. Thus, compressive strength 

determinations on cores extracted from aging concrete infrastructure should be only used for 

determining the actual and residual strength of the material and not for assessing AAR damage degree 

and development.  

Tensile strength is a mechanical property that is not directly used for designing reinforced concrete 

structures and is commonly adopted as being 10% of the material's compressive strength. However, 

past results demonstrate that the tensile strength is much more affected by internal swelling reaction 

mechanisms such as AAR than the compressive strength [9,25ï27]. Moreover, it has been 

demonstrated that losses in tensile strength of AAR-affected concrete may vary up to 70%, even at low 

to moderate expansion developments [9]. However, very likely due to the test conditions (i.e. pure 

tension governed by fracture mechanics), overall tensile testing procedures seem not to be able to 

distinguish different damage scenarios beyond ñmoderateò damage degrees [9]. 

Shear strength in concrete is a property governed by tension and compression forces. Once cracked 

(and concrete will always present a certain amount of inner cracks, flaws, etc.), concrete may transfer 

shear forces across the cracks through two distinct mechanisms: a) dowel effect and; b) shear friction 

[28]. De Souza et al. [29] evaluated AAR-induced expansion and damage on the direct shear strength 

of affected concrete and found that the AAR significantly influences the direct shear strength of 

affected concrete as a function of its development. Moreover, the impact of the AAR on the shear 

strength was more significant for low (i.e., 0.05%) and moderate (i.e., 0.12%) expansions.  
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The overall stiffness of ordinary concrete is primarily governed by the mechanical properties of the 

aggregates, especially the coarse aggregate [30]. Therefore, this phenomenon is likely responsible for 

the significant decrease in AAR-affected concrete's modulus of elasticity (ME). Results demonstrate 

that ME losses can yield values up to 30% at low expansion amplitudes and up to 65% at higher levels.  

Moreover, although these values widely vary from different types of reactive aggregates, similar 

reduction trends were found in function of the expansion levels [9,18,19]. 

2.5 Tools and techniques for AAR assessment  

2.5.1 Evaluation of aggregate reactivity 

Among the various test procedures currently used to identify the potential reactivity of aggregates in 

concrete, one may mention the accelerated mortar bar test - AMBT (ASTM C1260/CSA A23.2-25A), 

the concrete prism test (ASTM C1293/ CSA A23.2-14A), petrographic analysis (ASTM C295/CSA 

A23.2-15A) and chemical test for detecting potential ACR reactivity (ASTM C586). Accelerated 

mortar bar test (i.e., CSA A23.2-25A, ASTM C1260) allows the assessment of ASR potential reactivity 

of coarse or fine aggregates within 16 days. After moulding and curing the mortar bars, the samples are 

soaked into a 1M NaOH solution at 80 ºC. Although this method can provide an interesting fast 

screening of ASR potential reactivity, it has been shown that false negatives and false positives can be 

found due to the severe conditions of exposure of mortars [31]. Moreover, there are criticisms 

regarding the use of SCMs as the exposure period in the test is too short to allow significant pozzolanic 

reactions [1,31ï34]. 

Furthermore, to analyze other potential products for ASR mitigation, such as lithium, this method may 

present flaws compared to the behaviour of a concrete element in the field [31,35]. Moreover, the 

AMBT should not be used for rejecting aggregates; further testing using the Concrete Prism Test (CSA 

A23.2-14A or ASTM C 1293) is required for aggregates exceeding the proposed expansion limit. Yet, 

aggregates able to develop ACR may present false negatives using ASTM C1260/CSA A23.2-25A. 

A relatively rapid indication of expansion reactivity for ACR can be performed according to ASTM C 

586, which is an effective tool for tracking reactive carbonate and/or dolomitic aggregates. The studied 

rock samples (cylinders or prisms) are immersed in 1N NaOH solution, and length changes are 
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measured at specified ages. Expansion equal to or greater than 0.10% at 28 days of exposure is 

indicative of high reactivity. 

2.6 Techniques to evaluate damage in AAR affected concrete 

2.6.1 Stiffness Damage Test (SDT) 

The SDT was first developed by Walsh (1965) for assessing rock specimens [36], being afterwards 

somewhat modified and adapted for concrete by [37], [38] and [39]. Sanchez et al. [8,18,40] performed 

comprehensive research (i.e. using a wide variety of concrete strengths and reactive aggregate types) on 

the use of SDT for assessing damage in concrete affected by AAR and also by other internal swelling 

reactions (ISR). Details on the procedure developments and specific/practical considerations on its 

application as a diagnostic tool can be found in [8,18,40]. Briefly, after careful evaluation of the test 

outcomes, it was verified that the SDT needs to be performed at 40% of the materialôs compressive 

strength. Moreover, the method was found quite promising for appraising AAR (and ISR) damage in 

concrete, especially when indices are used as the test outcomes, namely Stiffness Damage Index (SDI) 

and Plastic Deformation Index (PDI), which represent respectively the ratio of dissipated 

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

the system (Figure 2.2). Finally, following the works by Chrisp and co-workers [38], it was confirmed 

that the Non-Linearity Index (NLI; Sec 1/Sec 2 in the first cycle and the average Sec1/Sec2 value of the 

last four cycles ï Figure 2.2) was also an interesting outcome to be considered, especially while 

studying inner cracks orientation. 
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a) 

 
b) 

Figure 2.2: a) Test setup for stiffness damage test; and b) Calculation of the stiffness damage 

index (SDI) and Plastic Deformation (PDI) [41] (reproduced with permission of Elsevier). 

2.6.2 Shear Strength 

Shear strength in concrete is a property governed by tension and compression forces. Once cracked 

(and concrete will always present a certain amount of inner cracks, flaws, etc.), concrete may transfer 

shear forces across the cracks through two distinct mechanisms: a) dowel effect and; b) shear friction 

[28]. A number of test methods have been developed over the years to evaluate the direct shear 

capacity and shear friction of reinforced and unreinforced concrete [42,43]. Barr & Hasso (1986) 

performed a comparative study on different setups to evaluate the direct shear of plain concrete. One of 

the most promising setups used was the modified cylinder specimen (i.e. double notched cylindrical 

specimen) [44].  

De Souza et al. [29] evaluated AAR-induced expansion and damage on the direct shear strength of 

affected concrete and developed a simple yet reliable setup to assess AAR progress in the laboratory 

(Figure 2.3a). The authors found that the AAR significantly influences the direct shear strength of 

affected concrete's development. Moreover, the impact of the AAR on the shear strength was more 

significant for low (0.05%) and moderate (0.12%) expansions (Figure 2.3b). The proposed shear setup 

showed to be a fast and promising tool for detecting AAR-induced expansion and damage in the 

laboratory. Yet, only AAR-affected laboratory samples fabricated and monitored under accelerated and 

free expansion conditions were tested in this program [29].  
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a) 

 
b) 

Figure 2.3: a) Test setup for direct shear strength test [17]; and b) global shear strength loss of 

AAR affected concrete specimens [17] (reproduced with permission of Elsevier). 

2.6.3 Damage Rating Index (DRI) 

The DRI is a semi-quantitative microscopic procedure performed using a stereomicroscope (about 15-

16x magnification) where the petrographic distress features associated with AAR (or ISR) are counted 

through a 1 cm2 grid drawn on the surface of polished concrete sections [45]. The number of counts 

corresponding to each petrographic feature is then multiplied by a set of weighing factors whose 

purpose is to balance their relative importance towards the damage mechanism considered. The final 

DRI value is normalized to an area of 100 cm²; overall, the higher the DRI number, the greater the 

deterioration of affected concrete [46ï48]. Thus, the DRI is a complementary petrographic tool aiming 

to quantify the ñdamage degreeò between different members from an affected structure or as a function 

of time within a specific concrete member.  

A complete review of the DRI development and specific considerations on its application are given in 

Sanchez et al. [46ï48]. The authors used the DRI to evaluate AAR distress with a wide range of 

reactive aggregates, different concrete strengths (25-45 MPa) and expansion levels (0.05% to 0.30%). 

It was found that the DRI is a powerful tool to detect AAR damage/progress in concrete whatever the 

aggregate type and concrete strength used, mainly when the aggregate particles are analyzed down to 1 

mm. Moreover, [46ï48] proposed the so-called ñextended DRI versionò in which the microscopic 

distress features could be presented in absolute values (counts) and relative (%), disregarding the 
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weighting factors, giving a more comprehensive assessment of the damaged concrete specimens. The 

damage features that could be found in the DRI assessment are presented in Figure 2.4a with their 

corresponding weighting factors; some of the damage features are observed in Figure 2.4b.  

a) 

Petrographic features 
Weighting 

factors 

Closed cracks in aggregates (CCA) 0.25 

Opened cracks in aggregates (OCA) 2 

Opened crack with reaction product in aggregate (OCAG) 2 

Coarse aggregate de-bonded (CAD) 3 

Disaggregate/corroded aggregate particle (DAP) 2 

Cracks in cement paste (CCP) 3 

Cracks with reaction product in cement paste (CCPG) 3 

 
b) 

Figure 2.4: Damage Rating Index: a) Current weighting factors as per [49] and b) Micrograph 

illustrating a 1cm2 section where some of the petrographic features listed in A can be observed 

and identified. 

2.7 Preventive measures for AAR in concrete 

The most common measures to minimize the risk of harmful expansion and cracking in new concrete 

structures due to alkali-aggregate reaction is CSA A23.2-14A or ASTM C 1293. These methods are 

believed to yield results close to the expected in the field [50]. Some variables are fixed for this test, 

such as the amount of cement per cubic meter (420 + 10 kg/m3), unit volume of coarse aggregate (0.70 

+ 0.02), water/cement ratio (between 0.42 and 0.45) and alkali content of 1.25% by cement mass 

(equivalent to 5.25 kg/m3 of concrete). The aggregates (or a combination of reactive aggregates and 

SCMs) are considered reactive if the expansion in 1 year of testing is equal to or greater than 0.04% 

(for exposure to a temperature of 38 + 2ºC and 100% RH). The main disadvantage of them is the period 

of testing, which is sometimes considered too long.  Moreover, it has been suggested that in laboratory 

conditions, the expansions did not directly confirm the field performance [51]. Thomas et al. [51] 

demonstrated that greater levels of alkalis are required for the laboratory samples to produce expansion 

compared with field-exposed blocks. Thus, the suitability of present performance tests is questionable 

due to alkali-leaching problems [1]. 

Moreover, for designing concrete and structures that may be susceptible to AAR, CSA.A23.27A 

provides appropriate preventive measures concrete proportioning based on the degree of alkali-silica 
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reactivity of aggregates, the risk level associated with structure size and environment and the level of 

prevention related to service life requirements. The innovation of the CSA.A23.27A, unique in global 

scope, is that it presents a step-by-step decision-making procedure according to variables that can 

influence the development of AAR and that could be present in the application of the structure, making 

it easier to produce concrete that will present greater resistance to AAR. 

2.8 Avoiding and Mitigating AAR in concrete structures 

The most effective and easy way to prevent AAR is avoiding reactive aggregates; however, this is not 

always possible. Over the years, several approaches and recommendations, including a comprehensive 

variety of laboratory test procedures, have been developed around the world to assess the potential 

alkali-reactivity of concrete aggregates and the efficiency of preventive measures (i.e. control of the 

cement & concrete alkali content, use of SCMs, etc.) [2,8]. Therefore, the development of mitigation 

strategies (even palliative) to extend the service life of concrete structures needs to be investigated. 

Including the use of low alkali types of cement, supplementary cementitious materials, fillers, chemical 

admixtures such as lithium nitrate, sealants (silane/siloxane products), self-healing products, etc. 

2.8.1 Minimizing alkalis through cement selection 

The primary source of alkalis in concrete is Portland cement (PC); they are derived from the clay 

components present in the raw materials and coal used in the cement manufacturing process. Sodium 

and potassium portions are generally interconnected in the clicker main components C2S, C3S, C3A and 

C4AF [52]. Although, other constituents (e.g., supplementary cementing materials, aggregates, and 

admixtures) may also contribute to the total amount of alkalis. 

Significant amounts of alkalis in the cement are favourable to maintain the pH of the concrete pore 

solution at higher levels (i.e., in between 12.6 and 13.1). Moreover, higher pH contributes to the 

chemical stability of the hydrated Portland cement products (i.e., C-S-H, AFm, etc.); besides, protecting 

reinforced concrete structures against corrosion [53ï56]. On the other hand, high pH can contribute 

negatively to the development of AAR when combined with reactive aggregates and high R.H. 

[2,57,58].  
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In order to assess the total content of available alkalis present in cement or concrete, it has become a 

standard practice to express the alkali content in terms of ñsodium oxide equivalent (expressed as 

Na2Oeq.)ò as per Equation 2.1. 

 

Equation 2.1 

It is well known that AAR kinetics is generally accelerated by increasing the total alkali content (i.e. 

Na2Oeq). Laboratory and field data show from several studies that Portland cement containing more 

than 0.6% of Na2Oeq can trigger AAR to develop significant deterioration on concrete [1]. However, 

the threshold necessary to initiate and sustain deleterious AAR varies from one aggregate to another, 

according to their mineralogy (Figure 2.5) [2].  

 

Figure 2.5: One-year CPT test as per ASTM C 1293 for concrete mixtures incorporating two 

reactive aggregates (Spratt limestone and Sudbury gravel) and different alkali contents [2] 

(reproduced with permission of NRC Research Press). 

CSA A23.27A recommends limiting the alkali contribution from Portland cement based on the 

potential reactivity of the concrete mixture to develop AAR in the field. The standard presents those 

limits as Na2Oeq kg/m³ of concrete, for example: < 3.0 kg/m³ for mild prevention; < 2.4 kg/m³ for 

moderate prevention; < 1.8 kg/m³ for strong prevention; and < 1.2 kg/m³ for very strong prevention.  
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Furthermore, concrete mixtures designed with similar Na2Oeq content, but different K/Na ratios, can 

considerably change the AAR kinetics in accelerated laboratory tests [59]. Indicating that, in some 

cases, Na2Oeq as the only parameter to assess the potential reactivity of concrete mixtures might be 

misleading in certain cases. It has been suggested that K and Na ions behave similarly in the ASR 

reaction, but the reaction rate is higher with K than with Na [60]. Moreover, it is possible to obtain 

misleading conclusions if two types of cement having equal sodium oxide equivalent. Still, extreme 

variations of Na2O and K2O levels are assumed to act similarly in a performance test [1].  

On the other hand, the influence of the chemical composition of the cement in the AAR development is 

not just limited to the alkali content (Na+ and K+). Several studies [61ï63] suggest that the CaO content 

is a crucial factor in AAR development. The swelling capacity of ASR-gel is related to the calcium ions 

present in the ASR-gel, which depends on the amount of Ca2+ available in the pore solution [64]. 

Microscopy and chemical analysis show that the reaction product within aggregates has crystalline 

properties with uniform composition, rich in Si ions [65]. However, when the damage caused by AAR 

development reaches the cement paste, the ASR-gel becomes richer in calcium with time. The reaction 

product takes up calcium from the cement paste and changes its structure from crystalline to 

amorphous, enhancing its swelling capacity and releasing alkalis to the concrete pore solution [65,66]. 

This alkali recycling during ASR reveals that the reaction may continue until all the reactive silica is 

transformed into ASR-gel.  

Moreover, the amount of portlandite in concrete is controlled by the mineralogical composition of the 

clinker, which means that cement with a higher ratio of C3S/C2S will produce more Ca(OH)2 [52]; 

therefore, cement with characteristics of high initial strength (high C3S content) may favour 

degradation by AAR. 

2.8.2 Limiting moisture  

It is well known in the literature that relative humidity (R.H.) impacts significantly on AAR-kinetics 

and damage since high R.H. is one of the key requirements for AAR occurrence. It is generally agreed 

that the relative humidity should be greater than 80% to cause significant AAR development and 

damage in the concrete [2,19,67]. However, at a given alkali loading, the R.H. threshold is dependent 

on temperature and the reactive form of silica present within the aggregate [68]. Water plays two 
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critical roles in AAR reaction: first, as transport medium of the ions involved in AAR; and second, as a 

reactant (water is included in the amorphous gel formed). Figure 2.6 shows that higher external relative 

humidity accelerates ASR kinetics; moreover, indicating that R.H. above 95% is the worst-case 

scenario for AAR development. Furthermore, the results obtained at 96% humidity by [67] were 

slightly higher than those gathered at 100%, and the final expansion obtained on samples exposed to 

96% R.H. is about 4.12 times higher when compared to 59% R.H. 

 

Figure 2.6: ASR swelling versus time for different constant external relative humidity [67] 

(reproduced with permission of ASCE). 

Consequently, the porosity and permeability of the concrete have an essential role in the development 

of the AAR [70]. Higher porosity and permeability enable the easy transport of ions through the matrix. 

On the other hand, there will be more space to accommodate reaction products and delay the expansion 

and cracking initiation in the cement paste [71,72]. Yet, the use of finely ground materials, whether 

inert or reactive, will enhance the matrix microstructure, refining the porosity and permeability. In 

other words, besides the chemical effect of the SCMs [58,73,74], these materials can act simply as a 

physical barrier to water movement [75,76].  

Hydrophobic impregnations and coatings have been used in various forms in the construction industry 

to help to prevent water and chloride ingress, and their benefits are well documented [77ï82]. 

Breathable coating and sealants composed of siloxanes or silanes have shown promising results in 

reducing ASR-induced expansion [83,84]. Evidences from numerous studies demonstrate that the 

application of silanes significantly reduces water uptake [85,86], lowering ASR-induced expansion 

values by 40% [87] to 60% [88]. The removal of internal moisture prevents or slows the ASR-induced 
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expansion, and the water-repelling ability of silane prevents additional moisture from reaching the gel 

[89]. However, their performance is affected by surface imperfections, wetting and drying cycles, 

application technique and precision, surface preparation, application rates and local environmental 

conditions at the time of application [90]. In general, silane treatments are more effective if pre-wetting 

periods are lengthened [87]. Moreover, to effectively mitigate ASR-induced development, it has been 

demonstrated that extended pre-curing periods will permit the formation of solid oxygen bridging 

bonds between silane molecules and the substrate, which provides a surface with stable hydrophobic 

character [88].  

2.8.3 Influence of supplementary cementitious materials (SCMs) on AAR 

Preventive measures, including the use of supplementary cementing materials (SCMs) such as fly ash 

(FA) [74,91,92], granulated blast-furnace slag (GBFS) [93,94], silica fume (SF) [95,96] and metakaolin 

[92,97,98] have been widely studied to decrease the likelihood of ASR. SCMs can control ASR-

induced development mainly by their capacity of reducing the alkalinity available in the system, thus 

limiting their availability to react with the aggregates [1,74,99]. Furthermore, it has been reported that 

the ability of SCMs to bind alkalis and hydroxyls ions seems to be strongly related to the CaO/SiO2 

ratio of the SCMs; i.e., the higher this ratio, the lower its binding capacity [99] (Figure 2.7). 

 

a) 

 

b) 

Figure 2.7: Variation on the OH- concentration in the pore solution: a) Evolution of the pore 

solution in pastes containing SCM [99]; b) Effect of SCM type and replacement level on the pore 

solution hydroxyl ion concentration at two years [99] (reproduced with permission of Elsevier). 
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Chemically, SCMs can dilute the alkalis available from the clinker and decrease the pH of the material 

by consuming Ca(OH)2 from the pore solution [1,74,99]. Thus, the formation of ñnewò C-S-H due to 

SCMs reaction has a greater capacity to entrap alkalis and reduce even more the pH. Furthermore, these 

materials can change concrete microstructure, interfering with the pore size distribution and their 

interconnectivity among the binder paste. This effect reduces the mobility of ions and possibly slows 

the reaction rate [73,74,100]. Some authors suggested that alkali-silica reaction is very similar to 

pozzolanic reactions [60,99]. The main difference between them is the characteristics of the resulting 

products (i.e., C-S-H and ASR-gel, the latter with swelling properties). Moreover, the products formed 

through the pozzolanic reaction are homogenously distributed throughout the binder paste instead of 

accumulating around reactive aggregates [1]. Yet, the vast variety of SCMs (i.e., chemical composition, 

morphology, crystallinity, and reactivity) brings these materials to behave differently when exposed to 

AAR condition, moreover, their proportion in the concrete also varies completely from one type of 

SCM to other. 

2.8.3.1 Fly Ash (FA) 

Fly ashes are finely divided residue resulting from the combustion of powdered coal. FA consists 

mainly of SiO2 and Al2O3; the amount of CaO is limited but highly variable depending on the origin of 

the fly ash [100]. Therefore, the effectiveness of concrete made of fly ash (FA) against ASR depends on 

the overall FA properties and calcium content (i.e., class F containing less than 15% of CaO, class CL 

for CaO content ranging from 15% to 20%, and class CH containing more than 20% of CaO) [101]. 

Besides both types of FA displayed some efficiency to prevent ASR development, FA class F has 

demonstrated better results [99], which is likely explained by the different CaO/SiO2 ratios of FAs. In 

general, the lower the CaO/SiO2 ratio of the FA, the higher its efficiency [14] to suppress ASR.  

Class F fly ashes are generally efficient in controlling expansions related to ASR. Results demonstrate 

that after four years of exposure to the NaOH solution at 80ºC, concretes containing 40% fly ash had 

negligible expansion levels even with the formation of ASR gel [102]. This behaviour is attributed to 

the low viscosity of the reaction products due to the lower available calcium content [103]. On the 

other hand, Class CH fly ash may be challenging to suppress AAR development [99], yet, many 

contradictory data were obtained in the literature. After nine years of measurement (Figure 2.8), 
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replacing 40% of Portland cement by FA with CaO content up to 12% decreased the expansions to 

lower and ñsafeò levels (i.e., lower than 0.04%) [14]. Whereas, using 20% of FA, the average on 

expansion was 0.07%. However, FA containing a higher amount of CaO (i.e., 20.7%) for both 20% and 

40% of replacement levels showed expansion higher than 0.12% (Moderate expansion due to ASR). 

Resulting in significant mechanical losses (i.e. 20-50% stiffness loss, compressive and tensile strengths 

up to 20% and 40-65%, respectively) [9].  

 

a) 

 

b) 

 

c) 

Figure 2.8: Expansion of concrete prisms (CSA-A23.2-14A) made with Spratt Limestone reactive 

aggregate and various amounts of Fly Ash, cured at 100% RH and 38°C [14]: a) using FA with 

1.87% of CaO; b) using FA with 12.00% of CaO; and, using FA with 20.70% of CaO (reproduced 

with permission of Elsevier). 

2.8.3.2 Silica Fume (SF) 

Silica fume consists nearly exclusively of SiO2 (i.e. 85% to 99%) of very fine particle size and a 

relatively high pozzolanic activity. It is a by-product of the silicon and iron-silicon metal smelting 

process containing a high glassy-phase of silicon dioxide [105]. In general, the use of SF to mitigate 

ASR in concrete is recommended; yet its mechanism of mitigation is still not entirely understood 

[1,95]. Overall, SF particles rapidly bind alkalis (Figure 2.9), decreasing the alkalinity of the concrete 

pore solution [1,95]. However, at later ages, alkalis can eventually be released and re-increase alkali 

concentration [14,94]. In other words, SF can mitigate ASR at ñsafeò levels, yet longer periods of 

exposure can be challenging. Results have demonstrated that moderately and highly reactive aggregates 

combined with 7.5% to 12.5% of SF in concrete contributed to keeping expansion levels at safe levels 
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after ten years of exposure to ASR development. Conversely, concrete made of SF and highly reactive 

aggregates barely keep the expansion amplitudes under the above expansion level after 15 years of 

field exposure [14,106].  

 

Figure 2.9: Effect of SF on the alkalinity of pore solution of pastes, represented by the sum of 

alkali cations in the pore solution [95] (reproduced with permission of Elsevier). 

Finally, results demonstrated that the SiO2 content of the SF plays a significant role in its effectiveness 

in preventing ASR occurrence [14]. By using two different types of SF (i.e., one with 94% and the 

other with 74% of SiO2) at two different replacement levels (i.e., 5% and 10%) (Figure 2.10), [14] 

obtained that 5% of SF showed higher or similar expansion in comparison with only Portland cement 

as the binder material, for both types of SF. On the other hand, the authors presented that at 10% of 

replacement, SF significantly mitigates ASR after nine years of exposure. Moreover, the higher the 

SiO2 content in the chemical composition of the SF, the higher the effectiveness of the concrete 

mixture to mitigate the reaction.  
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a) 

 

b) 

Figure 2.10: Expansion of concrete prisms (CSA-A23.2-14A) made with two reactive aggregates 

and various amounts of two SF, cured at 100% RH and 38°C: a) Using SF with 94.17% of SiO2; 

b) Using SF with 74.60% of SiO2 (reproduced with permission of Elsevier). 

2.8.3.3 Metakaolin (MK)  

The use of highly reactive metakaolin (MK) as an SCMs has progressively increased in the 

construction industry during the last decades. MK is produced by calcinating kaolinite clay and is an 

aluminosilicate material rich in Al2O3 (i.e. 35% to 50% by mass). Different studies [97,107,108] have 

discussed the efficiency of the metakaolin (MK) to suppress ASR in concrete; yet, no threshold values 

have been defined. However, results suggest that mortar bars incorporating 10% MK by cement mass 

lessened ASR-induced expansion by about 70% [97,98], whereas 15% of PC replacement resulted in 

values up to 85% lower (Figure 2.11a, b and c) [107,109,110]. The mechanism of ASR mitigation by 

MK usage is commonly attributed to the increased aluminum content into the concrete pore solution, 

which is absorbed on reactive SiO2 surfaces, slowing down its dissolution [97,107,108] to values close 

to zero [111]. Yet, decelerating the dissolution of reactive SiO2 did not modify the chemical 

composition and morphology of the ASR-gel [97]. Furthermore, it is unlikely that the swelling 

potential of ASR products in cementitious materials incorporating MK is lessened [97]. 
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a) 

 

b) 

Figure 2.11: a) Expansion of concrete Ref, Mk and Li versus time [97]; b) ASR expansion of 

mortar bar specimens cement blends with substitution up to 30% [98] (reproduced with 

permission of Elsevier). 

2.8.3.4 Ground granulated blast-furnace slag 

Compared to previously discussed SCMs, granulated blast-furnace slag (GBFS) contains significantly 

more CaO. GBFS is a by-product from the manufacturing of iron, is a finely ground glassy siliceous 

material formed when molten slag is rapidly cooled and then ground [105]. The chemical composition 

of GBFS is quite similar to Portland cement; yet, the extent of alkali release is much less than cement 

clinker. It has been discussed that GBFS as an SCM in concrete just delays the effect of ASR by 

temporarily modifying the gel composition [112]. At the same time, it does not significantly affect the 

amount and composition of the ASR-gel formed at early stages of ASR development [113]. In general, 

effective amounts of slag to suppress ASR development usually range from 25-50%, or more, 

depending on the reactivity of the aggregate and exposure conditions [114]; yet, no threshold values 

have been established to mitigate the ASR efficiently. Results demonstrated that replacing 50% (Figure 

2.12) of PC with GBFS decreases the expansion rate to lower values than low-alkali PC concrete [14]. 
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Figure 2.12: Expansion of concrete prisms (CSA-A23.2-14A) made with two reactive aggregates 

and various amounts of blast furnace slag, cured at 100% RH and 38°C (reproduced with 

permission of Elsevier) [14]. 

2.8.4 Influence of lithium compounds on AAR development 

The use of chemical admixtures to reduce damage or delay AAR-induced development in concrete has 

been improving since the 1950s [115]. Although both the long-term efficiency and mechanisms of 

chemical admixtures in suppressing AAR have been considered for almost 50 years, the interest in their 

use recently increased either as admixtures for construction or as treatments of existing affected 

structures.  

Among several products, lithium compounds show good response in modifying the reaction kinetics, as 

seen in recent research [97,116ï119]. However, up till now, there is still a general lack of guidance and 

specifications for the proper use of chemical admixtures to control ASR-induced expansion due to the 

inconsistent outcomes and conclusions [120ï122]. It has been suggested that metastable silica within 

the aggregate particles may react preferentially with  ions, modifying the chemical structure of the 

ASR-product [120,121,123,124]. Later [125] and [63] assumed that  ions are capable of reducing the 

solubility and the dissolution rate of silica. Finally, three lithium compositions have shown very 

promising results to mitigate ASR: lithium hydroxide, lithium carbonate and lithium nitrate. Lithium 

nitrate  was the lithium compound showing the best results in controlling ASR for the same 
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Li/(Na +K) ratio. Figure 2.13 shows the results obtained by [32] comparing ASR mitigation potential 

of admixtures by using different accelerated test methods. 

 

a) 

 

b) 

Figure 2.13: a) Expansion curves of the Control and LiNO3 containing mixtures; b) Expansion 

curves of the Control and LiOH containing mixtures (reproduced with permission of Elsevier). 

Lithium nitrate stands out for good solubility and slightly modifies the  of concrete pore solution 

[118,119]. Although the exact nature of the role of lithium ions in controlling ASR is still not clearly 

understood, several different mechanisms have been proposed. Figure 2.14 displays some of these 

proposed mechanisms, including: (1) formation of a physical barrier by insoluble siliconïlithium (Siï

Li) reaction products [119,126,127], (2) formation of less expansive SiïLi reaction products, LiïCaï

NaïSi gel [119,127,128], and (3) increased chemical stability of reactive silica exposed to pore solution 

[118,119,129]. 
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a) 

 

b) 

Figure 2.14: a) Schematic diagram of a reaction system in the presence of lithium; b) SEM 

images of vycor glass disks immersed in alkaline solutions for 120d at 38 °C in 1N NaOH + 0.74N 

LiNO 3 + Ca(OH)2, showing a matrix of ASR gel and LiïSi crystals [119] (reproduced with 

permission of Elsevier). 

It was also reported that the mechanism of ASR mitigation using lithium could be likely explained by 

its ability to replace calcium in ASR gel rather than K+ and Na+ [118,127]. Lithium's efficiency in 

altering concrete swelling due to ASR depends significantly on the nature or reactivity of the 

aggregates used, lithium availability, and the amount of other alkalis. The minimum molar ratio 

between lithium and alkalis to efficiently suppress ASR generally varies between 0.67-1.20 for most of 

the lithium compounds studied and 0.72-0.93 for LiNO3 [1,118,130].  

In cases of structures that are already presenting ASR signs, Thomas et al. [131] recommend treatments 

that can be used to mitigate the reaction, such as: 

¶ Surface treatment: application of the lithium solution directly on the surface of the affected 

concrete. The efficiency of the treatment depends on the level of deterioration of the concrete, 

the time when the solution is applied, and the methods used to apply the material (manual vs 

mechanical spraying). The solution of LiNO3 is the most recommended because it presents 

better efficiency and a higher rate of penetration during the treatment; however, this solution 

must be associated with surfactants to guarantee a better percolation in the concrete [132,133]; 

¶ Electrochemical impregnation: a technique based on the electrochemical extraction of chloride, 

which involves the application of an electric field between the reinforcement and an external 
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electrode immersed in an electrolyte reservoir. Thus, a positive charge is applied inside the 

concrete in order to attract Li+ ions to deeper regions of the member [131]; 

¶ Vacuum impregnation: negative pressure injection technique used to increase the penetration 

depth of lithium ions inside concrete affected by ASR. 

Despite the research efforts and the number of publications concerning the use of lithium to mitigate 

ASR-induced development, contradictory results were found in the literature [116,119,124,127,130]. In 

general, the penetration depth of the lithium ions is limited to the first layers of the concrete, reaching 

depths of 5 mm to 50 mm, which significantly limits their effectiveness; thus, poor results can be found 

in the literature [134ï137]. 

2.8.5 Influence of the concrete surface treatment 

Various types of treatments, especially aiming to ñphysicallyò stop/reduce moisture ingress and/or to 

provide confinement of the affected members (e.g., silane/siloxane water repellents, coatings, prestress 

confinement, etc.) have been tested and have shown quite promising results. Hydrophobic 

impregnations have therefore been used in various forms in the construction industry to help to prevent 

water and chloride ingress, and their benefits are well documented [77ï82]. Breathable sealants 

composed of siloxanes or silanes have shown promising results in reducing AAR-induced expansion 

[83,84]. Alkyl-Alkoxy-Silane is a water repellent agent, which prevents the penetration of water in the 

liquid state, acting indirectly in the mitigation of ASR by decreasing the internal moisture of the 

concrete [88,90,138]. 

Evidences from numerous studies demonstrate that the application of silanes significantly reduces 

water uptake [85,86]. However, their performance is affected by surface imperfections, wetting and 

drying cycles, application technique and precision, surface preparation, application rates and local 

environmental conditions at the time of application [90]. Silanes can penetrate into the surface layers of 

concrete, providing a layer that endures traffic wear for several years. The removal of internal moisture 

prevents or slows the ASR-induced expansion, and the water-repelling ability of silane prevents 

additional moisture from reaching the gel [89]. The mechanism of the silaneôs repellency is since 
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silanes react with alkalis in concrete and chemically bond water-repellent hydrocarbon molecules, 

thereby reducing the surface tension of concrete [87]. When the surface tension of the substrate is less 

than that of water, it will work as water-repellent [87,89]. 

Silane treatments are more effective if pre-wetting periods are lengthened. To effectively mitigate 

ASR-induced development, it is necessary to allow a minimum of 28 days of air curing. More extended 

pre-curing periods will permit the formation of strong oxygen bridging bonds between silane molecules 

and the substrate, which provides a surface with stable hydrophobic character [88]. However, many 

contradictory data were also obtained [13], reflecting the current lack of consensus in the area. 

Overall, once ASR starts in the field, there is no efficient solution to mitigate the residual expansion 

and damage. However, it is somewhat clear that limiting moisture uptake demonstrates better results to 

modify the reaction kinetics. In addition, in the past decades, it has been verified that some crystalline 

waterproofing coating materials can provide concrete with interesting self-healing properties besides 

waterproofing, which may present a very interesting ñphysicalò solution for durability-related distress 

in concrete [139ï141]. 

2.9 Improvement of the healing process of the concrete 

The costs related to human intervention in critical infrastructure have already become a significant field 

of interest [142,143]. Nevertheless, the implementation of continuous inspections and maintenance 

protocols is quite complex, especially in the case of large concrete structures, where considerable 

amounts of labour and funds are often required. To illustrate this situation, the U.S. Department of 

Transportation reports that a budget between $78 billion to $112 billion is estimated to address all 

structural and functional bridgesô deficiencies in the United States [144]. Therefore, any preventive 

measures to preserve and improve the service life without onerous labour and capital requirements are 

highly desirable. In this regard, the development and use of cementing materials able to autogenously 

counteract the effects of cracking, the so-called self-healing (SH) products, became a topic of 

significant interest in civil engineering and concrete technology [145ï148].  

In the past decade, several studies have been conducted to understand the global self-healing of 

cement-based materials [149ï151]. It is somewhat known that concrete can naturally/autogenously 
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self-heal cracks. However, although promising results can be observed when concrete is designed with 

high cement content, lower water to cement ratios and/or with supplementary cementing materials 

(SCMs) [152ï154], autogenous healing has quite limited capacity on conventional concrete. Therefore, 

artificial/autonomous triggering healing agents, such as microencapsulated bacteria (MB) [155ï158] or 

crystalline admixtures (CA) [146,159ï162], have been introduced recently. Besides past studies have 

shown that MB and CA enhance the recovering of mechanical and durability properties of damaged 

concrete, the ACI committee [163] has reported that CAs are more reliable since these admixtures are 

hydrophilic by nature, increasing the density of the calcium silicate hydrate (CSH), and generating 

pore-blocking deposits resisting to water penetration. Nevertheless, both topics (i.e., 

naturally/autogenously and artificial/autonomous self-healing) are discussed as follows. 

2.9.1 Autogenous healing 

Autogenous crack healing in cementitious materials is a natural process, an intrinsic property of the 

material, and it has already been studied by many researchers [152,164ï167]. The phenomenon takes 

place through four different main processes (Figure 2.15): a) formation of calcium carbonate (CaCO3) 

in concrete; b) ongoing hydration of binder grains upon moisture uptake; c) swelling of cement paste; 

d) sedimentation of solid particles within cracks [160,168,169]. The first two are the most common 

autogenous healing processes; however, their efficiency significantly changes over time. At earlier ages 

of the concrete, continued hydration is the dominant mechanism due to the high content of unhydrated 

cement particles. Yet, calcium carbonate becomes the primary mechanism at later ages and more 

prolonged environmental exposure [169ï172]. Moreover, besides being a natural process not easily 

controlled, autogenous healing properties can be enhanced. It has been demonstrated that pre-damaged 

concrete can recover, on average, 60% of its mechanical properties (i.e.., compressive strength, flexural 

strength and stiffness) [167,173ï175]. In addition, significantly decrease concrete permeability and 

reduce chloride diffusivity [160,162,176] by lowering the water-to-binder (w/b) ratio and/or increasing 

the binder content. Yet, the later measure may raise the cost and carbon footprint of the concrete.   
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Figure 2.15: Different causes that can lead to autogenic self-healing [177] 

Recently, to achieve greener concrete mixtures and further improve autogenous healing properties, 

several researchers [152ï154,167] reported that the use of supplementary cementing materials (SCMs), 

partially replacing Portland cement (PC), is crucial. While the slower rate of hydration of blast furnace 

slag and fly ashes grains may slow early age processes of microstructure and strength developments, 

their capability to enhance self-healing is significantly higher than Portland cement [154]. Over time, 

tests on the healing capacity (1, 2, 7, 14 days, etc.) were performed in cementitious mortars 

incorporating different SCMs. Results show that SCMs can enhance the natural healing mechanism of 

cementitious materials as per Figure 2.16. Furthermore, it has been demonstrated that concrete made of 

a high volume of fly ash (i.e., 30% to 60% of PCôs replacement) can recover 70% of the strength loss 

while reducing about 75% chloride diffusion after pre-cracking [152,178ï181]. Moreover, combining 

two different techniques (e.g., selective dissolution and XRD-Rietveld analysis), Termkhajornkit et al. 

[180] calculated the total amount of C-S-H gel produced after 28 days of curing. The results 

demonstrate that replacing 50% of PC by fly ash class F had 560% more C-S-H between 28 days and 

364 days; this, in turn, is an indication of later healing enhancement. Likewise, concrete made of blast 

furnace slag was found to heal 70% of cracks with widths until 200 µm and recover up to 80% of its 

compressive strength loss [154,182]. On the other hand, high volumes of SCMs may reduce the calcite 

precipitation process of healing [154,168,181] due to the lower amount of calcium carbonate formed in 

SCM-made concrete [154]. Overall, when the continued hydration is the main healing mechanism, 
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SCMs play an important role in the process; however, it is limited to self-seal cracks with width up to 

250 µm, on average. 

 

Figure 2.16: Evolution of the surface crack width over time due to autogenous crack healing: 

considering the use of blast furnace slag (BFS), fly ash (FA) and w/b of 0.40 [154] (reproduced 

with permission of Elsevier). 

2.9.2 Autonomous healing 

Autonomous healing is an engineered process designed to improve the healing properties of 

cementitious materials. Furthermore, autonomous/engineered healing can be further divided into 

ñpassiveò and ñactiveò modes. Activating the mechanism by human intervention is considered an 

ñactive modeò while without human intervention is defined as a ñpassive modeò [183]. Autonomous 

healing can be induced by two main groups of products: bacterial-based and crystalline admixtures, 

which are commonly added during concrete mixing [184]. 
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2.9.2.1 Bacterial-based healing (BBH) 

Bacterial-based healing involves the precipitation of CaCO3 by direct bacterial activity [155,157] or by 

decomposition of urea by ureolytic bacteria [185,186]. Bacillus Sphaericus species (bio-agent for 

calcite precipitation) has been most commonly studied for concrete application due to its high tolerance 

to an alkaline environment [185,186]. Moreover, the bacterial activity is known by consuming oxygen; 

therefore, improving the durability of the reinforcement against corrosion.  

Studies focusing on the use of BBH on concrete have progressively increased during the last decades: 

to increase lightweight concrete strength [187]; modify water mobility with hardened concrete and 

improve concrete strength and durability [188]; accelerate the setting time of concrete [156,189]; etc. 

Bacillus Aerius bacteria combined with rice husk ash (RHA) concrete improved compressive strength 

in about 9% and 12% at 28 and 56 days. Moreover, the calcite precipitation by bacteria activity 

decreased water absorption and enhanced the microstructure, reducing the chloride ions penetration 

[188]. Different species of bacteria have also improved significantly concrete properties: bacillus 

megaterium were able to increase 24% of concrete compressive strength [190]; sporoscarcina pasteurii 

combined with fly ash or silica fume enhanced microstructure modifying chloride ions permeability 

[191]; bacillus sphaericus applied on concrete surface revealed promising results as an alternative for 

concrete surface treatment [192]. 

2.9.2.2 Crystalline admixture for autonomous healing 

One of the smartest materials used for self-healing applications in concrete is the so-called crystalline 

admixtures (CA); these are permeability-reducing admixtures with a hydrophilic nature that easily react 

with water and can effectively serve also as self-healing engineered admixtures [163]. Moreover, the 

chemical reaction between CA, PC and water forms water-insoluble cracking deposits, increasing the 

density of calcium silicate hydrate (C-S-H), resulting in a more impermeable and resistant system 

against aggressive substances [145,146,153,159ï162,183,193ï195]. Furthermore, the reaction can also 

undergo a delayed activation whenever the material comes into contact with water and/or 

environmental moisture, enhancing the healing process at later ages [196]. 
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However, the behaviour of these products is still partially unknown. Most of the studies in the literature 

focused on the variation of water and chloride permeability while using crystalline admixtures. Just a 

few authors have analyzed the effects on mechanical properties recovery, although most of them 

evaluated it through non-destructive techniques (NDTs). It has been suggested that in the presence of 

water, CA compounds may react with tricalcium silicate (C3S), as seen in Equation 2.2, where a 

crystalline promoter, MXRX, reacts with C3S and water to produce modified C-S-H and pore-blocking 

precipitates (i.e. MXCaRX ï(H2O)x) [197]. On the other hand, other authors [159] indicate that calcium 

hydroxide is the reactive component. Yet, the ability of CA to improve concrete properties may vary 

significantly with concrete mix-design, the chemical composition of the CA products, testing periods 

and methods of pre-inducing cracks on concrete for different studies (i.e., mechanical or durability-

related) [161]. Furthermore, lower water-to-binder ratios and high cementitious material content seem 

to enhance the self-healing performance [152,154]. 

3CaO-SiO2+MxRx+H2OŸCaxSixOxR-(H2O)x+MxCaRx-(H2O)x 

(C3S+crystalline promoter+waterŸmodified calcium silicate hydrate+pore blocking precipitate) 

 

Equation 2.2 

 

Sisomphon and co-workers [159] demonstrated that by adding 1.5% and 4% (by PC mass) of CA in 

cement paste mixtures, cracks with widths ranging from 250 to 400 µm were closed entirely. 

Moreover, the healed paste specimens were demonstrated to be impermeable after 28 days of pre-

induced cracking, and calcium carbonate was the major product found in the sealed cracks (Figure 

2.17). Likewise, studies suggest that CA-concrete can achieve healing ratios of 0.98, for cracks up to 

400 µm, after 42 days of curing [183]; complete sealing of cracks thinner than 300 µm [160]; 95% of 

strength regaining capacity [193]; and 50% lower water penetration, 30% lower chloride diffusivity and 

healing ratios close to 1.0 [169]. Moreover, it has been recently demonstrated that the combination of 

CA and SCMs (e.g., Blast Furnace Slag [182], fly ash [145,153,183,198] and silica fume [176]) could 

even reach higher values of self-healing ratios; yet overall, their efficiency lies between 90% to 105% 

depending on the exposure conditions [153]. It is worth mentioning that there is a relative agreement in 

the literature that cementitious materials soaked in water solutions tend to achieved higher self-healing 

ratios and faster healing rates, followed by wetting/drying cycles, water contact and air exposure 

conditions, respectively [147,152,153,160,169,176,183,196]. 
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Figure 2.17: Schematic illustration of the precipitation of calcium carbonation [159] (reproduced 

with permission of Elsevier). 

Besides, further investigation combining calcium sulfoaluminate-based admixture and CA showed 

optimum mechanical recovery at wet/dry conditions. On the other hand, air-cured samples contributed 

with no visible healing phenomenon and very low mechanical recovery [148]. Yet, results demonstrate 

that air exposure specimens placed in R.H. controlled rooms made of cement and CA (1% by cement 

weight) were highly effective in fully recovering concrete bending stiffness, load-bearing capacity, and 

visually closing cracks [196]. Moreover, in Roig-Flores et al. (2016), the average Healing Ratio reaches 

0.99 and average Closing Ratio 0.98, for cracks up to 0.40 mm after 42 days of healing by samples 

soaked in water at 30 °C. Moreover, after pre-cracking concrete samples at 2 and 28 days, it was found 

that the mechanical properties were able to recover almost 100% [193]. Besides, the author indicates 

that CA can catalyze the healing capacity and was more systematic and reliable due to its hydrophilic 

nature.  

Finally, several authors have studied the benefits of adding CAs in cement-based systems, either 

internally or externally, combined with cementitious coating material [147,160,169,176]. CA coatings' 

active ingredients can penetrate the cement paste and react with hydration products to form crystalline 

or gelatinous substances, which fill the capillary pores and micro-cracks [139]. It has been found that 

the healing products formed in the cracks display large calcium carbonate and ettringite contents, 

although C-S-H gel was also found [139,199]. Studies suggest that the penetration depths of CA from 

coatings can reach values between 33ï80 mm, decreasing gas permeability values 11 times lower 
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[139], lessening in 70% the water absorption [200], enhanced the resistance to chloride penetration, and 

this improvement increases over-time in concrete [169]. Yet, these values seem to depend on the 

microstructure of the treated concrete, and the amount of coarse aggregates close to the surface 

[201,202]. 
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Chapter Three:  Problem statement, current gaps, and objectives of the study. 

Alkali -aggregate reaction (AAR) is one of the main processes affecting the durability of concrete 

infrastructure in Canada and worldwide. Over the years, several approaches and recommendations, 

including a comprehensive variety of laboratory test procedures, have been developed around the world 

to assess the potential alkali-reactivity of concrete aggregates and the effectiveness of preventive 

measures (i.e. control of the cement & concrete alkali content, use of supplementary cementing 

materials, etc.) before their use in the field.  

A number of engineers and researchers worldwide have been trying to develop mitigation & 

rehabilitation measures in the laboratory and in the field in order to avoid, cease or, at least, mitigate 

AAR-induced development. It has been shown that expansion & distress due to AAR could be avoided 

or reduced (chemically) by the appropriate use of supplementary cementing materials (SCMs). Many 

laboratory studies have confirmed this efficiency. However, new studies are now finding that the 

deterioration is only delayed and not entirely prevented. Moreover, it has been recently reported that 

some of the current standardized test methods used to determine the efficiency of SCMs in 

avoiding/mitigating AAR are not entirely reliable when compared to exposed field concrete structures.  

The longer the concrete field exposure time, the lower the correlation with laboratory test methods. 

Otherwise, once AAR starts in the field, there is no ñuniversalò solution that should be applied in 

various cases, and each situation should be evaluated as ñuniqueò. Thus, various types of treatments, 

especially aiming to ñphysicallyò stop/reduce the ingress of moisture and/or to provide confinement of 

the affected members. Multiple types of wrapping, coating and/or waterproofing materials have been 

used with more or less limited success. Although a number of contradictory data were also obtained, 

since the presence of cracks generally provides a point of entry for moisture and other aggressive 

agents, their effectiveness is reduced over time, which reflects the current lack of consensus in the area.  

Furthermore, it has been verified that some products (i.e., using different types of bacteria or crystalline 

admixtures) are able to provide concrete with self-healing properties, which may present a very 

interesting ñphysicalò solution for durability-related distress in concrete, especially AAR. Yet, no data 

are available considering the effectiveness of such products for mitigating/rehabilitating AAR-affected 

concrete, and some doubts remain regarding their ability to recover concrete integrity. Furthermore, the 
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use of self-healing products with the presence of SCMs forming a binary chemical-physical treatment 

is absent in available literature, leaving room for major developments in this area. 

Based on the gaps in the current available literature, this PhD thesis is designed to meet the following 

objectives: 

¶ Understanding of the efficiency of natural and engineered triggering self-healing agents in 

ordinary concrete mixtures through the use of multi-level techniques (i.e., mechanical and 

microscopical procedures). 

¶ Understanding the influence of natural healing processes in concrete affected by ASR 

¶ Evaluate the combination of different types of supplementary cementing materials (SCMs) 

and crystalline admixtures to enhance the healing properties of concrete and prevent and/or 

mitigate (i.e. physically, chemically or both) concrete deterioration caused by AAR; 

¶ Evaluate different surface treatments and techniques (i.e. water repellent, rigid coating based, 

lithium-based products, cementitious based systems with self-healing products, etc.) to stop, 

delay and/or mitigate AAR development in its initial, moderate and advanced phases. 

¶ Propose a framework for the optimized selection of raw materials and surface treatments to 

avoid and/or mitigate ASR-induced development in concrete. 
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Chapter Four:  Research Program. 

The comprehensive experimental program developed in this research is divided in two main parts: 1) 

testing performed on new laboratory-made concrete specimens (Figure 4.1), and 2) testing conducted 

on aging laboratory-made concrete specimens (Figure 4.2). 

4.1 Experimental procedures, part 1: new laboratory-made concrete specimens 

In the first part of the Ph.D. project, a conventional Portland cement, four different types of 

supplementary cementing materials, four commercially available hydrophilic permeability reducer 

admixtures (i.e., crystalline admixtures ï CA), four chemically modified versions of CA, lithium 

nitrate, nano-silica, and five different reactive aggregate types/natures (i.e., coarse and fine reactive 

aggregates) were selected for this study to manufacture distinct concrete mixtures. The coarse 

aggregates ranged from 5 to 20 mm in size. Non-reactive fine and coarse aggregates were combined 

with the reactive aggregate materials for concrete manufacturing. 

Concrete cylinders with100 by 200 mm in size, were investigated in this study. Considering the huge 

amount of different concrete mixtures, they are only presented in the scientific papers. Yet, they were 

mix-proportioned as per ASTM C1293 to present the same water to binder ratio (w/b of 0.45) and 

amount of binder materials (420 + 10 kg/m3). However, adjustments were made in the volume of non-

reactive aggregates to maintain the volume of reactive aggregate constant in all mixtures, since the 

replacement of PC with the SCMs modified the total volume of binder paste. The amounts of LiNO3, 

NS, and crystalline admixtures were fixed as per the manufacturers' recommendation and according to 

what is used in field applications. The amounts of SCMs selected in this study were quite variable and 

relied upon each type of SCMs used; yet, in general a minimum of two different percentages of each 

type of SCMs were selected. All characteristics of the aggregates and concrete mixtures used in this 

PhD are presented in the six scientific papers of the thesis. The specimens were then divided into two 

streams of evaluation: i.e, evaluation of the self-healing without reactive aggregate and evaluation of 

the self-healing containing reactive aggregates. 
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Figure 4.1: Structure of the part one of the Ph.D. project: new laboratory-made concrete 

specimens 

4.1.1 Evaluation of the self-healing without reactive aggregate 

Twenty-four hours after casting, the samples were demoulded, separated into two initial curing groups, 

and placed in a moist curing room at 20  and 100% RH, where they were left curing for two different 

periods (i.e., 28 days and 180 days). The goal of splitting the total amount of specimens into two 

groups was to evaluate the self-healing ability of the concrete mixtures at early and later ages. 

Therefore, after the first initial curing periods (i.e., 28 days and 180 days), the compressive strength of 

each concrete mixture was determined.  Next, the specimens were divided into four groups of pre-

loading levels per mixture (i.e., 0%, 40%, 70% and 90% of their corresponding compressive strength). 

It is worth mentioning that the loading rate for the pre-loaded samples was the same as used for the 

compressive strength test (i.e., 0.25 + 0.05 MPa/s). 
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Furthermore, after reaching the pre-determined load, the latter was kept constant for three minutes for 

better damage development in the samples, then released at the same rate of 0.25 + 0.05 MPa/s. 

Afterwards, the specimens were placed back in the moist curing room at 20  and 100% RH until 3 (to 

partially recover the pre-load deformations), 30 and 90 days of the second curing period (self-healing 

time). Moreover, the specimens were placed in sealed bucked to minimize further carbonation of the 

samples, even within the controlled chamber. Hereafter, to identify the different initial curing periods 

and second curing periods in the text, the specimens will be named as, for instance, 28+3, 28+30, 

28+90, 180+3, 180+30 and 180+90 days, which 28 and 180 days are the initial curing and 3, 30, and 90 

are the periods of second curing after pre-loading.  

4.1.2 Evaluation of the self-healing containing reactive aggregate 

Twenty-four hours after casting, the samples were demoulded and stored in a moist curing room for 

another 24 h. Then, small holes (5 mm in diameter by 15 mm deep) were drilled at the two flat ends of 

the samples, in which steel gauge studs were glued in place with a fast-setting cement slurry for 

longitudinal expansion measurements. Afterwards, the samples were taken for the zero reading, being 

finally placed in sealed plastic buckets lined with a damp cloth and stored at 38 ÁC and 100% RH. The 

AAR-affected cylinders were monitored for length changes over time for a total period of two years. 

As per ASTM C1293, the buckets were cooled to 23 ÁC for 16 Ñ 4 h before the periodic measurements. 

Finally, to perform each test selected, the samples were prepared according to the test procedure 

explained in the following section. 

4.1.3 Testing methods 

4.1.3.1 Non-destructive tests methods (NDTs) 

Two different non-destructive test methods, ultrasonic pulse velocity (UPV) and bulk electrical 

resistivity (BER) were selected for this study to assess the inner ñqualityò of the sound and damaged 

concrete. Both NDTsô measurements were performed on six 100 by 200 mm cylinders per group of 

mixtures at the ages of 1, 3, 7, 14, 28, 90 and 180 days; then, in three samples for each of the period 

evaluated, 28+3, 28+30, 28+90, 180+3, 180+30 and 180+90 days and each pre-load level (i.e., 0%, 

40%, 70% and 90%). All cylinders were removed one by one from the moist curing room and tested at 

the saturated surface dry condition at 20 Ñ 3 C. 
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A commercially available two-probe BER meter was employed in this study, and the test was 

performed following the ASTM C1876. An alternating current was applied at a fixed frequency of 1 

kHz through the concrete specimen. It is worth mentioning that to ensure a proper electrical connection 

between the two circular stainless-steel plates electrodes and the concrete samples, two moist sponges 

were added at the interface concrete-electrodes. The UPV was obtained using direct transmission 

according to ASTM C597, and the equipment used was the portable ultrasonic non-destructive digital 

indicating tester (PUNDIT). A viscoelastic gel was applied between both transducers and the specimen 

to achieve a good connection; a frequency of 54 kHz was fixed.  

4.1.3.2 Porosity 

The porosity of the concrete samples was evaluated according to the Archimedes immersion method at 

each of the six periods (i.e., 28+3, 28+30, 28+90, 180+3, 180+30, and 180+90 days). First, the concrete 

cylinders selected for the porosity test were cut in half longitudinally using a diamond-bladed masonry 

saw. One-half of the specimens were then separated for the DRI test. The remaining half of the samples 

were next cut back (perpendicularly to the first cut) into three similar slices (i.e., about 40 mm high). 

Afterwards, the sliced samples were dried at 60  for ten days and weighed to obtain their dry mass 

(MD). Next, the samples were fully immersed in water under the constant pressure of 28-30Hg for 

twenty-four hours and then wiped to remove their surface moisture and weighted in a high precision 

scale to record their wet mass (MSSD).  

4.1.3.3 Stiffness Damage Test (SDT) 

Concrete specimens were subjected to five cycles of loading/unloading at a controlled loading rate of 

0.10 MPa/s. The SDT procedure was performed using a loading level corresponding to 40% of the non-

damaged 28-day compressive strength. The results presented in this work (i.e., stiffness damage index 

and modulus of elasticity) average three concrete specimens from the same mix at a given age. 

4.1.3.4 Compressive Strength (CS) 

Compressive strength was measured through two different approaches with different and specific goals. 

First, to characterize all mixtures at 28, 56, 90, and 180 days, the samples were wrapped and placed at 

12 °C, since some of the specimens contained highly reactive aggregates and ASTM C39 method could 

not be followed as they could develop some AAR. Cylinders of all mixtures were maintained at 12 °C 
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for 47-, 93-, 150- and 300-days periods (maturity equivalent to 28, 56, 90 and 180 days, respectively), 

according to the maturity concept as by ASTM C 1074. Moreover, it is worth noting that no strength 

gain was observed after 300 days under the above storage conditions. Thus, the compressive strength of 

sound concrete after 360 and 720 days were considered as the values measured at 180 days. Likewise, 

to determine the SDT loading level, the 40% of CS used were the values obtained at each specific age 

of the concrete (i.e., 90 and 180, while for 360 and 720, it was considered the CS found at 180 days). 

Second, the compressive strength measurements were carried out on two specimens from each concrete 

mixture after being subjected to SDT to verify the compressive strength loss of the material as ASR 

develops. This procedure was adopted and considered valid as largely non-destructive character of the 

SDT. 

4.1.3.5 Damage Rate Index (DRI) 

The DRI was conducted on one specimen from each concrete mixture at the 6 time periods (28+3, 

28+30, 28+90, 180+3, 180+30 and 180+90 days). The remaining half of the samples from the porosity 

test were polished with grits of 30, 60, 140, 280(80ï100 µm), 600 (20ï40 µm), 1200 (10ï20 µm) and 

3000 (4ï8µm) and 1cm2 grids were drawn on the surface of the polished sections. Then a 

stereomicroscope (16Ĭ magniýcation) was used to perform the test. The DRI final number presented 

hereafter is the normalized 100 cm2 value. 

4.2 Experimental procedures, part 2: aging laboratory-made concrete specimens 

In the second part of the Ph.D., a conventional Portland cement and two different reactive aggregate 

types/natures (i.e., coarse and fine reactive aggregates) were selected for this study to manufacture 

distinct concrete mixtures. The coarse aggregates ranged from 5 to 20 mm in size. Non-reactive fine 

and coarse aggregates were combined with the reactive aggregate materials for concrete manufacturing. 

A total of one thousand, three hundred and twenty concrete specimens (sixty samples per each of the 

twenty-two groups of surface treatment), 100 by 200 mm in size, were investigated in this study. The 

two concrete mixtures were mix-proportioned as per ASTM C1293 to present the same water to binder 

ratio (w/b of 0.45) and amount of binder materials (420 kg/m3). 

Twenty-four hours after casting, the samples were demoulded, and small holes (5 mm in diameter by 

15 mm deep) were drilled at the two flat ends of the samples, in which steel gauge studs were glued in 
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place with a fast-setting cement slurry for longitudinal expansion measurements. Afterwards, the 

specimens were left to harden at 20 ÁC and 100% RH over 24 hours (totalizing 2 days after casting) 

before the zero reading was taken. Next, one hundred and thirty-two specimens per mixture were 

randomly selected and separated for surface treatment and application of coating materials, as 

described in the following section. The remaining samples were finally placed in sealed plastic buckets 

lined with a damp cloth and stored at 38 ÁC and 100% RH. The specimens were monitored for length 

variations until they reached different expansion levels (i.e., 0.05%, 0.12%, 0.20% and 0.30%). As per 

ASTM C1293, the buckets were cooled down to 23 ÁC for 16 Ñ 4 h before the periodic measurements. 

Then, when the cylinders reached the specified expansion levels, they were taken for surface treatment 

and further application of coating materials.  

4.2.1 Surface treatment and coating materials 

It is worth noting that the application of coated materials requires a surface treatment of concrete for 

better adherence and achieve better performance. The overall surface treatment used in this study can 

be divided into three main steps: a) surface preparation, b) drying the specimens, c) coating application. 

The first two were implemented on all specimens, even for control specimens in which the coating 

materials were applied. The third was determined accordingly with the specification of each material 

used. After achieving the pre-determined expansion levels, i.e., 0.00%, 0.05%, 0.12%, 0.20% and 

0.30%, twelve specimens per group of coating materials and for each concrete mixture were taken and 

fully wrapped with sponges saturated with a low acid solution (98% of distilled water and 2% of acetic 

acid) for 24 hours at 12 oC. It is important to mention that to avoid further evaporation and changes in 

acid concentration, the covered specimens were also wrapped in plastic film and placed in sealed 

buckets. Next, the specimens were unwrapped, and the surface was gently scrubbed with a wire bristle 

brush to increase rugosity and enhance the adherence of the coating materials, then cleaned with a 

nylon brush and water. Afterwards, the samples were placed at 12 oC, and 60% RH yet kept unwrapped 

out of the sealed buckets for 120 hours.  

The coating mixtures were then applied following each specification of the commercially available 

materials and following what is used in field applications. Just before applying the coating materials, 

clear water was gently spayed at the surface of the concrete specimens to improve adherence. Finally, 

the specimens were placed back in sealed buckets and left for 14 days at 12 oC and 60% RH for 

hardening purposes and to provide a surface with stable hydrophobic character. Afterwards, the 
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specimens were stored at 38 ÁC and 100% RH. As per ASTM C1293, the buckets were cooled down to 

23 ÁC for 16 Ñ 4 h prior to the periodic length measurements (i.e., 45, 90, 180, 360, and 720 days). 

Moreover, mechanical and microscopical tests were performed at 360 and 720 days as per section 

4.1.3. 

 

Figure 4.2: Structure of the part two of the Ph.D. project: aging laboratory-made concrete 

specimens 
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Chapter Five:  Core of the Ph.D. Thesis ï Scientific Papers. 

5.1 Introduction  

In order to report and evaluate the results obtained as part of the experimental program implemented in 

this Ph.D. project, five scientific papers were strategically prepared. They cover all the major themes of 

the research, thus enabling them to meet the distinct objectives of the Ph.D. project. Figure 5.1 

illustrates the links between the papers. 

 

Figure 5.1: Core of the Ph.D. Thesis ï links between the scientific papers. 

Paper 1 is focuses on understanding the efficiency of autogenous and autonomous self-healing of 

conventional concrete mixtures through mechanical and microscopical analysis. To achieve this goal, a 

commercially available crystalline admixture, different types of supplementary cementing materials, 

and chemically modified versions of CA were combined with Portland cement to proportioned distinct 

concrete mixtures. With the intriguing results obtained in paper 1 regarding the efficiency of SCMs to 

enhance the natural self-healing of the concrete, paper 2 displays the results of a multi-level assessment 
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conducted to appraise AAR damage evolution in SCMs-made concrete specimens as a function of 

induced expansion (i.e., 0.00%, 0.05%, 0.12%, 0.20% and 0.30%).  

The promising data gathered in papers 1 and 2 motivated the extensive analysis on the use of self-

healing technology combined with SCMs to mitigate ASR-induced deterioration in new concrete 

(paper 3). Furthermore, paper 4 appraises the ability of waterproofing self-healing coating mixtures to 

mitigate concrete deterioration caused by ASR in its initial, moderate and advanced phases. Therefore, 

qualitative charts were proposed to provide engineers with better ñdecision makingò through a more 

convenient selection of coating and sealers and the most appropriate ñtimingò to apply them in ASR-

affected concrete.  

Paper 5 proposes a framework for optimizing binder materials towards the prevention and/or mitigation 

of ASR in concrete. This new ñapproachò is based on selecting the blended binder materials as per their 

combined chemical compositions using the ternary main oxides plot. 
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Chapter Six:  Understanding the efficiency of autogenous and autonomous self-

healing of conventional concrete mixtures through mechanical and 

microscopical analysis 

Diego J. De Souza1, Leandro F. M. Sanchez1 

1Department of Civil Engineering, University of Ottawa, Ottawa, Canada. 

 

Abstract 

Concrete is one of the most used construction materials worldwide, yet it is constantly vulnerable to 

cracking formation, keeping the need for maintenance, repair, and rehabilitation considerably high. In 

this regard, cementing materials that can autogenously counter the effects of cracking by self-healing 

became a topic of significant interest in civil engineering. Thus, this research aims to understand the 

efficiency of autogenous and autonomous self-healing in concrete specimens through mechanical and 

microscopical analysis. To achieve this goal, a commercially available crystalline admixture (CA), 

different types of supplementary cementing materials, and chemically modified versions of CA were 

combined with Portland cement to proportioned distinct concrete mixtures. In which were pre-loaded 

and damaged at 28 and 180, the specimens were then evaluated over 90 days of curing through non-

destructive (i.e., bulk electrical resistivity and ultrasonic pulse velocity), porosity, microscopic (i.e., 

Damage Rating Index and Scanning Electron Microscopy), mechanical (i.e., Stiffness Damage Test, 

modulus of elasticity, compressive strength), and micro-indentation analyses. The results indicate that 

SCMs significantly enhanced the natural healing of concrete. Yet, mixtures to which CA was added 

demonstrated the highest healing ratios, indicating promising recovery of the mechanical properties. 

Keywords: Crystalline Admixtures, Self-Healing, Supplementary Cementing Materials 
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6.1 Introduction  

Concrete is the most common construction material used in critical infrastructure worldwide. The 

lifespan of reinforced concrete structures varies according to the structure type and purpose, yet 50 to 

70 years are often targeted according to distinct standards [1]. When properly fabricated, placed and 

cured, concrete can be durable under most natural and industrial environments. However, while 

predictable and partially avoidable, cracks will inevitably exist in concrete [2ï4]. Furthermore, in more 

critical and advanced phases, they can work as easy paths for the ingress of harmful substances, 

potentially affecting the durability of reinforced concrete, decreasing its mechanical properties and 

service life [5ï8]. This scenario indicates the need to rehabilitate aging concrete infrastructure 

displaying visible deterioration signs (i.e., crack networks). 

The costs related to human intervention in critical infrastructure have already become a significant field 

of interest [9,10]. Nevertheless, the implementation of continuous inspections and maintenance 

protocols is quite complex, especially in the case of large concrete structures, where considerable 

amounts of labour and funds are often required. To illustrate this situation, the U.S. Department of 

Transportation reports that a budget between $78 billion to $112 billion is estimated to address all 

structural and functional bridgesô deficiencies in the United States [11]. Therefore, preventive measures 

to preserve and improve the service life without onerous labour and capital requirements are highly 

desirable. In this regard, the development and use of cementing materials to autogenously counteract 

the effects of cracking, the so-called self-healing (SH) products, became a topic of significant interest 

in civil engineering and concrete technology [12ï15].  

Several studies have been conducted to understand the global self-healing of cement-based materials 

[16ï18] in the past decade. It is somewhat known that concrete can naturally/autogenously self-heal 

cracks. However, although promising results can be observed when concrete is designed with high 

cement content, lower water to cement ratios and/or with supplementary cementing materials (SCMs) 

[19ï21], autogenous healing has quite limited capacity on conventional concrete. Therefore, 

artificial/autonomous triggering healing agents, such as microencapsulated bacteria (MB) [22ï25] or 

crystalline admixtures (CA) [13,26ï29], have been introduced recently. Besides past studies have 

shown that MB and CA enhance the recovering of mechanical and durability properties of damaged 

concrete, the ACI committee [30] has reported that CAs are more reliable since these admixtures are 
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hydrophilic by nature, increasing the density of the calcium silicate hydrate (CSH), and generating 

pore-blocking deposits resisting to water penetration.  

It has been demonstrated that CA-concrete can significantly decrease the water penetration depth [31], 

enhance the resistance to chloride penetration [27,29,32] and almost fully recover mechanical 

properties [20,33,34]. Furthermore, when exposed to high humid conditions or soaked in water-based 

solutions [13,34,35]; moreover, combining CA with SCMs can reach even more beneficial results 

[20,32,36]. Yet, most past studies have focused on using high binder contents (å 500 kg/m3 or higher), 

low water to binder ratios (å 0.20 ï 0.35), fibre-reinforced concrete, or focused on evaluating Portland 

cement mortars or paste. Hence, to the best knowledge of the authors, there is currently a lack of 

literature attesting the efficiency of conventional concrete combined with a) commercial CAs, b) 

chemically modified CAôs, and c) commercial CAôs combined with distinct SCMs, to recover the 

materialôs microstructure quality and engineering properties, which makes room for further 

developments in this area.   

6.2 Background 

6.2.1 Self-Healing approach in concrete 

6.2.1.1 Autogenous healing 

Autogenous crack healing in cementitious materials is a natural process that has already been studied 

[19,37ï40]. The phenomenon takes place through four different main processes: a) formation of 

calcium carbonate (CaCO3) in concrete; b) continuous hydration of binder grains upon moisture 

uptake; c) swelling of cement paste; d) sedimentation of solid particles within cracks [27,31,41]. The 

first two are the most common autogenous healing processes; however, their efficiency significantly 

changes over time. At earlier ages of the concrete, continued hydration is the dominant mechanism due 

to the high content of unhydrated cement particles. Yet, calcium carbonate becomes the primary 

mechanism at later ages and more prolonged environmental exposure [31,42ï44]. Moreover, besides 

being a natural process not easily controlled, autogenous healing properties can be enhanced. It has 

been demonstrated that pre-damaged concrete can recover, on average, 60% of its mechanical 

properties (i.e.., compressive strength, flexural strength and stiffness) [40,45ï47]. Likewise, 

significantly decrease concrete permeability and reduce chloride diffusivity [27,29,32], only by 
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lowering the water-to-binder (w/b) ratio and/or increasing the binder content. Yet, the later measure 

may raise the cost and carbon footprint of the concrete.   

Recently, to achieve greener concrete mixtures and further improve autogenous healing properties, 

several researchers [19ï21,40] reported that the use of supplementary cementing materials (SCMs), 

partially replacing Portland cement (PC), is crucial. While the slower rate of hydration of blast furnace 

slag and fly ashes grains may slow early age processes of microstructure and strength developments, 

their capability to enhance self-healing is significantly higher than Portland cement [21]. It has been 

demonstrated that concrete made of a high volume of fly ash (i.e., 30% to 60% of PCôs replacement) 

can recover 70% of the strength loss while reducing about 75% chloride diffusion after pre-cracking 

[19,48ï51]. Moreover, combining two different techniques (e.g., selective dissolution and XRD-

Rietveld analysis), Termkhajornkit et al. [50] calculated the total amount of C-S-H gel produced after 

28 days of curing. The results show that replacing 50% of PC by fly ash class F had 560% more C-S-H 

between 28 days and 364 days; this indicates later healing enhancement. Likewise, concrete made of 

blast furnace slag was found to heal 70% of cracks with widths until 200 µm and recover up to 80% of 

its compressive strength loss [21,36]. On the other hand, high volumes of SCMs may reduce the calcite 

precipitation process of healing [21,41,51] due to the lower calcium carbonate formed in SCM-made 

concrete [21]. Overall, when the continued hydration is the primary healing mechanism, SCMs play an 

important role in the process; however, it is limited to self-seal cracks with width up to 250 µm, on 

average.  

6.2.1.2 Autonomous healing by using crystalline admixtures (CA) 

Autonomous or engineered healing can be further divided into ñpassiveò or ñactiveò modes. Activating 

the healing process by human intervention is considered an ñactiveò mode, while the process without 

such an intervention is defined as ñpassiveò [35]. One of the smartest materials used for self-healing 

applications in concrete is the so-called crystalline admixtures (CA); these are permeability-reducing 

admixtures with a hydrophilic nature that easily react with water and can effectively serve as well self-

healing engineered admixtures [30]. Moreover, the chemical reaction between CA, PC and water forms 

water-insoluble cracking deposits, increasing the density of calcium silicate hydrate (C-S-H), resulting 

in a more impermeable and resistant system against aggressive substances [12,13,20,26ï

29,34,35,52,53]. Furthermore, the reaction can also undergo a delayed activation whenever the material 



73 

 

comes into contact with water and/or environmental moisture, which enhances the healing process at 

later ages [33]. 

In early 2010ôs, one of the pioneering research on the use of CA, Sisomphon and co-workers [26] 

demonstrated that adding 1.5% and 4% (by PC mass) of CA in cement paste mixtures, cracks with 

widths ranging from 250 to 400 µm were closed entirely. Moreover, the healed paste specimens were 

demonstrated to be impermeable after 28 days of pre-induced cracking, and calcium carbonate was the 

primary product found in the sealed cracks. Likewise, studies suggest that CA-concrete can achieve 

healing ratios of 0.98, for cracks up to 400 µm, after 42 days of curing [35]; complete sealing of cracks 

thinner than 300 µm [27]; 95% of strength regaining capacity [34]; and 50% lower water penetration, 

30% lower chloride diffusivity and healing ratios close to 1.0 [31]. Moreover, it has been recently 

demonstrated that the combination of CA and SCMs (e.g., Blast Furnace Slag [36], fly ash 

[12,20,35,54] and silica fume [32]) could even reach higher values of self-healing ratios. Yet, overall, 

their efficiency lies between 90% to 105% depending on the exposure conditions [20]. It is worth 

mentioning that there is a relative agreement in the literature that cementitious materials soaked in 

water solutions tend to achieved higher self-healing ratios and faster healing rates, followed by 

wetting/drying cycles, water contact and air exposure conditions, respectively [14,19,20,27,31ï33,35].  

Different technics and methodologies have been proposed to better understand the autonomous healing 

and mechanical recovery, such as, water permeability test [13,28,35,54], gas permeability [55], 

Flexural strength recovery [15,28,33], splitting tensile strength [12], compressive strength [12,33], 

ultrasonic pulse velocity [16,17,19,33], electrical resistivity [17,31,32] and rapid chloride diffusivity 

[19,31,51]. Among them, permeability tests, electrical resistivity, and rapid chloride diffusivity as 

durability parameters revealed the most promising results. However, the load and damage recovery 

(calculated from flexural stiffness values) indicate suitable trends to evaluate self-healing efficiency 

[33]. Finally, it can be addressed that measuring the self-healing efficiency of concrete is not 

standardized. There are still some lacks in the literature, such as adequate procedures to measure the 

rate of self-healing, influence on the length of the crack, reports attesting the dynamic of crack healing 

versus concrete age, and quantitative data of the mechanical properties of the deposited material within 

the crack. Moreover, enriching the importance of using different tools and techniques to understand the 

mechanical response of self-healed conventional concrete mixtures. 
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6.2.2 Tools for damage assessment 

6.2.2.1 Stiffness Damage Test (SDT) 

The SDT was first developed by Walsh (1965) for assessing rock specimens [56], who detected an 

interesting correlation between the inner crack density and the cycles of loading/unloading (stress/strain 

relationship) of rock specimens. Afterwards, the method was modified and adapted to quantify the 

distress degree of concrete a ected by alkali-silica reaction (ASR). It initially consisted of applying 

five compression cycles (loading/unloading) using a fixed stress level of 5,5MPa [57,58]. Later, 

Smaoui et al. [59] increased the fixed stress level to 10MPa to improve the diagnostic character of the 

procedure. Finally, Sanchez et al. [60ï62] continued the works from [59] and performed 

comprehensive research (i.e., using a wide variety of concrete strengths and reactive aggregate types) 

on the use of SDT for assessing damage in concrete affected by ASR and also by other internal 

swelling reactions (ISR). Details on the procedure developments and specific/practical considerations 

on its application as a diagnostic tool can be found in [60ï62]. Briefly, after careful evaluation of the 

test outcomes, it has been verified that the SDT needs to be performed at 40% of the materialôs 

compressive strength. Moreover, the method was found quite promising for appraising AAR (and ISR) 

damage in concrete, especially when indices are used as the test outcomes, namely Stiffness Damage 

Index (SDI) and Plastic Deformation Index (PDI), which represent respectively the ratio of dissipated 

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

the system (Figure 2.2). Finally, following the works by Chrisp and co-workers [57], it was confirmed 

that the Non-Linearity Index (NLI; Sec 1/Sec 2 in the first cycle and the average Sec1/Sec2 value of the 

last four cycles ï Figure 2.2) was also an interesting outcome to be considered, especially while 

studying inner cracks orientation. 



75 

 

 

a) 

 

b) 

Figure 6.1: a) Test setup for stiffness damage test; and b) Calculation of the stiffness damage 

index (SDI) and Plastic Deformation (PDI) [63]. 

6.2.2.2 Damage Rating Index (DRI) 

The DRI is a petrographic analysis performed with the use of a stereomicroscope (15ï16× 

magniýcation) where damage features generally associated with ASR or ISR are counted through a 1 

cm2 grid (i.e., 10 × 10 mm units) drawn on the surface of polished concrete sections [64]. The number 

of counts corresponding to each type of petrographic feature is then multiplied by weighting factors, 

whose purpose is to balance their relative importance towards the mechanism of distress under 

consideration, for instance, ASR [64]. The factors used in the method were selected logically but 

relatively arbitrarily; they were recently modiýed to reduce the variability between the petrographers 

performing the test [65]. Ideally, a surface of at least 200 cm2 should be used for DRI analysis, and it 

may be more significant in the case of mass concrete incorporating larger aggregate particles. However, 

the ýnal DRI value is normalized to a 100 cm2 area [66]. The goal of DRI is to appraise the damage 

degree or extent of affected concrete, complementing conventional petrographic analysis whose main 

purpose is to detect the cause of the deterioration. Furthermore, presenting a direct correlation with 

expansion level, a damage scale to distinguish low, moderate, and high damage levels caused by ASR 

were proposed by Sanchez et al. [60,64]. Yet, similar results were presented by [67,68] with concreted 

cores extracted from ASR-affected structures.  
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6.3 Scope of the work 

As previously stated, there is currently a need for a thorough, quantitative, and systematic study on the 

impact of autogenous and autonomous healing processes on conventional concrete. This work presents 

the results of a multi-level evaluation comparing mechanical and microscopical properties recovery of 

early (28 days) and later (180 days) deterioration in conventional concrete. Portland cement Type 1 in 

combination with a commercially available crystalline admixture (CA), different types of 

supplementary cementing materials (i.e., fly ash and silica fume), and chemically modified versions of 

CA (as described in section 4) were used to fabricate concrete specimens. The specimens were stored 

in a moist-curing chamber (i.e., 20  and 100% RH) for 28 and 180 days. The 28 and 180-days 

compressive strengths were gathered and assumed as the average ultimate capacity of the different 

concrete mixtures. Then, all the remaining samples were pre-loaded until 90% of their ultimate 

compressive strength capacity and stored back in 20  and 100% RH for 90 days. At selected periods 

(i.e., 0, 30, and 90 days), non-destructive (i.e., bulk electrical resistivity and ultrasonic pulse velocity), 

microscopic (i.e., Damage Rating Index), mechanical (i.e., Stiffness Damage Test, modulus of 

elasticity, compressive strength), micro-indentation, and porosity analyses were conducted on the 

specimens to evaluate the evolution of deterioration caused by the pre-loading process over time and 

thus to appraise the self-healing capacity of the distinct mixtures. 

6.4 Experimental program 

6.4.1 Materials and mix proportioning  

A conventional Portland cement (GU type, equivalent to ASTM C150 Type I [69]) and two distinct 

supplementary cementing materials (i.e. SCMs; fly ash class F - FA and silica fume - SF) were 

combined with either a commercially available hydrophilic permeability reducer admixture (or 

Crystalline Admixture ï CA) or two chemically modified versions of the CA with the use of 

metakaolin (MK) and magnesium sulphate (MS). The chemical and physical properties of the selected 

binder materials are provided in Table 6.1. The particle size distribution (PSD) of the PC, SCMs and 

CA were obtained through laser diffraction spectroscopy (Figure 6.2). CA displays a coarser PSD (D50 

of 56 mm) around 3.7 times rougher than PC (D50 of 15 mm). Moreover, silica fume revealed the 

lowest D50 among all fine materials (i.e., D50 of 7 mm), while metakaolin presented a similar PSD to 
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PC, yet slightly lower (i.e., D50 of 14 mm). Otherwise, fly ash particles were, on average, twice coarser 

than PC (D50 of 31 mm).  

Table 6.1: Chemical properties of the Binder materials. 
  PC FA SF MK MS 

SiO2 (%) 20.10 56.31 92.86 52.48 0.12 

Al 2O3 (%) 5.03 23.27 0.05 44.35 0.19 

CaO (%) 61.93 10.29 0.62 0.12 1.92 

Fe2O3 (%) 3.80 3.57 0.12 0.61 0.09 

SO3 (%) 3.38 0.19 0.07 0.04 64.46 

MgO (%) 2.42 1.07 0.19 0.08 32.51 

Na2Oeq (%) 0.91 3.17 0.52 0.38 0.21 

C3S (%) 43.24 - - - - 

C2S (%) 25.02 - - - - 

C3A (%) 6.90 - - - - 

C4AF (%) 11.56 - - - - 

Specific Gravity 3.12 2.01 2.20 2.29 2.61 

Lost on Ignition (%) 2.91 0.98 5.05 0.69 1.02 

 

Figure 6.2: Particle size distribution (PSD) of the GU Portland cement, silica fume, fly ash class 

F, metakaolin and crystalline admixture. 

6.4.2 Mixture proportions, curing, sample preparation and exposure conditions 

A total of seven hundred and sixty-eight concrete cylinders (ninety-six samples per each of the eight 

mixtures), 100 by 200 mm in size, were investigated in this study. Table 6.2 summarizes the concrete 

mix designs employed in this work. It may be noticed that the volume of binder materials, fine and 

coarse aggregates were kept constants for all mixtures; likewise, the water-to-binder ratio (w/b) of all 

mixtures was fixed at 0.45, and the CA and its modified versions were added to the mixes. The amount 

of CA (and its modified versions, i.e., CA2- CA + MK and CA3 - CA + coarse MK + MS) was selected 

as per the manufacturerôs recommendation, following the conventional amounts typically used in field 

applications. A coarse limestone aggregate ranging from 5 to 20 mm in size, the specific gravity of 2.79 
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and fine natural aggregate with fineness modulus and specific gravity of 2.79 and 2.67, respectively, 

were selected for this research.  

Table 6.2: Concrete mix proportions. 

Mixture  

w/b = 0.45 
Aggregates 

(kg/m3) 

Admixturesa) 

(kg/m3) 
SCMs (kg/m3) 

Water 

(kg/m3) 

Cement 

(kg/m3) 
Fine Coarse CA1 MK  MS FA SF 

Control 189 420 788 1010 - - - - - 

FA 177 275 788 1010 - - - 118 - 

SF 186 372 788 1010 - - - - 41 

CA1 189 420 788 1010 8 - - - - 

CA-FA 177 275 788 1010 8 - - 118 - 

CA-SF 186 372 788 1010 8 - - - 41 

CA2 189 420 788 1010 6.4 1.6 - - - 

CA3 189 420 788 1010 6.4 0.8b) 0.8 - - 
a) MK and MS were considered as part of the chemical admixture once they were used to chemically 

modify the CA. 
b) For CA3, the metakaolin was sieved and only the fraction above 40 µm was used. 

Twenty-four hours after casting, the samples were demoulded, separated into two initial curing groups, 

and placed in a moist curing room at 20  and 100% RH, where they were left curing for two different 

periods (i.e., 28 days and 180 days), as illustrated in Figure 6.3. The goal of splitting the total amount 

of specimens into two groups was to evaluate the self-healing ability of the concrete mixtures at early 

and later ages. Therefore, after the first initial curing periods (i.e., 28 days and 180 days), the 

compressive strength of each concrete mixture was determined.  Next, the specimens were divided into 

four groups of pre-loading levels per mixture (i.e., 0%, 40%, 70% and 90% of their corresponding 

compressive strength). It is worth mentioning that the loading rate for the pre-loaded samples was the 

same as used for the compressive strength test (i.e., 0.25 + 0.05 MPa/s) [70]. 

Furthermore, after reaching the pre-determined load, the latter was kept constant for three minutes for 

better damage development in the samples, then released at the same rate of 0.25 + 0.05 MPa/s. 

Afterwards, the specimens were placed back in the moist curing room at 20  and 100% RH until 3 (to 

partially recover the pre-load deformations), 30 and 90 days of the second curing period (self-healing 

time). Moreover, the specimens were placed in sealed bucked to minimize further carbonation of the 

samples, even within the controlled chamber. Hereafter, to identify the different initial curing periods 

and second curing periods in the text, the specimens will be named as, for instance, 28+3, 28+30, 

28+90, 180+3, 180+30 and 180+90 days, which 28 and 180 days are the initial curing and 3, 30, and 90 
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are the periods of second curing after pre-loading. Finally, to perform each test selected, the samples 

were prepared according to the test procedure explained in the following section. 

 

Figure 6.3: Illustration of the overall experimental program developed to multi-level assess the 

self-healed specimens' physical and mechanical properties recovery. 

6.4.3 Testing methods 

6.4.3.1 Non-destructive tests methods (NDTs) 

Two different non-destructive test methods, ultrasonic pulse velocity (UPV) and bulk electrical 

resistivity (BER) were selected for this study to assess the inner ñqualityò of the sound and damaged 

concrete. Both NDTsô measurements were performed on six 100 by 200 mm cylinders per group of 

mixtures at the ages of 1, 3, 7, 14, 28, 90 and 180 days; then, in three samples for each of the period 

evaluated, 28+3, 28+30, 28+90, 180+3, 180+30 and 180+90 days and each pre-load level (i.e., 0%, 

40%, 70% and 90%). All cylinders were removed one by one from the moist curing room and tested at 

the saturated surface dry condition at 20 Ñ 3 C. 

A commercially available two-probe BER meter was employed in this study, and the test was 

performed following the ASTM C1876 [71]. An alternating current was applied at a fixed frequency of 

1 kHz through the concrete specimen. It is worth mentioning that to ensure a proper electrical 

connection between the two circular stainless-steel plates electrodes and the concrete samples, two 

moist sponges were added at the interface concrete-electrodes. The UPV was obtained using direct 

transmission according to ASTM C597 [72], and the equipment used was the portable ultrasonic non-

destructive digital indicating tester (PUNDIT). A viscoelastic gel was applied between both transducers 

and the specimen to achieve a good connection; a frequency of 54 kHz was fixed.  
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6.4.3.2 Porosity 

The porosity of the concrete samples was evaluated according to the Archimedes immersion method at 

each of the six periods (i.e., 28+3, 28+30, 28+90, 180+3, 180+30, and 180+90 days). First, the concrete 

cylinders selected for the porosity test were cut in half longitudinally using a diamond-bladed masonry 

saw. One-half of the specimens were then separated for the DRI test as per the description presented in 

4.1.3.5. The remaining half of the samples were next cut back (perpendicularly to the first cut) into 

three similar slices (i.e., about 40 mm high). Afterwards, the sliced samples were dried at 60  for ten 

days and weighed to obtain their dry mass (MD). Next, the samples were fully immersed in water under 

the constant pressure of 28-30Hg for twenty-four hours and then wiped to remove their surface 

moisture and weighted in a high precision scale to record their wet mass (MSSD). Finally, on a 

hydrostatic scale, the submerged mass (Ms) was recorded. Thus, the apparent porosity can be 

calculated through the following Equation 6.1. 

AP =  

 

                                                      

Equation 6.1 

6.4.3.3 Stiffness Damage Test (SDT) 

Concrete specimens were subjected to five cycles of loading/unloading at a controlled loading rate of 

0.10 MPa/s. The SDT procedure was performed as per Sanchez et al. [61,62,73], i.e., using a loading 

level corresponding to 40% of the non-damaged 28-day compressive strength. The results presented in 

this work (i.e., stiffness damage index and modulus of elasticity) average three concrete specimens 

from the same mix at a given age. 

6.4.3.4 Compressive Strength (CS) 

At 28 and 180 days after casting, three specimens from each mixture were selected, and the 

compressive strength was conducted according to ASTM C39 [70] with two different and specific 

goals. First, to obtain the ultimate capacity of the mixtures designed and to determine the maximum 

load per pre-load level selected (0%, 40%, 70% and 90%). Second, the compressive strength 

measurements were performed on three cylinders used for stiffness damage testing after 3, 30 and 90 

days from the pre-load application, intending to verify the compressive strength loss/recovery of the 
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material as a function of the pre-load damage and self-healing activity. The procedure of testing CS 

after SDT was adopted and considered valid after Sanchez et al. [60,74] confirmed the non-destructive 

character of the SDT. 

6.4.3.5 Damage Rate Index (DRI) 

The DRI was conducted as per [60,74] on one specimen from each concrete mixture at the 6 time 

periods (28+3, 28+30, 28+90, 180+3, 180+30 and 180+90 days). The remaining half of the samples 

from the porosity test were polished with grits of 30, 60, 140, 280(80ï100 µm), 600 (20ï40 µm), 1200 

(10ï20 µm) and 3000 (4ï8µm) and 1cm2 grids were drawn on the surface of the polished sections. 

Then a stereomicroscope (16Ĭ magniýcation) was used to perform the test. The DRI final number 

presented hereafter is the normalized 100 cm2 value.  

6.5 Results 

6.5.1 Non-Destructive tests 

In this section, the results of bulk electrical resistivity (BER) and ultrasonic pulse velocity (UPV) 

developments over-time are presented for all mixtures manufactured in the laboratory with different 

binder compositions (i.e., PC, FA, and SF) and using different crystalline admixtures (i.e., CA and the 

modified versions CA2 and CA3). Figure 6.4 displays the results of BER obtained over 180 days of 

curing without any pre-load (Figure 6.4a), while Figure 6.4b), c) and d) illustrate the BER variation of 

the different mixtures over 90 days of healing after pre-load levels of 40%, 70% and 90%, respectively.  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.4: Bulk Electrical Resistivity: a) BER of the specimens over 180 days without any pre-

load applied; BER evolution of specimen pre-loaded at 28 and 180 days with b) 40% of the total 

load; c) 70% of the total load; d) 90% of the total load. 

Evaluating the data, one observes that replacing the PC with any SCMs or adding the CAs decreases 

the conductivity of the specimens, increasing the ER (Figure 6.4a). Moreover, samples made of silica 

fume with (CA-SF) or without CA (SF) and CA-FA showed the highest values (i.e., 55, 50 and 49 

kÝĀcm at 180 days of curing, respectively). Among all groups of samples, FA demonstrated the higher 

BER enhancement between 28 and 180 days of curing, from 18.2 to 34.8 kÝĀcm (improvement of 

90.7%), followed by CA and CA3. Thus, increasing the BER by 43.4% and 28.7% between 28 and 180 

days of curing.  

Overall, the higher the pre-load (PL) level, the higher the BER loss, either at 28 or 180 days of curing. 

Yet, pre-loading the specimens at 40% of their corresponding CS (Figure 6.4b) did not significantly 

change the BER. Moreover, the BER variations along the 90 days of healing time (HT) were relatively 
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ñstableò for most mixtures. On the other hand, both pre-load levels of 70% and 90% have averagely 

decreased BER; besides, the period from 3 to 90 days displays a significant recovery on BER (Figure 

6.4c and d) either for PL at 28 or 180 days. The latter is directly affected by the different binder 

compositions used. Globally, FA mixtures enhanced early and later BER recovery, while concrete 

made of SF yielded lower recovery than the control mixture. Likewise, the addition of CA, either the 

commercial formula or modified versions, significantly enhanced BER recovery over the 90 days of 

healing time, either after pre-loading the specimen at 28 days or 180 days. Finally, the behaviour of the 

different mixes tested through UPV was quite similar to those measured by BER (Figure 6.5a, b, c and 

d). 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.5: Ultrasonic Pulse Velocity: a) UPV of the specimens over 180 days without any pre-

load applied; UPV evolution of specimen pre-loaded at 28 and 180 days with b) 40% of the total 

load; c) 70% of the total load; and d) 90% of the total load. 
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6.5.2 Porosity  

Figure 6.6 provides the porosity results measured over 28, 28+30, 28+90, 180, 180+30 and 180+90 

days of curing without any pre-load (Figure 6.6a), while Figure 6.6b), c) and d) presents the BER 

variation of the different mixtures over 90 days of self-healing time after pre-load levels of 40%, 70% 

and 90%, respectively. Overall, all specimens with no induced damage (Figure 6.6a) displayed a close 

range of porosity (between 5.1% and 7.3%) over the 180+90 days of curing; moreover, the values of 

each mixture slightly changed over time. The only exception was the FA mixture, which shows a 

porosity of 7.3% at 28 days, and a decrease to an average of 5.7% at the end of the evaluated period. 

The highest average porosity values measured were 6.9% and 6.7%, respectively, for the control and 

SF mixtures. On the other hand, the combination of crystalline admixtures and SCMs showed the 

lowest porosity average values (i.e., 5.5% and 5.8% for CA-FA and CA-SF, respectively). It is worth 

mentioning that applying a pre-load of 40% at 28 and 180 days did not change the trends observed for 

PL of 0%; yet, the range of variation for the porosity results was between 5.3% and 7.0% (Figure 6.6b), 

slightly lower than PL of 0% (Figure 6.6a).  

Increasing the pre-load level changed the porosity; the higher the PL, the higher the average porosity. 

In general, PL of 70% increased 28.1% and 36% at 28+3 and 180+3 days, while PL of 90% reached 

53.1% and 61.5% higher average values than PL of 0%. Despite that, the self-healing period of 90 days 

significantly changes the porosity of the concrete specimens at early and later ages. Overall, FA 

mixtures displayed the highest porosity enhancement over the curing period, while SF, the lowest. 

However, combining SF with CA significantly improved the healing behaviour (i.e., 42% and 233% for 

PL of 70% and 90% at 28 days; 450% and 94% for PL of 70% and 90% at 180 days). The combination 

of CA and FA also presented similar trends.  The modified versions of the crystalline admixture (i.e., 

CA2 and CA3) improved in about 26% the self-healing when compared with CA, the only exception 

was seen for PL of 90% applied at 180 days, in which CA displays the highest recovery of porosity 

(i.e., 12.1% to 8.0%).  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.6: Porosity evolution of specimen pre-loaded at 28 and 180 days with a) 0% of the total 

load; b) 40% of the total load; c) 70% of the total load; and d) 90% of the total load. 

6.5.3 Mechanical Properties  

6.5.3.1 Stiffness Damage Index (SDI)  

Figure 6.7 displays the results of SDI obtained without any pre-load (Figure 6.7a), while Figure 6.7b), 

c) and d) presents the SDI of the different mixtures over 90 days of healing after pre-load levels of 

40%, 70% and 90%, respectively. Overall, the SDI values gathered for sound concrete were somewhat 

similar among the different concrete mixtures, ranging from 0.07 (CA3 at 180+90) to 0.12 (CA, CA-

FA, CA3 at 28+30). Moreover, applying 40% of the total strength (Figure 6.7b) did not significantly 

change SDI values in both 28 and 180 days of initial curing. Besides, the trend observed during the 90 

days of HT was quite horizontally linear on average with just a few exceptions (i.e., CA at 28+3 and 

control at 28+3 and 180+3). Otherwise, both pre-load levels of 70% and 90% have averagely increased 
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energy dissipation during the tests, increasing SDI (Figure 6.7c and d). After 90 days of HT, the 

samples containing CA dropped SDI values in 0.04, on average, whereas control, FA, and SF, 

presented a drop of 0.01 in SDI values; furthermore, similar trends were also displayed by the 

specimens pre-loaded at 90% of the total strength. Finally, modifying the chemical composition of the 

CA did not significantly impact on the SDI results. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.7: Stiffness damage index (SDI) of the pre-loaded samples at 28 and 180 days with a) 

0% of the total load; b) 40% of the total load; c) 70% of the total load; and d) 90% of the total 

load. 

6.5.3.2 Modulus of Elasticity (ME) 

The modulus of elasticity (ME) of the mixtures can be seen in Figure 6.8a, while the average variation 

ratios are displayed in Figure 6.8b, c, and d) for pre-load levels of 40%, 70% and 90% of the total 

strength of the concrete mixtures, respectively. The eight different concrete mixtures displayed close 

ME over the curing period with PL of 0% (Figure 6.8a). The average ME ranged from 28.5 GPa to 32.4 

GPa. Moreover, pre-loading the specimens with 40% of the total strength slightly decreased the 
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average ratio of ME in -0.01 and -0.02 when applied at 28 and 180 days, respectively (Figure 6.8b). 

Yet, there is no significant variation of ME considering the healing time after applying PL of 40%. On 

the other hand, increasing the pre-load level, the ME significantly changed just after pre-loading and 

over the self-healing period.  

a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.8: Modulus of Elasticity of the pre-loaded samples at 28 and 180 days with a) 0% of the 

total load; b) 40% of the total load; c) 70% of the total load; and d) 90% of the total load. 

In general, the average drop measured in ME for PL of 70% was -0.23 at 28+3 days and -0.25 at 180+3 

days (Figure 6.8c). Although the mixtures containing CA displayed the higher losses, they showed the 

most expressive recovery ratios (i.e., CA reached 0.22, variation from -0.29 to -0.08) and followed by 

CA2 (0.20), CA-FA (0.19), CA3 (0.18), CA-SF (0.16), FA (0.10), control (0.06) and SF (0.04). 

However, damaging the concrete specimens at higher age significantly impacted on the ME recovery 

results. The mixture CA specimens sustained a higher recovery ratio, yet 23% lower than the values 

obtained for early damage (i.e., variation ratio of 0.17, variation from -0.26 to -0.09), the same ratio 
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was also displayed by CA-FA, and followed by CA-SF (0.16), CA3 (0.14), CA2 (0.09), FA (0.06), 

control (0.04) and SF (0.03). Similar trends with higher losses can also be seen for PL of 90 (Figure 

6.8d). 

6.5.3.3 Compressive Strength (CS) 

Figure 6.9a displays the compressive strength results over the evaluated period without any pre-load 

and the variation of the different mixtures over 90 days of self-healing after pre-load levels of 40%, 

70% and 90% (Figure 6.9b, c, and d, respectively). The highest average CS obtained over the evaluated 

curing period were 55.8 MPa for CA-FA mixtures and 51.7 MPa for CA3 (Figure 6.9a). The Control 

specimens presented the lowest average (41.5 MPa), followed by SF (47.5 MPa), CA2 (47.7 MPa), CA 

(48.6 MPa), FA (50.8 MPa) and CA-SF (51.6 MPa). FA specimens displayed the highest variation 

between 28 days (34.9 MPa) and the last measurement at 180+90 (56.1 MPa), whereas CA-SF had the 

lowest. The application of a PL level of 40% (Figure 6.9b), in general, did not change the average CS. 

Yet, it is important to notice that the control specimens presented a slight increase in CS after applying 

the pre-load in both 28 and 180 days (average of 4.1% and 5.5%, respectively). On the other hand, CA-

FA displays a higher decrease in CS just after the application of PL. 

Increasing the pre-load levels to 70% and 90% significantly decreased CS averages; in addition, the 

periods from 3 to 90 days indicate significant recovery of CS (Figure 6.9c and d) whether for PL at 28 

or 180 days. Moreover, the recovery of CS is highlighted using SCMs and, especially, by adding 

crystalline admixtures (i.e., CA1, CA2 and CA3). The most expressive regaining CS measure over the 

90 days of HT was for CA-FA, which moved the average ratio loss from -0.17 to +0.02 (difference of 

0.19), representing a gain of 17.6 MPa. Yet, the combination of the crystalline admixture and silica 

fume also display an expressive recovery. Finally, it is worth mentioning that the lowest ratio of 

recovery measured after 90 days of HT was for SF specimens (i.e., 0.02 average ratio), followed by 

Control (0.05), FA (0.08), CA (0.09), CA2 (0.11) and CA3 (0.13). Similar trends were also seen for 

pre-load applied at 180 days of curing. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.9: Compressive strength of the pre-loaded samples at 28 and 180 days with a) 0% of the 

total load; b) 40% of the total load; c) 70% of the total load; and d) 90% of the total load. 

6.5.4 Microscopic Evaluation  

6.5.4.1 Damage Rating Index (DRI) 

Figure 6.10 provides the DRI numbers obtained from the specimens without any pre-load (Figure 

6.10a). In contrast, Figure 6.10b), c) and d) presents the SDI of the different mixtures over 90 days of 

healing after the pre-load levels of 40%, 70% and 90%, respectively. Although a constantly higher DRI 

number was observed for mixtures incorporating silica fume (i.e., an average of 148), the DRI number 

of the different mixtures were relatively constant along the curing period for samples without pre-

loading (Figure 6.10a) within the variation range of 10% of the method [60,74]. Moreover, most of the 

cracks were found in the crushed coarse aggregate, even for ñundamagedò concrete specimens. 

Samples displayed similar results with a PL of 40% (Figure 6.10b). 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 6.10: Damage Rating Index (DRI) number of the pre-loaded samples at 28 and 180 days 

with a) 0% of the total load; b) 40% of the total load; c) 70% of the total load; and d) 90% of the 

total load. 

Increasing the PL to 70% (Figure 6.10c), on the other hand, significantly changed the DRI average 

numbers; pre-loading the specimens at 28 days resulted in total DRI numbers of 254, 252, 244, 230, 

226, 223, 210 and 196 for CA2, FA, control, FA, CA3, CA-FA, CA-SF, CA and SF, respectively. 

However, it is worth noting that over the self-healing period, all mixtures had the DRI number 

considerably decreased, yielding values of 221 (control), 183 (FA), 196 (SF), 125 (CA), 191 (CA-FA), 

152 (CA-SF), 137 (CA2) and 118 (CA3). Furthermore, similar behaviour can also be seen for samples 

pre-loaded after 180 days of curing. For PL of 90% (Figure 6.10d), the specimens presented 50% more 

cracks than PL of 70%, on average; however, the recovery ranges were more expressive for PL of 90%. 

At 28 days, control, FA, SF, CA, CA-FA, CA-SF, CA2 and CA3 presented DRI of 389, 430, 365, 347, 
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421, 337, 350 and 376, which, after 90 days of HT curing, they decreased in 32%, 49%, 22%, 43%, 

42%, 38%, 62% and 63%, respectively. On the other hand, damaging the samples at 180 days, the 

recovery rate of the mixtures was significantly affected, especially for FA mixtures. For PL of 90% at 

180 days, control, FA, SF, CA, CA-FA, CA-SF, CA2 and CA3 presented recovery ranges of 15%, 

18%, 12%, 25%, 27%, 22%, 29% and 34%. 

6.6 Discussion 

6.6.1 Distress development in the pre-loaded specimens 

First, to evaluate the self-healing capacity, either natural or artificial, of the different concrete mixtures, 

it is imperative to understand the distress generation caused by the different pre-load levels on each one 

of them. Based on the results previously presented, it is clear that the higher the pre-load level (PL), the 

higher the ñdamageò in the concrete. One verifies that Sanchez et al. [75] defined the term ñdamageò as 

the harmful consequences of various types of deterioration mechanisms (i.e., loadings, creep, 

durability-related, etc.) on the mechanical properties, physical integrity and durability of concrete. It is 

worth noting that all concrete mixtures already presented a few measurable damage before the 

application of PL, mostly closed cracks within the aggregates, which could be generated over 

crushing/weathering processes, and very limited microcracking randomly spread through the cement 

paste. Likewise, pre-loading the concrete samples up to 40% of the compressive strength capacity 

seems not significantly to change the pattern displayed for PL of 0%; overall, physical, mechanical, and 

microscopic results obtained for PL of 0% and PL of 40% are pretty similar. 

Nevertheless, a very few cracks might be formed under PL of 40% due to differential stresses 

concentration at pre-existent microcracks, irregular air-entrapped pores, and the interfacial transition 

zone between the cement paste and aggregates. Furthermore, pre-existent opened cracks could be 

closed, and others may have their widths slightly widened after PL of 40%, depending on the position 

and angle of the cracks. This behaviour can be seen in Figure 6.11a and b, where the total DRI numbers 

are quite similar for PL of 0% and PL of 40% for all mixtures, yet the DRI features slightly changed 

between these two PLs.   
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a) 

 

b) 

 

Figure 6.11: Damage features and total DRI number of the pre-loaded concrete specimens: a) at 

28+3 days of initial curing and b) at 180+3 days of initial curing. 

Figure 6.11 also provides the microscopic damage features and DRI numbers obtained 3 days after 

applying the determined pre-loads (i.e., 0%, 40%, 70% and 90%) in the concrete specimens at 28 and 

180 days of initial curing. One may notice that the rise of the total DRI numbers is mainly related to the 

increase in cracks in the cement paste (CCP) as a function of the pre-loading level. Yet, for PL of 90%, 

a significant number of open cracks in aggregates (OCA) are verified for SF, CA-FA, and CA-SF 

mixtures at 28-3 days and FA, SF and CA-FA mixtures at 180-3 days. Overall, for PL of 70% the 

average of CCP were 123 (6.8 times higher than CCP for PL of 0%) at 28+3 and 112 at 180+3 (5.1 

times higher than CCP for PL of 0% in the same age), while for PL of 90% the averages were equal to 

249 and 184 (13.8 and 8.4 times higher than PL of 0% at the same ages, 28+3 and 180+3, respectively). 
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Based on the analysis of the DRI numbers illustrated in Figure 6.11 and their qualitative description, 

the following damage model (Figure 6.12) of the overall distress development against the pre-loading 

level was applied. It is worth mentioning that the PL levels in the presented model are only indicative 

values. Moreover, the descriptions are based on a ñmacroscaleò evaluation made under a 

stereomicroscope at a magnification of 15-16x.    

 

Figure 6.12: Qualitative damage development vs. pre-load level. 

As previously mentioned, at pre-load levels of 0% and 40%, a few measurable deteriorations were 

found in all different concrete mixtures specimens even without any induced damage (i.e., PL of 0%). 

Globally, the cracks are primarily within the aggregate particles and consist of sharp closed cracks 

resulting from aggregate processing or weathering. Figure 6.13a and b highlight two examples of pre-

existent cracks (indicated by the red arrows) within the crushed limestone coarse aggregate. Moreover, 

a few cracks can also be found in the cement paste; they are very thin, and although randomly spread in 

the specimen, they are often linked with the ITZ. This type of crack could result from different 

mechanisms, such as autogenous or drying shrinkage, plastic deformation, bleeding, settlement, etc. 

Furthermore, they would facilitate further cracks development or work as an easy path for cracksô 

propagation and network under higher pre-load levels (i.e., PL of 70% and 90%). Likewise, increasing 

the stress level in the specimens to 70% of the total strength, the pre-existing cracks start to become 

unstable and keep growing. Moreover, weaker regions such as irregular air-entrapped pores, ITZ 

(Figure 6.13c) and areas with higher stress concentration begin to develop cracks. At PL of 90%, the 

cracks keep growing, mainly through the cement paste, linking to each other and connecting different 

ITZs forming an important crack network (Figure 6.13d.   
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Figure 6.13: Cracking features found in the concrete mixtures 

One may notice that the binder composition of the different mixtures influences the damage developed 

in the specimens, especially for samples pre-loaded at 90%, likely because the mixtures displayed 

different compressive strengths (Figure 6.9a) even for the same w/b. For instance, at 28 days, the FA 

and control revealed the lowest CS values (35 MPa and 38 MPa, respectively) and CA-SF the highest 

(50.9 MPa). Likewise, at 180 days, the control mixture presented the lowest CS value (42.1 MPa), 

whereas CA-FA and FA yielded the highest (58.1 MPa and 54.6 MPa, respectively). Thus, globally, the 

highest the corresponding compressive strength of the concrete mixtures, the highest the amount of 

cracks formed within the aggregate particles after PL of 90%. 

Finally, the DRI features analysis revealed that concrete specimens with higher compressive strength 

exhibited more cracks within the coarse aggregates after PL of 90%. This interesting trend is displayed 

in Figure 6.14 and is instead explained by the mechanical properties of the crushed limestone coarse 

aggregate used in this study. In other words, the highest the corresponding compressive strength of the 

concrete mixtures, the highest the number of cracks formed within the aggregate particles after PL of 
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90%. Moreover, increasing the number of cracks within the aggregate, the higher the losses in ME. 

Likewise, the self-healing ability of each mixture is also affected by the type of agents (i.e., natural or 

artificial); hence cracks within the aggregate particles cannot be properly healed. 

 

Figure 6.14: Correlation between the number of cracks in aggregates (CCA + OCA) without 

weighting factors found in PL of 90% specimens vs. the compressive strength. 

6.6.2 Effect of natural healing on physical and mechanical properties recovery of 

concrete specimens   

Generally, the mixtures without CA displayed relatively satisfactory self-healing properties; the latter is 

directly affected by the different binder compositions used. It is important to notice that the w/b, the 

volume of paste, and fine and coarse aggregates were kept constant for all mixtures to compare similar 

systems. Moreover, the specimens were kept inside buckets with hermetic lids at 20 oC and 100% of 

R.H., which minimized the natural carbonation of the superficial layers of the concrete samples. 

However, the two main natural healing mechanisms accounted for in this study are the continued 

hydration and the formation of calcium carbonate.  

The replacement of PC either by fly ash or silica fume influenced the rate of development of the 

physical and mechanical properties of the concrete specimens. Through the non-destructive tests, it has 

been found that SF mixtures developed greater values of ER and UPV and compressive strength at 28 

days (i.e., 22% higher than control specimens). This behaviour suggests faster hydration kinetics of the 

SF mixtures. Moreover, this could indicate that fewer unhydrated PCôs particles will be available for 

autogenous healing after damaging the concrete specimens, which seems to be the case for SF concrete 

specimens. To ñquantifyò the healing performance, the average ratio of recovery (RR) was calculated 

as per Equation 6.2. The RR of SF concrete mixtures was 36% lower than control mixtures for samples 
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pre-loaded at 28 days as displayed in Figure 6.15; likewise, 8% lower for PL applied at 180 days. 

Moreover, the slight difference between RR at 28+90 days and 180+90 days presented by SF mixtures 

(0.03) indicates that the silica fume particles significantly affected the early self-healing. Furthermore, 

the DRI features observed for SF concrete specimens show a higher amount of CCA and OCA (Figure 

6.11), either for 28 or 180 days, which somewhat decreased the mechanical properties recovery rate 

once cracks in aggregates cannot be easily healed.  

 

Equation 6.2 

 

Figure 6.15: Ratio of recovery of control, FA, and SF mixtures for compressive strength (CS), 

modulus of elasticity (ME), stiffness damage index (SDI), apparent porosity (Por.), bulk electrical 

resistivity (ER) and ultrasonic pulse velocity (UPV) after 90 days of Self-Healing.  

Another good indicator of the lower ability of self-healing of the SF concrete mixture is the evaluation 

of the counts of cracks in the cement paste over the 90 days of the healing period. As a ñparallelò 

evaluation, the samples prepared and evaluated through DRI analysis at 28+3 and 180+3 (just after the 

application of PL of 90%) were further re-stored at 20 °C and 100% of R.H. for 90 days. The goal of 

this analysis was to evaluate and count the number of cracks healed over time. It is worth mentioning 

that the remaining DRI specimens had their polished surface protected with a plastic sheet before re-

storing in the moist curing room. The results of these observations are displayed in Figure 6.16 and 

Figure 6.17, which illustrate the cracks observed in the cement paste for each cm2 and without 

weighting factors. At 28+3 days, the SF specimen presented a total number of CCP of 116, the lowest 

amongst the control and FA mixtures; furthermore, the cracks were more spread in the polished surface 
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of the specimen. After 30 days of self-healing activity, 14.7% of the cracks were sealed, while after 90 

days, the number found was 23.3% lower than the initial. At 180+3 days, similar behaviour was 

observed for the SF mixture. 

 

Figure 6.16: Total number of cracks found in the cement paste through DRI analysis for control, 

FA, and SF specimens after applying 90% of the total strength applied at 28 days and cured for 

30 and 90 days for healing evaluation. 

 

Figure 6.17: Total number of cracks found in the cement paste through DRI analysis for control, 

FA, and SF specimens after applying 90% of the total strength applied at 180 days and cured for 

30 and 90 days for healing evaluation. 

The specimen made of fly ash displayed the best results of physical and mechanical properties recovery 

of the mixtures without any crystalline admixtures added. Once again, as in SF mixtures, the chemical 

and physical properties of the SCMs play an essential role in the self-healing ability of the specimens. 

Unlike what has been observed for the silica fume, FA presented coarser particles than PC as observed 

in its particle size distribution in Figure 6.2. Moreover, the evaluation of ER and UPV made at 1, 3, 7 

and 14 days for FA mixtures showed similar results to the control mixture; likewise, the CS was 8% 
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lower than control at 28 days, yet 30% higher at 180 days. The later gain of strength seen for FA 

mixtures likely explains the significantly higher recovery ratio displayed by the FA mixture in Figure 

6.15 (i.e., 43% and 36% higher than control at 28+90 and 180+90 days). Evaluating the DRI features, it 

was clear that at 28 days, FA specimens developed more cracks through the cement paste (Figure 6.16); 

moreover, it was found that FA concrete specimens were able to seal 52.6% after 90 of healing, for 

cracks formed at 28 days and 28.3% at 180+90 (Figure 6.17). However, it verifies that an important 

number of cracks within aggregates were noticed in the FA specimens pre-loaded at 180 days (Figure 

6.11), which may have somewhat helped decrease the later age mechanical properties recovery of the 

mixture.  

Finally, the control specimens displayed results in between those found for FA and SF mixtures, either 

RR (i.e., 0.32 at 28+90 days and 0.19 at 180+90 days) or amount of self-healed cracks (i.e., 38.3% for 

PL applied at 28 days and 17.0% for PL applied at 180 days). Moreover, it is worth mentioning that the 

second DRI analysis revealed that a few cracks were only partially healed, which decreased the overall 

self-healing performance of the control samples. Figure 6.18 displays two pictures taken before and 

after 90 days of healing and shows the evolution of the self-healing in the specimen. It is clear that the 

healing products filled the crack in the ITZ, yet in the yellow dashed area, it can be seen that the crack 

is still slightly opened.  

 

Figure 6.18: Self-healing evolution of a crack in the ITZ found in the control specimen: in the left 

a picture taken just after pre-loading the sample and in the right, the same sample after 90 days 

of curing. 

6.6.3 Effect of artificial healing on physical and mechanical properties recovery of 

concrete specimens 
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6.6.3.1 Efficiency of the crystalline admixture combined with supplementary 

cementing materials. 

The addition of CA in concrete significantly impacted the SH ability displayed by the concrete 

specimens. Only adding 1.91% of CA in binder mass resulted in faster development and better 

microstructure quality, as indicated by the ER and UPV results. Moreover, at 28 days, the compressive 

strength of the CA mixture was 15% higher than the control and at 180 days, 19% higher; furthermore, 

CA specimens displayed significantly higher recovery of physical and mechanical properties after 

being damaged. The RR for CA mixtures (Figure 6.19) were found as 0.67 and 0.61 for PL of 70% and 

90% at 28 and 180 days (average values). One may notice that CA specimens pre-loaded either at 70% 

or 90% at 28 days were able to recover 0.85 and 0.86 of CS after 90 days of curing; at 180 days, these 

numbers are smaller (0.74 and 0.53 for PL of 70% and PL of 90%, respectively).  

 

Figure 6.19: Ratio of recovery of CA, CA-FA, and CA-SF mixtures for compressive strength 

(CS), modulus of elasticity (ME), stiffness damage index (SDI), apparent porosity (Por.), bulk 

electrical resistivity (ER) and ultrasonic pulse velocity (UPV) after 90 days of Self-Healing. 

The differences obtained for PLs at 28 and 180 days could be explained by the fact that after applying 

PL of 90%, the number of cracks within the aggregate particles increased (Figure 6.11). Yet, this also 

may indicate that the CA mixture had its potential to self-heal decrease. Through the analysis of the 

number of cracks healed over time (Figure 6.20 and Figure 6.21), the CA mixture fully healed 82.1% 

of cracks in the cement paste after 90 days of self-healing curing. However, at 180 days, those numbers 

were 25% lower, which indicates that the overall self-healing ability has decreased, at least for the 

same curing period (i.e., 90 days). In general, there was a trend of cracksô development over the 

diagonals and a higher concentration of cracks surrounding the center of the polished concrete sections. 
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However, over the 90 days of curing at 100% R.H., the CA mixtures seem to have their self-healing 

ability enhanced in layers close to the external faces of the specimens, which were directly exposed to 

higher environment humidity (100%). 

 

Figure 6.20: Total number of cracks found in the cement paste through DRI analysis for CA, 

CA-FA, and CA-SF specimens after applying 90% of the total strength applied at 28 days and 

cured for 30 and 90 days for healing evaluation. 

 

Figure 6.21: Total number of cracks found in the cement paste through DRI analysis for CA, 

CA-FA, and CA-SF specimens after applying 90% of the total strength applied at 180 days and 

cured for 30 and 90 days for healing evaluation. 

Combining CA and FA (CA-FA) also resulted in substantial improvement of the self-healing 

properties. The results of ER, UPV and CS at 28 days indicate that CA accelerates the hydration rate of 

the mixture; comparing CA-FA with FA data, ER, UPV and CS were 158%, 6% and 36% higher for 

CA-FA. Furthermore, the latter displayed recovery ratios 43% and 112% higher than the FA mixture 

for pre-damaging at 28 and 180 days, respectively. One of the most impressive results obtained with 

CA-FA mixture was the recovery ratio of the compressive strength after PL of 70% (i.e., 1.10), 
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indicating that even after being damaged, the CS after 90 days of curing was even higher than the one 

obtained for PL of 0%. On the other hand, the CS recovery for PL of 90% specimens did not reach 

similar values (i.e., RR of 0.81); yet, higher than control mixtures. 

Additionally, the variation from 1.10 to 0.81 may be a consequence of the notable amount of cracks 

found within the aggregates (Figure 6.13). Evaluating the total amount of cracks healed in the cement 

paste (Figure 6.20 and Figure 6.21), CA-FA displayed a considerable concentration of cracks 

surrounding the center of the polished surface of the sample at 28+3, whereas a more spread pattern at 

180+3. Furthermore, after 30 and 90 days of curing, CA-FA could heal 59.1% and 77.2% of the CCP at 

28+30 and 28+90 days and 38.6% and 58.4% at 180+30 180+90 days. The overall coarser particle size 

distribution and slower pozzolanic kinetics of the fly ash extended the hydration period of the concrete, 

contributing to further self-healing as long as unhydrated fly ash and Ca(OH)2 keeps forming later C-S-

H. Moreover, besides the delayed activation of CA particles under contact with water and 

environmental moisture, the catalyst properties of crystalline material improved fly ash hydration over 

the global hydration of the CA-FA mixture and after delayed activation, once the concrete specimen 

was damaged. Thus, increasing the strength at 28 days and improved the self-healing ability of CA-FA 

once compared with FA and CA mixtures. 

CA-SF displayed the lowest recovery ratios among the mixtures containing the commercially available 

CA, yet higher than all values obtained for mixtures without CA. Besides, analyzing the efficiency to 

heal cracks through the DRI analysis,  in Figure 6.20 and Figure 6.21 can be seen that CA-SF were able 

to heal 58.4% of the cracks after 90 days of HT curing for PL at 28 days (2.51 times higher than SF) 

and 51.2% at 180+90 (2.02 times higher than SF). In other words, the lower volume of silica fume, 

lower particle size distribution and well-known faster pozzolanic kinetics than fly ash enhanced the 

early strength gain of the concrete. However, withholding the self-healing ability of both the SF and the 

CA-SF mixtures. These results highlight that either natural healing or the crystalline admixtures 

responses towards self-healing are pretty susceptible to the presence of unhydrated PCôs and SCMs 

particles. 

6.6.3.2 Efficiency of the chemically modified crystalline admixture. 

The modified versions of the crystalline admixture, either CA2 or CA3, significantly changed the 

overall self-healing behaviour of the mixtures. In general, both CA2 and CA3 mixtures reached similar 

mechanical properties (i.e., CS, ME, and SDI), close cracks in the cement paste and comparable crack 
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patterns after being damaged. However, the addition of reactive SiO2 and Al2O3 rich metakaolin 

particles in the crystalline admixture to produce the so-called mix CA2, were able to make concrete 

mixture able to increase the recovery ratios of specimens damaged at 28 days by 9% than the values 

obtained for CA concrete (Figure 6.22). Besides the mass of MK combined with CA only represents 

0.38% of the PC weight, the higher RR value could have been due to the contribution of the reactive 

SiO2 and Al 2O3 from MK. Conversely, the latter self-healing ability measured for specimens damaged 

at 180 days decreased compared to CA (i.e., RR of CA2 was 17% lower than CA). In this case, the MK 

grains may have fully reacted as a pozzolanic material; moreover, there is a decrease of 20% of the CA 

particles content, the ability of CA2 mixtures to recover physical and mechanical properties was 

affected.  

 

Figure 6.22: Ratio of recovery of CA, CA2 and CA3 mixtures for compressive strength (CS), 

modulus of elasticity (ME), stiffness damage index (SDI), apparent porosity (Por.), bulk electrical 

resistivity (ER) and ultrasonic pulse velocity (UPV) after 90 days of Self-Healing. 

On the other hand, besides the mentioned changes in the recovery ratio achieved by CA2 mixtures, the 

ability to heal crack in the cement paste observed through the DRI analysis shows very similar 

behaviour to the CA mixture. For PL of 90% at 28 days, CA2 specimens developed a total of 140 

cracks, the same number as found for CA mixture; moreover, after 90 days of curing, CA2 mixture was 

able to heal 83.6% of the cracks, while CA, 82.1%. For later age, this trend continued; CA2 specimens 

had 67.3% of the cracks in the cement paste self-healed, CA mixtures self-healed 61.5% (Figure 6.23). 

This behaviour may indicate that the modifications on CA enhanced the overall healing ability of the 

concrete. Yet, the mechanical properties of the healing products might have been negatively affected 

towards the improvement of CA with MK. 
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a)

 

b)

 

Figure 6.23: Total number of cracks found in the cement paste through DRI analysis for CA2 

and CA3 specimens after applying 90% of the total strength applied at a) 28 days and b) 180 

days and cured for 30 and 90 days for healing evaluation. 

Focusing on the improvement of the overall self-healing capability of the mixtures, especially at later 

ages, for CA3, the MK was sieved in a 40 µm mesh, and the retained material was then combined with 

magnesium sulphate (MS) and mixed with CA (80% of CA, 10% of coarse MK and 10% of MS). The 

general physical and mechanical properties of the sound CA3 concrete were quite similar to CA and 

CA2. However, the CA3 mixture performed the highest recovery ratios for both early and later ages, 

among all other mixtures. For pre-loads applied at 28 days, the recovery ratio was 132% higher than 

control specimens, whereas 12% and 3% greater values than CA and CA2, respectively. Moreover, it is 

worth mentioning that the compressive strength recovery 90 days after pre-loading CA3 at 28 days 

with 70% of its ultimate strength achieved values higher than the ñundamagedò samples, such as what 

was found for CA-FA. For PL of 90%, the CS recovery ratio reached 0.95, the highest value obtained. 

Likewise, for PLs applied at 180 days, the CS recovery ratios were also maintained at high levels, for 

PL of 70%, the obtained ratio was equal to 0.74, the same value as CA; yet, for PL of 90%, the results 

of recovery for CA3 were 31% higher than CA.  

Evaluating the DRI features, the total number of CCP found was slightly higher than CA and CA2; 

however, at 28+90, CA3 mixture was able to self-healed 93.2% of the cracks (Figure 6.23); while at 

180+90 days, this number was found as 73.2%, the highest among all concrete mixtures. Figure 6.24 

shows an example this impressive self-healing efficiency of the CA3 mixture. Figure 6.24a, on the left, 

one sees a crack developed/propagated through the ITZ of the coarse aggregate and cement paste 

linking different ITZs from several fine aggregate particles and, b) on the right, the crack is thoroughly 
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sealed at 15-16x magnification after 90 days of curing. The coarser particles of MK provided by the 

modified CA3 are SiO2 and Al2O3 rich. Yet, conversely than CA2, they had slower reactivity, 

decelerating the release of SiO2 and Al2O3 to combined with Ca(OH)2 and further forming C-S-H, 

precipitating in pores and cracks and improving the self-healing. Moreover, another hypothesis is that 

the magnesium sulphate may increase the formation of gypsum, ettringite and brucite inside the crack.  

 

Figure 6.24: Self-healing evolution of a crack spread through different ITZs, and cement paste 

found in the CA3 specimen: in the left a picture taken just after pre-loading the sample and in 

the right, the same sample after 90 days of curing. 

6.6.4 Chemo-mechanical properties of the healing products  

The previously displayed results and discussions revealed promising findings; it was clear that the self-

healing ability of the concrete mixtures can be improved naturally (i.e., by using SCMs) and artificially 

(i.e., the addition of crystalline admixtures). However, the different concrete mixtures achieved distinct 

self-healing efficiencies and affecting differently each mechanical, physical or microscopical property 

of the concrete. In other words, besides the apparent volume of cracks healed, the different products 
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precipitated in the opened cracks might impact on the overall data gathered. In that regard, a further 

qualitative chemical (i.e., scanning electron microscopy/energy-dispersive X-ray spectroscopy, 

SEM/EDS) and quantitative mechanical (i.e., micro indentation) were performed in the healing 

products found in the concrete specimens. The SEM and EDS were performed in an EVO MA-10, Carl 

Zeiss AG equipment in the high-vacuum mode, set at 15 kV, using secondary electron imaging and 

EDS. Backscattered electron images were taken at different magnifications (i.e., x200, x300, x500, 

x1000 and x2000), yet the main focus of the analysis was to identify the chemical composition of the 

products found in cracks. Figure 6.25 shows the SEM images of one partially healed crack (Figure 

6.25a) and the self-healing products precipitated within the crack (Figure 6.25b). Globally, quite 

fibrous materials were observed covering the surface of the products in the cracks; such interesting 

results have been documented previously in [33,76]. Moreover, the main products identified were 

calcium carbonate, followed by Ca(OH)2, C-S-H, and ettringite nails. Therefore, comparing the 

different concrete mixtures, no expressive differences were found with EDS analysis. The exception 

was the mixtures containing SCMs, either fly ash or silica fume, which had precipitated less amount of 

calcium carbonate in the cracks. Thus, the main product found in FA, SF, CA-FA, and CA-SF mixtures 

was C-S-H gel.  

a) 

 

b) 

 

Figure 6.25: Illustration of SEM -image of the studied self-healed concrete after 90 days of curing: 

a) taken at a magnitude of x200 and b) magnitude of x2000. 

The mechanical analysis of the self-healing products was evaluated through the micro-indentation test. 

In this regard, the remaining specimens selected for DRI analysis at 28+3 and 180+3 were, as 

aforementioned, carefully inspected to assess and quantify the total amount of healed cracks over time 

through the stereomicroscope to localize cracks and to follow their healing process. Following this 
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evaluation, cracks with average widths of 100 µm and 200 µm, self-healed after 90 days of curing, 

were identified to perform the standard Vickers hardness tests (micro-indentation). It was used a 

diamond indenter and 0.4903 N (490.3 mN) load for Vickers indentations (Struers Duramin Machine), 

a dwell time of 10 s was fixed and a total of 5 points per region were measured to cover statistics and to 

obtain the Vickers micro-hardness (HV) averages as per [77ï79]. Figure 6.26 displays the results 

obtained for micro-indentation hardness tested at 28+3, 28+90, 180+3 and 180+90 days of curing. Its 

worth noting that the results of cement paste as indicated were conducted in sound specimens.   

 

Figure 6.26: Micro -indentation hardness (HV) results obtained for specimens pre-loaded at 28 

and 180 days and after 90 days of healing. 

The results indicate that the overall HV of the binder matrix, either at 28 or 180 days, was averagely 

higher than the HV of the products formed in the cracks. The only exception for HV values was FA 

specimens which showed similarly and higher HV in the healing products formed in cracks with a 

width of 100 µm and 200 µm. This behaviour indicates that a denser material filled the cracks of FA 

mixtures with mechanical properties similar to the binder matrix, which is likely explained by the 

highest strength gain that the FA mixture achieved between 28 days and 28+90 days. In other words, 

the continued hydration of the fly ash grains after damaging at 28 days played a significant role in the 

crack healing. For induced cracks formed at 180 days, on the other hand, the properties of the healing 

products for FA specimens were significantly lower than the paste matrix, which reinforces the later 

statement. 



107 

 

In general, the products formed from natural healing processes provided higher HV than the artificial 

ones. Moreover, both mixtures CA and CA3 displayed the lowest average values of HV while, on the 

other hand, provided the highest ratio of recovery and percentage of healed cracks. It suggests that the 

ñvolumeò of cracks healed plays a major role in the final physical and mechanical properties recovery. 

At the same time, the inner ñqualityò of the healing products seems to be less critical. It is worth 

highlighting that different from CA, CA2, and CA3 mixtures, the incorporation of SCMs proportioned 

concrete specimens with the highest compressive strength results. Consequently, the pre-loading 

resulted in an expressively higher amount of cracks formed within the aggregate particles, as revealed 

in the DRI analysis. Moreover, it was clear that cracks in aggregates could not be healed, which 

directly impacted the overall performance and efficiency of the concrete mixtures to recover the 

mechanical properties. 

6.7 Conclusions 

The main objective of the current comprehensive experimental campaign was performed to better 

understand the influence of autogenous and autonomous healing to recover the physical and 

mechanical properties of damaged concrete specimens at an early and later age (i.e., 28 and 180 days). 

Therefore, after pre-loading, the samples using four different load levels (0%, 40%, 70% and 90% of 

the total strength) at 28 and 180 days, the self-healing ability of the concrete cylinders were then 

evaluated over 90 days of curing, and the main conclusions of the above investigations are presented 

hereafter: 

¶ The higher the pre-loading (PL) level in the concrete specimens, the higher the damage. 

However, PL of 40% of the ultimate compressive strength did not change the concrete samples' 

physical or mechanical properties. Yet, higher PL levels (70% and 90%) were able to generate 

internal cracking measured by microscopic analysis and increased the total porosity of the 

specimens. Thus, decreasing their compressive strength, modulus of elasticity, bulk electrical 

resistivity, ultrasonic pulse velocity and increasing stiffness damage index. 

¶ Both autonomous or autogenous healing processes partially recovered the physical and 

mechanical properties of the concrete specimens after 90 days of curing. Moreover, both 

approaches could self-heal only cracks formed in the cement paste; pre-existent and PL 

generated cracks within the aggregates were not even partially healed. 
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¶ The autonomous healing property was significantly improved by replacing 30% of Portland 

cement (PC) with fly ash class F (FA); however, this property was negatively affected by the 

replacement of 10% of PC by silica fume (SF). Generally, control specimens could recover 32% 

of their physical and mechanical properties (on average) when damaged at 28 days and 19% at 

180 days. On the other hand, FA concrete specimens achieved 46% and 26% at 28 and 180 

days, while SF samples values were 21% and 18% at the same ages, respectively. Moreover, the 

control, FA, and SF mixtures could self-heal about 38%, 52% and 23% of their cracks in the 

cement paste for PL applied at 28 days, whereas they reached 17%, 26% and 25% of cracks 

healed at 180 days. 

¶ Concrete specimens treated with the commercially available crystalline admixture (CA), CA, 

CA-FA, CA-SF mixtures were able to achieve an average recovery of 67%, 66% and 61% of 

their physical and mechanical properties, respectively. Moreover, early age damage CA, CA-

FA, and CA-SF samples self-healed 82%, 77% and 58% of cracks formed in the paste matrix. 

For specimens damaged at 180 days, the recovery ratio obtained was 61%, 55% and 48%, 

whereas the number of self-healed cracks was 61%, 58% and 50% for CA, CA-FA and CA-SF, 

respectively. 

¶ The chemically modified version of the CA (CA2 and CA3) reached even higher average 

values: the specimens of both mixtures were able to recover 73% of their physical and 

mechanical properties and self-seal 84% (CA2) and 93% (CA3) of the cracks in the paste 

matrix when damaged at 28 days. For specimens damaged at 180 days, the results showed that 

51% and 69% of mechanical properties recovery and 67% and 74% of the cracks were self-

healed for CA2 and CA3, respectively. 

¶ Finally, the chemo-mechanical evaluation of the products formed within the cracks showed a 

higher C-S-H formation was found in healed cracks of SCMs-made concrete specimens. On the 

other hand, in concrete mixtures without SCMs, the main products found filling the cracks were 

calcium carbonate first, followed by portlandite, C-S-H, and ettringite. Moreover, the Vickersô 

Hardness (HV) analysis suggests that the HV of autonomous healed samples was higher, while 

the specimens made of CA and CA3 displayed the lowest HV values. This behaviour suggests 

that the ñvolumeò of cracks healed plays a major role in the final physical and mechanical 



109 

 

properties recovery of the concrete. At the same time, the inner ñqualityò of the healing 

products seems to be less important. 
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Abstract 

Alkali -Silica Reaction (AAR) is one of the most harmful distress mechanisms affecting the durability 

and serviceability of concrete infrastructure worldwide. It has been found that AAR-induced expansion 

and distress may be prevented by the appropriate use of supplementary cementing materials (SCMs). 

Yet, recent studies find that the deterioration is "only" delayed and does not entirely prevent AAR 

occurrence. In this context, besides the impact of the SCMs on AAR-kinetics, it is imperative to 

establish a correlation between the microscopic/macroscopic distress degree and features of SCMs-

made concrete. Moreover, very little research has been conducted on understanding the elastic 

properties of ASR-gel and the influence of the use of SCMs on it. This research presents the results of a 

multi-level assessment of AAR-induced damage development incorporating a wide range of reactive 

aggregate and SCMs at selected "unrestrained or free" expansion levels (i.e., 0.00%, 0.05%, 0.12%, 

0.20% and 0.30%). Moreover, it focuses on the distress generated at distinct locations of affected 

concrete: aggregate particles, ITZ and cement paste. The latter is expected to aid in understanding the 

material's deterioration as a function of AAR development. 

Keywords: Alkali-silica reaction, the durability of concrete, micro-indentation, overall assessment of 

the damage  
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7.1 Introduction  

Alkali -Aggregate reaction (AAR) is one of the most harmful distress mechanisms affecting the 

durability and serviceability of concrete infrastructure worldwide. AAR can be divided into two main 

reaction types: Alkali-Silica Reaction (ASR), the most common by far, and Alkali-Carbonate Reaction 

(ACR). Both reaction types generate secondary products that induce swelling pressures within the 

reacting aggregate material(s) and the adjacent cement paste upon moisture uptake [1ï4]. AAR-

induced deterioration leads to microcracking, loss of material's integrity and functionality of the 

affected structure [1ï4], significantly impacting on the stiffness, tensile and shear strength of affected 

concrete, whereas the losses in compressive strength are observed as less significant [5ï8].  

Over the past decades, several approaches and recommendations, including a variety of accelerated 

laboratory test procedures, have been developed to assess the potential reactivity of aggregates in the 

laboratory as well as the efficiency of preventive measures (i.e., supplementary cementing materials 

such as fly ash, silica fume, blast furnace slag, metakaolin, etc.) to mitigate ASR in the field [4,9ï17]. 

Overall, SCMs can enhance concrete microstructure, impacting ions' mobility and possibly slowing the 

reaction rate [18ï20]. Likewise, these materials can dilute the alkalis available from the clinker and 

change the properties of the ASR reaction products by consuming Ca(OH)2 from the concrete pore 

solution [2,9,20]. However, it has been reported that SCMs do not suppress the expansion generated by 

ACR [21]. Conversely, studies suggest that ASR-induced expansion and distress may be prevented by 

the appropriate use of SCMs [2,9,17]; yet, recent studies are now finding that the deterioration is "only" 

delayed and does not entirely prevent ASR occurrence [22]. Furthermore, besides the ASR-induced 

distress development is well described by Sanchez et al. [23,24], there are no established correlations 

between the expansion development, and microscopic/macroscopic distress of AAR affected SCMs-

made concrete. 

In that regard, a global understanding of the chemo-mechanical properties of the AAR reaction 

products (e.g., ASR-gel) and the impact of SCMs on it is imperative to predict and prevent damage in 

concrete structures and structural components. Furthermore, it is anticipated that ASR-gel features may 

influence the damage generation and propagation in concrete, especially in field structures/structural 

components presenting a wide range of exposure conditions and confinement effects. However, there is 

currently limited information in the literature in this regard. This work presents the results of a multi-
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level assessment of AAR-induced damage development addressing the distress generated at distinct 

locations of affected SCMs-made concrete: aggregate particles, ITZ and binder paste. The latter is 

expected to aid in the understanding of the material's deterioration as a function of AAR development 

7.2 Background 

AAR damage development is often directly correlated to the level of expansion triggered by the 

concrete under this physicochemical mechanism. Yet, in the last decades, important progress has been 

made to better understand and explain the mechanical and microscopical distress development due to 

AAR in concrete. As widely studied by Sanchez et al. [23,24], cracks are formed within the aggregate 

particles at the beginning of the physicochemical reaction (i.e., expansion level of about 0.05%). As the 

ASR-induced damage raises, new cracks are still developed within the aggregate particles; yet the pre-

existing cracks keep increasing in length and width, reaching the cement paste. At higher levels of 

expansion (i.e., expansion of 0.30%), the cracks keep propagating through the aggregate particles and 

cement paste and due to the "minimum energy law", they start connecting, forming a high crack 

networking and compromising the mechanical properties of the affected concrete [23,24]. As ASR-

induced cracking development begins within the aggregate and propagates to the cement paste, ASR-

gel diffuses through the cracks and voids of the different phases of concrete microstructure. 

On the other hand, ACR is a much less common concrete distress whose mechanism is still mostly 

unknown. ACR is viewed by many as a reaction that occurs between the alkali hydroxides of concrete 

pore solution and certain types of dolomitic limestones [4,25]. It is generally agreed that ACR is 

accompanied by the process of dedolomitization and formation of calcite and brucite [26]. Although 

different studies [1,27ï29] considered ACR as a form of ASR, the microscopic damage features of the 

ACR-induced expansion and damage were quite different from ASR [5]. Moreover, currently, there is 

no model which qualitatively explains ACR-cracking pattern development. Yet, it was found that very 

few cracks may be found within the aggregate, differently from ASR-affected concrete, at the 

beginning of the ACR deterioration. In contrast, important cracks are observed in the cement paste. 

Furthermore, a limited amount of reaction products are observed through the progress of ACR 

development [5,10]. 
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7.2.1 Techniques for assessing AAR damage in concrete 

AAR development is frequently associated with its degree of induced expansion [5]; however, it is 

known that induced expansion leads to critical damage in the affected concrete. Sanchez et al. [5] 

defined the term "damage" as the harmful consequences of various types of deterioration mechanisms 

(i.e., loadings, creep, ASR, freezing and thawing, etc.) on the mechanical properties, physical integrity 

and durability of concrete. Thus, these authors proposed the use of a multi-level assessment protocol 

composed of microscopic and mechanical test procedures to appraise the damage extent of ASR-

affected concrete successfully. Among the multi-level test methods proposed, the Damage Rating Index 

(DRI) and the Stiffness Damage Test (SDT) are the most promising. 

7.2.1.1 Damage Rating Index (DRI) 

The Damage Rating Index (DRI) is a semi-quantitative microscopic analysis performed using a 

stereomicroscope (about 15-16 x magnification) where the petrographic damage features associated 

with AAR are counted through a grid of 1 cm² (i.e., 10 × 10 mm units) drawn on the surface of a 

polished concrete section [23,30]. The number of counts corresponding to each petrographic 

characteristic is then multiplied by a set of weighting factors, whose purpose is to balance their relative 

importance towards the distress mechanism. The final DRI value is normalized to an area of 100 cm²; 

overall, the higher the DRI number, the more significant the deterioration of affected concrete 

[3,23,24]. Thus, the DRI is instead a complementary petrographic tool aiming at quantifying the 

"damage degree" between different members from an affected structure or as a function of time within 

a specific concrete member.  

A complete review of the DRI development and specific considerations on its application are given in 

Sanchez et al. [3,23,24]. The authors used the DRI to evaluate AAR distress with a wide range of 

reactive aggregates, different concrete strengths (25-45 MPa) and expansion levels (0.05% to 0.30%). 

It was found that the DRI is a powerful tool to detect AAR damage/progress in concrete whatever the 

aggregate type and concrete strength used, mainly when the aggregate particles are analyzed down to 1 

mm. Moreover, [3,23,24] proposed the so-called "extended DRI version" in which the microscopic 

distress features could be presented in absolute values (counts) and relative (%), disregarding the 

weighting factors, giving a more comprehensive assessment of the damaged concrete specimens. 
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7.2.1.2 Stiffness Damage Test (SDT) 

The Stiffness Damage Test (SDT) was first developed by Walsh (1965) for evaluating the quality of 

rocks specimens [31], being afterwards adapted for assessing concrete by Crouch [32]. The test 

procedure is based on a cyclic loading (in compression) of concrete specimens and can quantify the 

degree of damage or physical integrity of distressed concrete. Both researchers selected the use of fixed 

loads of either 5.5 or 10 MPa, respectively, at a loading rate of 0.10 MPa. The outcomes of the SDT are 

the modulus of elasticity, the hysteresis area or the dissipated energy (hysteresis area), the plastic 

deformation and the non-linearity index (NLI) [3,33].  

Details on the test procedure and specific considerations on its application as a diagnostic tool for 

assessing ASR-affected concrete can be found in Sanchez et al. [3,34]. The method was found very 

promising for assessing AAR damage and progress in concrete and the authors indicated that 40% of 

the concrete design strength provided the best correlation between SDT output parameters (Stiffness 

Damage Index ï SDI, Plastic Deformation Index - PDI and Non-Linearity Index - NLI) and the 

expansion of the ASR-affected concrete. However, since in most practical cases, the 28-day strength of 

aging concrete structures is unknown, Sanchez [3] suggested that the most suitable approach would be 

to first determine the compressive strength on cores extracted from locations that are not/less damaged 

in the structural member under investigation and then use 40% of this value for stiffness damage 

testing. 

7.2.1.3 Compressive strength technique (CS) 

Compressive strength is commonly used for structural concrete design. Yet, several past studies also 

aimed to use it to quantify AAR damage and development with more or less success. In AAR-affected 

concrete, the compressive strength is a mechanical property that is the least affected by the chemical 

reaction due to AAR microscopic features (i.e., mainly cracks within the aggregate particles). 

Significant reductions in compressive strength are only observed for high and very high expansion 

levels (i.e. >0.20%) as by [5,35], which disables its use for diagnostic purposes. 

7.2.1.4 Direct Shear test (DS) 

Shear strength in concrete is a property governed by tension and compression forces. Once cracked 

(and concrete will always present a certain amount of inner cracks, flaws, etc.), concrete may transfer 
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shear forces across the cracks through two distinct mechanisms: a) dowel effect and; b) shear friction 

[36]. Several test methods have been developed over the years to evaluate the direct shear capacity and 

shear friction of reinforced and unreinforced concrete [37ï39].  

De Souza et al. [10] evaluated AAR-induced expansion and damage on the direct shear strength of 

affected concrete and developed a simple yet reliable setup to assess AAR progress in the laboratory. 

The authors found that the AAR significantly influences the direct shear strength of affected concrete's 

development. Moreover, the impact of the AAR on the shear strength was more significant for low 

(0.05%) and moderate (0.12%) expansions. Thus, the proposed shear setup showed to be a fast and 

promising tool for detecting AAR-induced expansion and damage in the laboratory. Yet, only AAR-

affected laboratory samples fabricated and monitored under accelerated and free expansion conditions 

were tested in this program [10]. 

7.2.2 Assessment of the mechanical properties of ASR-gel through micro-

indentation technique 

Indentation hardness testing has been used to evaluate the mechanical properties of materials [40ï44]. 

More recently, the advent of nano- and micro-scale science, engineering and technology, coupled with 

substantial progress in instrumentation, has resulted in depth-sensing indentation [45]. A typical 

measurement via an indenter can record load and displacements from the surface of a material. 

Amongst these properties, the elastic modulus, E, and hardness, H, are timely obtainable without 

complicated testing apparatus [45]. The micro-hardness is an important index reflecting the mechanical 

properties of the material. The principle of the indentation, or Vickers hardness tester, is pressing the 

diamond corner-cone indenter with a particular shape into the surface of the tested piece under a 

specific test force [40,41,43]. The test force is maintained for a present time and then removed. The 

two diagonal lengths of the indentation are measured, and the hardness can be obtained from these 

lengths.  

Indentation has been used in concrete samples in recent years; in general, to assess the mechanical 

properties of the ITZ and distinct phases of the samples, such as in recycled concrete, different 

properties of ITZs and mortars [40,41,43]. The E-modulus of various hydrated phases has been 

determined using different indentation techniques [44]. The microhardness tests were used to study the 

bulk properties of cement paste with a maximum penetration depth at the level of 10ī5 m [46]. As the 
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area of the indenter is larger than the size of homogenous regions of single hydrates [16,47,48], micro-

indentation can only deliver data on hydrate assemblages in cement paste, for which an E-modulus in 

the range of 10ï30 GPa were found [16,47,48]. With the significant advances in the conventional 

Vickers microhardness technique, a novel micro indentation method was developed to investigate the 

elastic modulus and the micro-strength of ITZ in reinforced concrete [46ï48]. 

7.3 Scope of the work 

As stated above, a number of techniques have been developed in the past, aiming to assess AAR-

induced deterioration in concrete. However, there are no established correlations between the 

expansion development and microscopic/macroscopic distress of AAR-affected SCMs-made concrete. 

Furthermore, there is currently limited information in the literature appraising the overall features (i.e., 

stiffness, chemical composition, etc.) of AAR reaction products on damage generation and propagation 

of affected concrete. Particularly coupling the influence of different types or natures of reactive 

aggregates and supplementary cementing materials in the AAR reaction products feature and damage 

development. This research presents the results of a multi-level assessment of the global AAR damage 

evolution of SCMs-made concrete specimens as a function of induced expansion (i.e., 0.00%, 0.05%, 

0.12%, 0.20% and 0.30%). The evaluation laid on the analysis of distinct concrete mixtures made of a 

wide range of type/nature reactive aggregates and SCMs (i.e., Slag, Fly Ash, Silica Fume, and 

Metakaolin) and maintained under laboratory conditions enabling AAR development. At the selected 

expansion levels, microscopic (i.e., Damage Rating Index) and mechanical (i.e., Stiffness Damage Test, 

Modulus of Elasticity, Shear Strength and Compressive Strength) analyses were conducted and a 

comprehensive evaluation of the impact of SCMs on ASR-induced deterioration was performed. 

Moreover, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and micro-indentation 

were performed in the AAR-affected specimens to evaluate the mechanical features of the reaction 

products at distinct locations (i.e., aggregate particles, ITZ and cement paste). The latter is expected to 

aid in understanding the material's deterioration as a function of AAR development. 
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7.4 Experimental program 

7.4.1 Materials 

A conventional Portland cement (GU type, equivalent to ASTM Type I), four different types of 

supplementary cementing materials (blast furnace slag ï SG, fly ash class F ï FA, silica fume ï SF and 

metakaolin ï MK) and five different reactive aggregate types/natures were selected for this study to 

manufacture nineteen concrete mixtures. The coarse aggregates ranged from 5 to 20 mm in size. 

Moreover, non-reactive fine (NF) and coarse (NC) aggregates were used and combined with the 

reactive aggregate materials for concrete manufacturing. Table 7.1 provides information on the 

different aggregates used in this study; the chemical and physical properties of the selected binder 

materials are provided in Table 7.2. 

Table 7.1: Reactive (ASR/ACR) and non-reactive (NR) aggregates used in the research. 

Aggregate Reactivity Rock Type 
Specific 

gravity 

Absorption 

(%) 

AMBT a) 

(%) 

Coarse 

SPH ASR Greywacke 2.71 0.70 0.33 

SPT ASR Siliceous limestone 2.70 0.62 0.31 

SUD ASR Mixed mineralogy gravel 2.59 0.60 0.23 

KING ACR 
Dolomitic argillaceous 

limestone 
2.68 0.57 0.12 

LC NR Crushed limestone 2.78 0.42 0.02 

Fine 
TX ASR Polymictic sand 2.60 0.89 0.81 

NF NR Natural derived from granite 2.60 0.82 0.08 
a) Results at 14 days of curing of the AMBT (ASTM C 1260) carried out on the aggregates selected 

 

Table 7.2: Chemical composition of the binder materials. 
 PC Slag FA SF MK  

SiO2 (%) 20.10 36.64 56.31 92.86 52.48 

Al 2O3 (%) 5.03 11.14 23.27 0.05 44.35 

CaO (%) 61.93 37.32 10.29 0.62 0.12 

Fe2O3 (%) 3.80 0.40 3.57 0.12 0.61 

SO3 (%) 3.38 0.37 0.19 0.07 0.04 

MgO (%) 2.42 12.15 1.07 0.19 0.08 

Na2Oeq (%) 0.91 0.63 3.17 0.52 0.38 

C3S (%) 43.24 - - - - 

C2S (%) 25.02 - - - - 

C3A (%) 6.90 - - - - 

C4AF (%) 11.56 - - - - 

Specific Gravity 3.12 2.91 2.01 2.20 2.29 

Lost on Ignition (%) 2.91 0.49 0.98 5.05 0.69 
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7.4.2 Mix -proportions and manufacture of the concrete specimens 

A total of three hundred and eighty concrete cylinders (twenty samples per each of the 19 mixtures), 

100 by 200 mm in size, were investigated in this study. Table 6.2 summarizes the concrete mix designs 

employed in this work. It is worth mentioning that no chemicals (i.e., water reducers, air-entrained, 

etc.) were used in this research. Moreover, all nineteen concrete mixtures were mix-proportioned as per 

ASTM C1293 to present the same water to binder ratio (w/b of 0.45) and amount of binder materials 

(420 + 10 kg/m3). However, adjustments in the volumes of non-reactive aggregates were made in the 

mixtures to maintain an equal and constant volume of reactive aggregates.  

Table 7.3: Concrete mix proportions. 

Mixture  

w/b = 0.45 Aggregates (kg/m3) SCMs (kg/m3) 

Water 

(kg/m3) 

Cement 

(kg/m3) 
Fine Coarse SG FA SF MK  

SPH-

Control 

189 

420 836 

938 

    

SPH-SG50 210 822 210    

SPH-FA15 357 806  63   

SPH-FA30 294 776  126   

SPH-SF5 399 828   21  

SPH-SF10 378 821   42  

SPH-MK7.5 389 829    32 

SPH-MK15 357 822    63 

TX-Control 

189 

420 

765 

1020     

TX-SG50 210 1005 210    

TX-FA15 357 988  63   

TX-FA30 294 957  126   

TX-SF5 399 1012   21  

TX-SF10 378 1004   42  

TX-MK7.5 389 1012    32 

TX-MK15 357 1005    63 

SPT 

189 420 

771 1000     

SUD 749 982     

KING 733 1030     

Twenty-four hours after casting, the samples were demoulded, and small holes (i.e., 5 mm in diameter 

by 15 mm deep) were drilled at the two flat ends of the samples. Steel gauge studs were glued in place 

with a fast-setting cement slurry for longitudinal expansion measurements. Afterwards, the samples 

were left to harden at 20 ÁC and 100% RH over 24 hours (totalizing 2 days since casting) before the 

zero reading was taken. Next, all samples were finally placed in sealed plastic buckets lined with a 

damp cloth and stored at 38 ÁC, and 100% RH. The AAR-affected cylinders were monitored for length 

variations until they reached different expansion levels (i.e., 0.00%, 0.05%, 0.12%, 0.20% and 0.30%). 
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As per ASTM C 1293, the buckets were cooled down to 23 ÁC for 16 Ñ 4 h prior to the periodic 

measurements. Then, when the cylinders reached the specified expansion levels, they were wrapped in 

plastic film and kept under 12 ÁC to inhibit further AAR deterioration until all tests were conducted 

(due to testing capacity issues). In order to perform each test selected (i.e., mechanical, microscopy and 

porosity), all concrete specimens were reconditioned in the moist curing room for two days (enabling 

the samples rewetting and therefore reducing the test's variability) as per CSA23.2-14C [49] and 

Sanchez et al. [50]. 

7.4.3 Assessment of the ASR development in the concrete  

7.4.3.1 Damage Rating Index (DRI) 

A semi-quantitative petrographic analysis, using the DRI, was performed on one specimen from each 

concrete mixture at the specific expansion levels, according to the method described by Sanchez et al. 

[3,23]. The samples were cut in half axially, polished by a hand polishing device, which uses diamond-

impregnated rubber disks (no. 50-coarse, 100, 400, 800, 1500 to 3000-very fine), and 1cm2 grids were 

drawn on the surface of the polished sections. Then, a stereomicroscope (16Ĭ magniýcation) was used 

to perform the test. The DRI final number presented hereafter is the normalized 100 cm2 value.  

7.4.3.2 Compressive Strength  

Compressive strength was measured through two different approaches with different and specific goals. 

First, to characterize all mixtures at 28 days, the samples were wrapped and placed at 12 °C, since 

some of the specimens contained highly reactive aggregates, and ASTM C39 method could not be 

followed as they could develop some AAR. Then, the cylinders were maintained at 12 °C for 47 days, 

according to the maturity concept as by ASTM C 1074. Moreover, considering the use of SCMs and 

the later strength gain, three extra measurements were taken after 93, 150 and 300 days (maturity 

equivalent to 56, 90 and 180 days, respectively) from all mixtures. Moreover, it is worth mentioning 

that no strength gain was observed after 300 days under the above storage conditions. Thus, the 

compressive strength evolution profiles over time were then traced for each concrete mixture, which 

helped identify the correct CS of sound concrete wherever the time was necessary to achieve the pre-

determined expansion levels of the ASR-affected concrete specimens. Likewise, to determine the SDT 

loading level (i.e., 40% of the maturity equivalent CS). Second, the compressive strength 

measurements were carried out on two specimens from each concrete mixture after being subjected to 
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SDT to verify the compressive strength loss of the material as ASR develops. This procedure was 

adopted and considered valid after Sanchez et al. [3,23] confirmed the essentially non-destructive 

character of the SDT. 

7.4.3.3 Stiffness Damage Test (SDT) 

The SDT procedure was performed following Sanchez et al. publications [3,34,35], i.e. using five 

loading/unloading cycles at a controlled loading rate of 0.10MPa/s with a maximum load 

corresponding to 40% of the maturity equivalent concrete strength, as mentioned in 7.4.3.2. 

Furthermore, one verifies that once the ASR-affected specimens yielded one of the studied expansion 

levels, the samples were wrapped in plastic film and kept under 12 ÁC to inhibit further AAR 

deterioration until all tests are conducted (due to testing capacity issues). Thus, before the test 

procedure, the samples were reconditioned/prepared under 100% RH for 48 hours [50], and the test 

was conducted. The results obtained hereafter is an average value from three different specimens tested 

at each expansion level. 

7.4.3.4 Direct Shear Test 

The direct shear test was performed according to the method and setup proposed by Barr and Hasso 

[51] and adapted for damaged concrete as per De Souza et al. [6]. The same approach considering the 

maturity concept was used to characterize the sound concrete values for all concrete mixtures at 

equivalent 28, 56, 90, and 180 days. After the specimens achieved the expected expansion levels, two 

samples from each concrete mixture were selected; however, different from the CS, the stiffness 

damage test was not performed on the samples before the direct shear test. Before testing, all samples 

were carefully ground so that a circumferential notch was created [6,51]. The notch depth was adopted 

as about 20mm Ñ 3 mm to ensure a shear-type failure without leaving a too-small area of the sample to 

be tested. 

7.4.4 Assessment of the chemo-mechanical properties of AAR reaction products 

7.4.4.1 Micro -Indentation 

The remaining half of the samples from DRI tests were carefully inspected through the 

stereomicroscope to localize the most damaged locations with the presence of ASR-gel. Afterwards, 
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the samples were carefully cut (two samples of 2x2 cm in size per expansion level) and polished using 

oil and diamond-impregnated rubber disks (no. 50-coarse, 100, 400, 800, 1500, 3000 to 10000-very 

fine), without previous drying or any impregnation. The indentation was conducted at a maximum of 

48 h after polishing using a diamond indenter for Vickers indentations (Struers Duramin Machine). To 

evaluate the mechanical properties of AAR reaction products observed within the cracks, either within 

the aggregate particles or cement paste, a load of 0.09807 N (98 mN) was selected as per [44,52] at 

expansion levels of 0.12% (for cracks in the aggregate particles) and 0.20% for measures cracks over 

the aggregate and cement paste. One verifies that the expansion levels of 0.05% and 0.30% were not 

used to measure the features of AAR reaction products for two main reasons: first, specimens with 

0.05% of expansion were not selected due to the difficulties to localize repeatable areas for testing; 

second, 0.30% expansion was not used due to comparable reasons (i.e., only a few concrete mixtures 

yielded this expansion). A dwell time of 15 seconds and a minimum of 5 points were measured to 

obtain the Vickers micro-hardness average values to cover statistics. Figure 7.1 illustrate an example of 

a polished sample placed for micro-indentation test equipment (Figure 7.1a); in b) an example of ASR-

damaged sample with ASR-gel filling the cracks and visual representation of the indent print in the 

surface of a polished aggregate in c) and ASR-gel in d) under the microscope of Struers Duramin 

Machine.   

 

Figure 7.1: a) Example of a polished sample placed for the micro-indentation test; b) example of 

ASR-damaged sample with ASR-gel filling the cracks; a visual representation of the indent print 

in the surface of a polished aggregate c) and ASR-gel d) under the microscope of Struers 

Duramin Machine.   

7.4.4.2 Scanning electron microscopy (SEM) & energy dispersive spectroscopy 

(EDS) 

The Scanning electron microscopy (SEM) & energy dispersive spectroscopy (EDS) were performed in 

the same specimens subjected to micro-indentation analysis; yet, before SEM observations, the 
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concrete specimens were gently dried for 24 h at 50 °C. Afterwards, they were placed in an EVO MA-

10, Carl Zeiss AG equipment in the high-vacuum mode, set at 15 kV, using secondary electron imaging 

and energy-dispersive X-ray spectroscopy (EDS). Backscattered electron (BSE) images were taken at 

different magnifications (i.e., x300, x500, x1000 and x3000); however, the main focus of the analysis 

was to identify the chemical composition of the AAR reaction products found in cracks either within 

the aggregate particles or cement paste. 

7.5 Results 

7.5.1 ASR Kinetics  

This section presents ASR expansion kinetics and amplitude results for all mixtures developed in the 

laboratory. Figure 7.2a displays the expansion results obtained from the mixtures incorporating the five 

different types/natures of reactive aggregates, while Figure 7.2b illustrates their respective mass 

variation. Moreover, Figure 4.2c and Figure 4.2d show the expansion amplitudes for the different 

binder compositions combined with SPH reactive coarse and TX reactive fine aggregates, respectively. 

The results demonstrate that a wide range of expansion kinetics was obtained as a function of the 

reactive aggregates and different binder compositions tested. Globally, KING mixtures developed 

faster reaction kinetics (i.e., yielding 0.30% in 49 days). This mixture involves an extremely reactive 

coarse dolomitic argillaceous limestone aggregate from the Pittsburgh quarry located in Kingston 

(Canada). This aggregate is well known to be susceptible to the development of the so-called alkali-

carbonate reaction (ACR). On the other hand, for the alkali-silica reactive aggregates (i.e., SPH, SPT, 

SUD and TX), TX fine displayed faster ASR-kinetics (0.30% in 70 days) and was followed by SPH 

(0.30% in 132 days), SPT (0.20% in 224 days) and SUD (0.12% in 357 days). In general, the mass gain 

ranged from 0.43% to 0.86% at maximum expansion levels, and it follows a similar trend as observed 

for expansion rate.  

The replacement of PC by the different types of SCMs significantly altered ASR kinetics of both SPH 

and TX mixtures. The concrete mixtures MK15 displayed the slower expansion rate throughout 

evaluation (i.e., 0.02% for SPH and 0.04% for TX) and was closely followed by SF10, achieving 

0.03% (SPH-SF10) and 0.06% (TX-SF10) of expansion after 270 days. Overall, aside from the two 

mentioned mixtures, FA30 presented the lowest expansion, followed by SG50, MK7.5, FA15 and SF5. 
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Similar trends were observed for both reactive aggregates (SPH and TX), yet TX mixtures yielded 

higher expansion amplitudes.  

a) 

 

b) 

 
c) 

 

d) 

 

Figure 7.2: AAR development over time: a) expansion and b) mass gain regarding the different 

reactive aggregates mixtures; c) expansion for different binder compositions made with SPH 

coarse aggregate; and d) TX fine. 

7.5.2 Damage rating index (DRI) 

Figure 7.3 presents the DRI numbers obtained from the AAR-affected concrete specimens. A complete 

description of the microscopic features over the AAR development of the SCMs-made concrete and the 

different types of reactive aggregates is given in the discussion section. Globally, all DRI numbers 

increase as a function of the specimens' expansions. Furthermore, the ASR-reactive aggregates (i.e., 

SPH, TX, SPT and SUD) displayed somewhat similar values of DRI (Figure 7.3a). In contrast, the 

KING mixture gathered considerably higher DRI numbers over the expansion levels. The mixtures 

incorporating SCMs as binder materials (Figure 7.3b) developed a close trend than ASR control 

mixtures. Yet, it is clear that higher levels of PC replacement imply an overall lower DRI number for 
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each expansion degree (i.e. SPH-MK15 at 0.05%, TX-SG50, SPH-SG50 and TX-FA30 at 0.12%, and 

TX-SG50 and TX-FA30 at 0.20%).  

a) 

 

b) 

 

Figure 7.3: Damage Rating Index vs. expansion levels: a) for the different aggregates and b) for 

mixtures incorporating different types of SCMs. 

7.5.3 Compressive strength (CS) 

Figure 7.4 illustrates the compressive strength reductions for the different concrete mixtures 

investigated and obtained at each selected "free" expansion level. In general, the CS was found to 

decrease somewhat modestly compared to the other mechanical properties tested, presented in the 

following sections. As displayed in Figure 7.4a, the CS losses for samples with low expansion levels 

(i.e., 0.05%) ranged from 0.01 to 0.10, with which SPT mixtures presented the lowest value and KING, 

the highest. Moreover, higher expansion levels indicate higher losses in CS. At 0.12% of expansion, the 

CS reduction values ranged from 0.09 and 0.21, while for 0.20% and 0.30%, it was obtained 0.14-0.26 

and 0.22-0.31, respectively. For SCMs-made concrete mixtures (Figure 7.4b), a higher range of values 

was found of each pre-defined expansion level; yet the global trend in CS reduction is quite similar to 

Figure 7.4a. The values of CS variations obtained ranged from -0.11 to 0.12 at 0.05% of expansion, 

from 0.01 to 0.21 at 0.12%, from 0.05-0.23 and 0.17-0.34 at 0.20% and 0.30%, respectively.  
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a) 

 

b) 

 

Figure 7.4: Compressive strength reduction vs. expansion levels: a) for the different aggregates 

and b) for mixtures incorporating different types of SCMs. 

7.5.4 Stiffness damage index (SDI) 

Figure 7.5 illustrates the SDI obtained in this work through the stiffness damage test (SDT) method as 

per Sanchez et al. [3,34,35] of the distinct concrete mixtures investigated. By incorporating different 

reactive aggregates, the SDI values range from about 0.09 at 0.00% of expansion to 0.31 at 0.30%. 

Moreover, the overall behaviour of the specimens displays a concave-shaped trend over the AAR 

development, either for Figure 7.5a or Figure 7.5b. It is worth noting that comparing the mechanical 

data gathered in this work, SDI displayed the lowest variation between the distinct mixtures at each 

expansion level. In general, the range of values observed in Figure 7.5a were 0.09-0.14 (at 0.00%), 

0.11-0.15 (0.05%), 0.15-0.21 (0.12%), 0.20-0.27 (0.20%), and 0.26-0.31 at 0.30%. Furthermore, 

comparable values were found for SCMs-made concrete mixtures (Figure 7.5b). The only exception 

was at 0.00% of expansion, where the results were slightly lower, ranging from 0.06-0.12. 
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a) 

 

b) 

 

Figure 7.5: Stiffness Damage Index vs. expansion levels: a) for the different aggregates and b) for 

mixtures incorporating different types of SCMs. 

7.5.5 Modulus of Elasticity (ME) 

Figure 7.6 displays the ME reductions for concrete mixtures a) incorporating the five reactive 

aggregates and b) combining the different SCMs with SPH and TX aggregates. Even though the 

different mixtures gathered a wide range of ME loss; the values indicate in both graphs Figure 7.6a and 

b a concave trend towards AAR-induced development. In general, incorporating different reactive 

aggregates resulted in a range of values between 0.10-0.26, 0.29-0.38, 0.42-0.59 and 0.51-0.65 at 

0.05%, 0.12%, 0.20% and 0.30% of expansion, respectively. The mixtures containing SCMs displayed 

a much widely variation in ME loss, at 0.05%, 0.12%, 0.20% and 0.30% of induced free expansion, the 

values were from 0.03-0.34, 0.27-0.45, 0.38-0.59 and 0.55-0.65, respectively.  

a) 

 

b) 

 

Figure 7.6: Modulus of Elasticity reduction vs. expansion levels: a) for the different aggregates 

and b) for mixtures incorporating different types of SCMs. 
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7.5.6 Direct shear strength (DSS) 

In the direct shear strength (DSS) results of the affected samples, all mixtures displayed shear strength 

reduction in function of ASR reaction degree as illustrated in Figure 7.7a and Figure 7.7b. Moreover, 

there is a similar reduction for the distinct mixtures comprising different reactive aggregates and binder 

compositions. Examining both plots, one may notice that the higher the expansion level, the higher the 

DSS reduction. Yet, there is "only" a slight difference from damage degree of 0.20% and 0.30%, which 

displays a somewhat "concave" shape regarding the DSS losses trend. The only exception was seen for 

the KING mixture that presented a significant variation from 0.20% to 0.30% of the expansion. 

Overall, the DSS of concrete mixtures without SCMs (Figure 7.7a) ranged from 0.09-0.33, 0.21-0.39, 

0.29-0.49 and 0.45-0.53 for 0.05%, 0.12%, 0.20% and 0.30% of expansion, respectively. Likewise, 

Figure 7.7b indicates similar losses, by replacing the PC by the SCMs the DSS reduction values 

obtained were from 0.06-0.38, 0.24-0.54, 0.35-0.50 and from 0.47-0.58 for 0.05%, 0.12%, 0.20% and 

0.30%, respectively. 

a) 

 

b) 

 

Figure 7.7: Direct shear strength reduction vs. expansion levels: a) for the different aggregates 

and b) for mixtures incorporating different types of SCMs. 

7.5.7 Assessment of the chemo-mechanical properties of AAR reaction products 

7.5.7.1 Micro -indentation 

The Vickers hardness average values are displayed in Figure 7.8. Figure 7.8a illustrates the results 

performed on opened cracks (i.e., crack width average of 120 + 20 mm) and filled with AAR rection 

products, observed in specimens that reached 0.12% of expansion (to comprise all specimens with 
















































































































































































































































































































