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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 develoms#ds #he potential reactivity of
aggregates in the laboratory and the efficiency of preventive measures (e.g., supplementary cementing
materialsi SCMs) to mitigate ASR in the field. Yet, recent findings suggest that the appropriate use of
S CMs i o ayedyand does not entirely prevent ASR occurrence. Moreover, once ASR starts in the
field, there is no Auniversal o solution that s
be evaluated as f@Auni queo. eblieagragents hagel been styudiedaim thei f i
|l ate years, thus presenting an interesting fph
damaged concrete elements, which could present an interesting solution for denelbiitg distress
due to ASR.

This Ph.D. projecfocuses 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, aitapplied internally or externally to the concrete. To
achieve this goalconcrete mixtures presenting a wide range of binder compositions, using distinct
types of chemical admixtures (e.g., crystalline -beliling), and incorporating five different
typegnature 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 designec
only with GU-cement as the binder material but incorporated dferent types/nature of highly
reactive aggregates. Then, the samples were exposed tand&ted development until they reached
pre-determined expansion levels, in which a wide range of sealers and coating materials were applied
on the surface of thefatcted 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 differenipgedwo years of

accelerated ASR development).

The results show that besides changing AdRetics, the different binder compositions or the

chemical admixtures could modify the distress mechanism due to AAR. The addition of crystalline



healing agentsraheir 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 binderiatat@odified the chemical

and mechanical properties of the A8B!, 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 tc
alter ASR distress mechamsyet, they changed ASKnetics. 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 seleétraw materials to

prevent or mitigate ASR development is proposed.

Keywords: alkali-aggregate reaction, durability of concrete, supplementary cementitious materials,
selthealing 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 @epth evaluation to
understand the selfealing of the concrete (i.e., by the natural or engineered prcaadg$ further

influence on ASRnduced expansion and deterioratidhin new laboratoymade concrete specimens,

and 2) in aging laboratomnade conete 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 thisgsapePh.D.

thesis clear to readers, sectiodidplays 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 A8Rced development in new and aging corecret
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 thegmeed 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, | first ebleshed, in collaboration with my director, since this project was
performed as part of a contractual agreement withNawiral Science and Engineering Research
Council of CanadadNSERQ, as part of aCollaborative Research & Developmebétween the
University of Ottawa and Kryton International. Thus, | designed the experimental program, which was
further optimized with the support and recommendations of my supervisor. Then, | personally
performed and/or participated in all experimental works carried rouhe laboratory. Likewise, |

treated and analyzed all the data used, after which | 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 marscript. 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 presentatidhe 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 infrastructweldwide [1]. The term alkalaggregate
reaction (AAR)describeshemical reactions between certain mineral phases from the aggregates and the
alkali hydroxides from the concrete pore solutid). Overall, AAR can be divided ia two main
reaction types: AlkalSilica Reaction (ASR) and AlkalLarbonate Reaction (ACR); they differ in the

type of mineral phases and mechanisms invol2gd

From the first ASR records by Stanton in 1940 and 1942 and the ACR by Swenson ,ima@ag7
research and knowledge were developed to understand these deterioration medBaf]siBsveral
approaches and recommendations, including a comprehensive variety of laboratory test procedures,
have been developed to assess the potential -adkaadtivity of concrete aggregates and the efficiency

of preventive measures.g. control of the cement & concrete alkali content, use of supplementary
cementing materialsSCMs, etc.]J1,10]. A number of engineers and researchvensidwide have been

trying to develop mitigation & rehabilitation measures in the laboratory and in the field in order to
avoid, cease or, at leashitigate AAR-induceddevelopment. It has been shown that expansion &
distress due to AAR could be avoided orueed (chemically) by the appropriate use of supplementary
cementing materials (SCMs). Many laboratory studies have confirmed this efficj@aci2]
However, new studies are now finding that 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 avoiding/mitigating AAR are nantirdy 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 fieldbher e i s no Auniversal o sol u:
various cases, and each si t Ulus, vasious tgpbasoolitieatmeltss e v
especially aiming to Aphysicallyo stop/medafuce -



the affected member$iultiple 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 mastdrether
aggressive agenttheir effectiveness is reduced over tjiméich reflects the current lack of consensus

in the areaFurthermore, 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
healingpoperti es, which may present an -relatededisteesst i ng
in concrete, especially AAIRLSI 18]. Yet, very few data are available considering the competence of
sweh products for mitigating/rehabilitating AARffected 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
seltheding 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 meaterials 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 eléemeritssaa f e 0
wor king conditions a-reldted fpfobleeng. dVlordoveiy severdchniqués) | i t
supplementary cementing materjateemical admixtures, and surface treatments have been used in the
past, aiming to assess, prevent, and mitigate ASRlolementn 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:
A Evaluatethe 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 caused3i. A



A Evaluate different surface treatments and techniques \iaer repellent, rigid coating
based, lithiurdbased products, cementitious based systems witthaaling products, etc.)
to stop, delay and/or mitigate SR development in its initial, moderatand 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 ramvaterials, 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 mitigatiéhiof AS

concrete

This Ph.D. thesipresents and analyses the results of the investigation program mentionedtabove.
divided into different sections, corresponding to five scientific papers covering specific but
complementary research themes. In ordenaie the content of this papleased this Ph.D. thesis clear

to readers, sectiondisplays a brief synopsis introducing the global context and structure of this study.
On the other hand, section 2 displays a comprehensive literature review on AARtniorthea
detailed background on techniques to avoid and mitigate the development cégtkaljate reaction

in new and ageing concrete structures. In following section (Chapter 3), a problem statement is then
established and a summary of the currentaiesegaps 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 isedisplay
(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 arg§eation 11).
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Chapter Two:  Background and Literature Review

2.1 Introduction

Alkali-aggregate reaction (AAR) is a chemical reaction that irglunternal swelling and distss in
affected concret§l,2]. Moreover,it is a very complex anisotropic reaction, which is influenced by
several parameters, such as temperature, alkali loading, type and natuseiggynef aggregates,
presence of moisture, stressite, etc[3i 6]. The first recorded cases of AAR are dated from the 1940s
in California (USA); afterwardsmany cases have been identified around the world. Nowadays, this
deterioration mechanism is recognized as onehefmost harmful processesaffecting concrete

structues' durabilityworldwide[1,5].

Overall, AAR can be divided tno two main reaction types: Alkabilica Reaction (ASR) and Alkali
Carbonate Reaction (ACR). The most common, ASR, is conventionally defined as a chemical reaction
between the alkali hydroxéd (i.e, Na“, K", OH) and metastable silica mineral forms present in both
natural and synthetic aggregatds2,7]. The reaction generates a secondary product (trealkem
ASRgel) that induces expansive pressures within the reacting aggregate material(s) and the adjacent
cement paste while moisture uptalj®. Thus, causing microcracking, loss of material integrity
(mechanical/durability)and, in some cases, functionality in thiected structurg9]. 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
limestoneg[2,3]. Howe\er, the threshold between ACR and ASR is not clear in many studies. It is
generally agreed that ACR is accompaniedh®process of dedolomitization and formation of calcite

and brucite[10]. This reactionreducesthe volume of soliddy approximately 13%410]; therefore
induced expansion is attributed to a parallel mecharsemme authorfl1,12]considered ACR a form of

ASR, while others believe that ACR follows a completely different distress mechgh&m

The most effective and easy way to prev&8R is avoiding reactive aggregates; however, this is not
always possible. Despite that, any prevensirategieSneasureseeking tocontrol at least one of the

conditioning factors necessary for ASR occurrence are desirable.



2.2 Conditions for AAR development

AAR-induced expansion and damage in concrete members is quite heterogeneous and depends upor
several parameters such as the exposed conditions, type and reactivity of the aggregates, the overall
concrete mixture characteristics, temperature and humiditglitions and mechanical confinement

and restraint§2]. In other words, three conditions are simultaneously necessary for the development of
AAR in a concretgl3,14}

1 Presence of reactive aggregates.
1 High concentration of alkali hydroxideS@OH, KOH) in the interstitial solution.

1 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 mechani¥et, important progress kabeen made in the last
decades to better understand and explain the mechanical and microscopical distress development due ftc
AAR in concrete. As widely studied by Sanchez ef1d,16], a the beginning of the physicochemical
reacton (i.e. low expansion levels up to 0.05%), it has been found thatidiRed cracks are mainly
generated within the aggregate particles. For moderate expansion levetsQ(i12%), new cracks are

still developed within the aggregate particles; yes, pheexisting cracks keep growing in length and

width, with some cracks reaching the cement paste. In haj{pamsion level§i.e., + 0.20%), most of

the previously generated cracks malyeady befound in the cement pastéurthermore, from this

stagej t seems that due t,oiidehserfdr ASRnduced exparsionets kgep | a
increasing pre x i sting cracks than generating nhew ones
0.30%), the cracks previously formed throughout the wholeipbgisemical process connect to each

other in the cement paste, which directly impacts the mechanical properties of the affected concrete,
especially its compressive strengigure2.1 illustrates the qualitative damage modekcribed above

[15,16]



0,05% 0,12% 0,20% 030% T~

Figure 2.1: Qualitative damage model based on distinct levels of expansiit6] (reproduced with
permission of Elsevier

ACR-induced expansion and damagerg different fromASR, at least in its microscopic damage
features[9]. Furthermore, lthough there is no model proposed to explain A&k pattern
development (i.e. generation and propagation), it has been verified that very few cracks are found
within the aggregate pacles In contrastessentiakcracks are observed in the cement paste from the
beginning of the physicochemical process. Moreoweinimal amounts of reaction products are
observed, even at high expansion levels. Therefooa) an engineering and perfoamce point of

view, ACR should be considered a different mechanism than ASR, causing a distinct impact on the
mechanical response of affected matei/s,17]

2.4 AAR influence on the mechanical properties of affected concrete structures

AAR damage developent is usually directly related to the degree of induced expansion caused by this
physicochemical mechanisii®]. Although conventional mechanical testing (i.e. compressive and
tensile strengths, modulus of elasticity, etc.) are often used to evaluatee¢chanical properties of
AAR-affected concrete, a mulvel approach through the use of advanced microscopic and
mechanical techniques was found to be extremely important to understand and explaimdAédri
damage developme[#,16,18]

AAR microscopi¢macroscopidistress 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 membder analysig9,18,19]

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 AARteriorated concre{®]. Furthermore, the compressive and
shear strength seem to bedeaffected, although some contradictory results are found, especially in
sheaf17,20,21]

Concrete affected by AAR with expansion levels lower than 0.10% can generally still efficiently
withstand service stresses; however, once the expansion becomessigmifieant a complete
structural evaluation should be perfornj@di 24]. 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 compres/e 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 sheutthlyp 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 isoenmonly adopted as being 10% of tmaterial's compressive strengtdowever,

past results demonstrate that the tensile strength is much more affected by internal swelling reaction
mechanisms such as AAR than the compressive stref@y#bi 27]. Moreover, © has been
demonstrated that losses in tensile strength of A#fBcted concrete may vary up to 708ven at low

to moderate expansion developitse[9]. However, very likely due to the test conditions (pere

tension governed by fracture mechaniasjerall tensile testing proceduresemnot to be able to

di stinguish different damage sd¥3narios beyond i

Shear strength in concrete is a property governed by tension and compffesses. 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 a[29] evaluated AARInduced 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 theoAAlRe shear
strength was more significant for loweg(, 0.05%) and moderate€.,0.12%) expansions.



The overall stiffness of ordinary concretepismariy governed by the mechanical properties of the
aggregates, especially the coarse aggrg@aie Therefore, this phenomenon is likely responsible for

the significant decrease WAR-affected concrete's modulus of elasticity (MResults 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 fetion of the expansion level8,18,19]

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 ASBT (ASTM C1260/CSA A23.225A),

the concrete prism test (ASTM C1293/ CSA A2342), petrographic alysis (ASTM C295/CSA
A23.2-15A) and chemical test for detecting potential ACR reactivity (ASTM C586). Accelerated
mortar bar test (i.eCSA A23.225A, ASTM C1260) allows the assessment of ASR potential reactivity
of coarse or fine aggregates within 1§slaAfter mailding and curing the mortar bars, the samples are
soaked into a 1M NaOH solution at 80 °C. Although this method can provide an interesting fast
screening of ASR potential reactivity, it has been shown that false negatives and false pasithes c
found due to the severe conditions of exposure of mof&kk Moreover, there are criticisms
regarding the use of SCMs as the exposure period in the test is too short to allow significant pozzolanic
reactiond1,31 34].

Furthermore,d analyze other potential products for ASR mitigation, sudithasm, this method may
present flawscompared to the behaviour of a concrete element in the [B&l@5] Moreover, the
AMBT should not be used for rejecting aggregates; further testing ttenConcrete 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 negasivesASTM C1260/CSA A23.25A.

A relatively rapid indication of exansion reactivity for ACR can be performed according to ASTM C
586, which is an effective tool for tracking reactive carbonate and/or dolomitic aggregatesdidw s

rock samples (cylinders or prismaye immersed inLN NaOH solution and length changeare
10



measured at specified ages. Expansion etuar 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 (196&) assessing rock specimef#6], being afterwards
somewhat modified and adapted for concret¢3ay, [38] and[39]. Sancheet al.[8,18,40]performed
comprehensive research (i.e. using a wide variety of concrete strengths and reactive aggregaite types)
the use of SDT for assessing damage in concrete affected by AAR and also by other internal swelling
reactiors (ISR). Details on the procedure developments and specific/practical considerations on its
application as a diagnostic tool can be foundi8ii8,40] Briefly, after careful evaluation of the test
outcomes, it was verified théhe SDT needs to be performed at 46% t he mat er i al 0s
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, ratfiglgss Damage Index (SDI)

and Plastic Deformation Index (PDI) which represent respectively the ratio of dissipated
energy/plastic deformation to the total energy/deformation implementdioy five loading cycles in

the systen{Figure2.2). Finally, following the works by Chrisp and-@eorkers[38], it was confirmed

that theNon-Linearity Index(NLI; Sec 1/Sec 2 in the first cycle and the average Secl1/Sec2 value of the
last four cyclesi Figure 2.2) was also an interesting outcome to be considered, especially while

studying inner cracks orientation.
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Figure 2.2: a) Test setup for stiffness damage test; and b) Calculation of the stiffness damage
index (SDI) and Plastic Deformation PDI) [41] (reproducedwith permission of Elsevigr

2.6.2 Shear Strength

Shear strength in concrete is a pmtyeayoverned by tension and compression for€sce cracked

(and concrete will always present a certain amaf@imbner 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
capaity and shear friction of reinforced and unreinforced conci42¢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 cylingkeeimen (i.e. double notched cylindrical

specimenj44].

De Souza et al29] evaluated AARNnduced 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 development. Moreover, the impact of the AAR oa shear strength was more
significant for low (0.05%) and moderate (0.12%) expansibitgire2.3b). The proposed shear setup
showed to be a fast and promising tool @mtecting AARiInduced expansion and damage in the
laboratory. Yet, only AARaffected laboratory samples fabricated and monitored under accelerated and

free expansion conditions were tested in this prog&h
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Figure 2.3: a) Test setup for direct shear strengthiest[17]; and b) global shear strength loss of
AAR affected concrete specimenfl7] (reproducedwith permission of Elsevigr

2.6.3 Damage Rating Index (DRI)

The DRI isa semiquantitative microscopic procedure performed using a stereomicroscope (about 15
16x magnification) where the petrographic distress features associated with AAR (or ISR) are counted

t hr ou g R grid dralvn enrthe surface of polished concrete sasf45]. 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 condieefied

DRI value is normalized to aarea of 100 cm?; overalthe higher the DRI number, the greater the
deterioration of affected concrd6i 48]. Thus, he DRI isa complementary petrographic tool aiming
toquantifyt he fAdamage degreed between di forasmafumcton me mb

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[46i 48]. The authors used the DRI to evaluate AAR distress with a wide rdnge o
reactive aggregates, different concrete strengthglf2BPa) 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, mainlg thleeaggregate particles are analyzed down to 1

mm. Moreover,[461 48] proposed the soal | ed fAextended DRI ver sion

distress features could be presented in absolute values (counts) and relatidesi@garding the
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weighting facbrs, giving a more comprehensive assessment of the damaged concrete spdtienens.
damage features that could be found in the DRI assessment are presdfitpadei2.4a with their

corresponding weighting factgrsome of the damage features are observeétjure2.4b.

. Weighting
Petrographic features 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 d®nded (CAD) 3
Disaggregate/corroded aggregpteaticle (DAP) 2
Cracks in cement paste (CCP) 3
Cracks with reaction product in cement paste (CCPG) 3

a)

Figure 2.4: Damage Rating Index: a) Current weighting factors as pef[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 meas® to minimize the risk diarmful expansion and cracking in new concrete
structures due to alkadiggregate reaction is CSA A2312A or ASTM C 1293. These methods are
believed to yield results close to the expected in the fE{l Some variables aréxéd for this test,

such as the amount of cement per cubic meter £4BD kg/n¥), 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/fnof 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 + 2°C and 100% RH). The main disadvantageisthiegrariod

of testing, which is sometimes considered too long. Moreover, it has been suggested that in laboratory
conditions the expansions did ndatirectly confirmthe field performancg51]. Thomas et al[51]
demonstrated that greater levels of alkalesraquired for the laboratory samples to produce expansion
compared with fieleexposed blocks. Thus, the suitability of present performance tests is questionable

due to alkalileaching problemgl].

Moreover, for designing concrete and structures that beaysusceptible to AAR, CSA.A23.27A

provides appropriate preventive measures concrete proportioning based on the degreesdfcalkali
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reactivity of aggregates, the risk level associated with structure size and environment and the level of
prevention relted to service life requirements. The innovation of the CSA.A23.27A, unique in global
scope, is that it presentsstepby-step decisioamaking procedure according to variables that can
influence the development of AAR and that could be present in theatpph 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; howevendahis is
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 thecifficy of preventive measures (i.e. control of the
cement & concrete alkali content, use of SCMs, ¢&8]. Therefore, the development of mitigation
strategies (evepalliative) to extend the service life of concrete structures needs to be investigated.
Includingthe use of low alkaliypes of cementsupplementary cementitious materials, fillers, chemical

admixtures such as lithium nitrate, sealants (silane/siloxane products$jealitiy products, etc.

2.8.1 Minimizing alkalis through cement selection

The primary source of alkalis in concrete is Portland cement (PC); #reylerived 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 therclichia component€,S, C3S, C3A and

C4AF [52]. Although, other constituents.g., supplementary cementing materiaéggregatesand
admixtures) may also contribute to the total amount of alkalis.

Significant amounts of alkalis in the cement are fmable to maintain the pH of the concrete pore
solution at higher levels (i.ein between 12.6 and 13.1). Moreover, higher pH couteid to the
chemical stability of the hydrated Portland cement products@-8H, AFm, etc.); lesides, protecting
reinforced concrete structwagainst corrosion53i 56]. On the other hand, highH can contribute
negatively to the development of AAR khen 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 al k@¢lessedaont e
NaOeq) 0 aBEquapoe2rl.

Na,0,,(%) = Na,0 + 0.658 - K,0
Equation 2.1

It is well known that AAR kinetics igenerally accelerated by increasing the total alkali content (i.e.
NaOeg). Laboratory and field data show from several studies that Portland cement containing more
than 0.6% ofNaOeq can trigger AARto developsignificant deterioration on concrefte]. However,

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

according to their mineralogyigure2.5) [2].

0.28

] —— Sudbury
0247 __ o Spratt

0.20 1
0.16
0.12 1

0.08
CSA expansion

0.04 M/ limit at 1 year
0.00 T Ll T 1 T 1
0 2 4 6 8 10 12 14

Concrete alkali content (kg/m3 Na2Oeq)

Concrete expansion, 1 year (%)

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 contenig]
(reproducedwith permission oNRC Research Pre$s

CSA A23.ZA 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 NapOeq kg/m3 of concrete, for example: < 3.0 kg/m3 for mild mmetion; < 2.4 kg/m3 for

moderate prevention; < 1.8 kg/m? for strong prevention; and < 1.2 kg/m3 for very strong prevention.
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Furthermore, concrete mixtures designed with sinflafOeq content, but differenkK/Na ratios, can
considerably change the AAR letics in accelerated laboratory tefd9]. Indicating that, in some
casesNaOgq 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 sintha SR
reaction, but theeaction ratas higher with K than with Ng60]. Moreover, it is possible to obtain
misleading conclusions if twtypes of cemenhaving equal sodium oxide equivaleftill, extreme

variations of NeO and KO levels are assoed to act similarly in a performance tgst

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 (Nand K'). Several studief61i 63] suggest that the CaO content

is acrucialfactor inAAR developmentThe swelling capacity of ASBel is related to the calcium ions
present in the ASRel, which depends on the amount offCavailable in the pore solutiof64].
Microscopy and chemical analysis show that the reaction product within aggregates has crystalline
properties with uniform composition, rich in Si ioj@b]. However, when the damage caused by AAR
development reaches the cement paste, the-de&bRecomesicher 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 [6&l@&&}n

This alkali recyting during ASR reveals that the reaction may continue until all the reactive silica is
transformed into ASRyel.

Moreover, the amount gfortlanditein concrete is controlled by the mineralogical composition of the
clinker, which means that cement withhegher ratio ofCsS/GS will produce moreCa(OH) [52];
therefore, cement with characteristics of high initial strength (H3B content) may favour
degradation by AAR

2.8.2 Limiting moisture

It is well known in the literature that relative humidity (R.H.)pawts significantly on AARinetics

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 concrefg,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 aggfégatéVater plays two
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critical roles in AAR reaction: first, as transport medium of the ions involwe®AR; and second, as a
reactant (water is included in the amorphous gel forntagiire2.6 shows that higher external relative
humidity accelerates ASR kinetics; mower, indicating that R.H. above 95% is the woeste
scenario for AAR development. Furthermore, the results obtained at 96% humidj6r]owere
slightly higher than thsegathered at 100%and the final expansion obtained on samples exposed to
96% R.H isabout 4.12 times higher when compared to 59% R.H.
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Figure 2.6: ASR swelling versus time for different constant external relativédhumidity [67]
(reproducedwith permission ofASCE).

Consequently, the porosity and permeability of the concrete hagssantialole 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 tomocodate reaction produasd delay the expansion

and cracking initiation in the cement padfél,72] Yet, the use of finely ground materials, whether
inert or reactive, will enhance the matrix microstructuedining the porosity and permeability. In
other words, besides the chemical effect of the S(38s73,74] these materials can act simply as a

physical barrier to water movemdiib,76]

Hydrophobic impregnationand coatinghave been used in various forms in the construction industry
to help to preventwater and chloride ingresand their benefits are well documentgtri 82].
Breathablecoating and sealantsomposed of siloxanes or silanes have shgwomisingresults in
reducing ASR-induced expansion83,84] Evidencesfrom numerous studies demonstrate that the
application of silanes significantly reduces water uptg&e86] lowering ASRinduced expansion
valuesby 40%[87] to 60%[88]. The removal of internal moisture prevents or slows the-A8iRced
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expansion, anthe waterepelling 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, applicatiesa and local environmental
conditions at the time of applicati¢@0]. In general, gane treatments are more effective if pvetting

periods are lengthend87]. Moreover, b effectively mitigate ASRnduced developmentt has been
demonstrated thagxtendedpre-curing periods will permit the formation obled oxygen bridging

bonds between silane molecules and the substrate, which provides a surface with stable hydrophobic
charactef88].

2.8.3 Influence of supplementary cementitious materials (SCMs) o0AAR

Preventive measures, including the use of supplementary cementing materials (SCMs) such as fly ash
(FA) [74,91,92] granulated bladurnace slag (GBFY93,94] silica fume (SF)95,96]and metakaolin
[92,97,98] have been widely studied to decrease likelihood of ASR. SCMgan control ASR

induced development mainly by their capacity of reducing the alkalinity available in the sisiem,
limiting their availability to react with the aggregaf&sr4,99] Furthermore, it has been reported that

the dility of SCMs to bind alkalis and hydroxyls ions seems to be strongly related ©@atB&iQ

ratio of the SCMs; i.ethe higher this ratio, the lower its binding capaf®9] (Figure2.7).
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Figure 2.7: Variation on the OH" concentration in the pore solution: a) Evolution of the pore
solution in pastes containing SCM99]; b) Effect of SCM type and replacement level on the pore
solution hydroxyl ion concentration attwo years[99] (reproducedwith permission of Elsevigr
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Chemically, SCMscan dilute the alkalis available from the clinker aledrease the pH of the material

by consuming Ca(OH)from the pore solutiofil,74,99] Thus,h e f or mat i eSH doefto 1 n e w
SCMs reaction haggreater capacity to entrap alkalis and reduce even more the pH. Furthermore, these
materialscan change concrete microstructure, interfering with the pore size distribution and their
interconnectivityamong thebinder pasteThis effect reduces the mobility of ions and possibly slows

the reaction rat¢73,74,100] Some authors suggested that alkdica reaction is very similar to
pozzolanic reactionf60,99] The main difference between them is tharacteristics of the resulting
products (i.e.C-S-H and ASRgel, the laer with swelling properties). Moreover, the products formed
through the pozzolanic reaction are homogenously distributed throughout the binder paste instead of
accumulating arounceactive aggregatgs]. Yet, the vast variety of SCMs (i,ehemical composition,
morphology,crystallinity, and reactivity) brings these materials to behave differently when exposed to
AAR condition, moreover, their proportion in the concrete also vamespletely 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. FAsconsist
mainly of SiQ and AbOs; the amount of CaO is limited but highly variable depending on the origin of
the fly ash[100]. Therefore, he effectiveness of concrete maddlpfish (FA)against ASR depends on

the overall FA properties and calcium content (i.e., class F containing lesk5#anf CaQ class CL

for CaOcontent ranmg from 15% to 20%and clas<CH containing more tha20% of CaO)[101].
Besides both types of FAisplayed some efficiency to preveASR development FA class F has
demonstratedetter result§99], which is likely explained by the differe@aO/SiQ ratios of FAs. In
general, the lower the CaO/Si@itio of the FA, the higher its efficien¢¥4] to sippress ASR

Class F fly ashes are generally efficient in controlling expansions related to ASR. Results demonstrate
that afterfour years of exposure to tiéaOH solution at 80°C, concretes containing 40% fly ash had
negligible expansion levels even withe formation of ASR ge[102]. This behaviour is attributed to

the low viscosity of the reaction products due to the lower available calcium c@@&ht On the

other hand, Class B fly ash may bechallengingto syppress AAR developmeriB9], yet, many

contradictory data were obtained in the literatukfter nine years of measuremenFEigure 2.8),
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replacing 40% of Portland cemelny FA with CaO content up to 12% decreased the expansions to

| ower and 0 s, dobver thanl0.84%§11])sWhéreas using 20% of FA, the average on
expansion was 0.07%lowever, FA containing higher amount of CaO (i,620.7%) for both 20% and

40% of replacement levels showed expansion higher than 0.12% (Moderate expansion due to ASR).
Resultingin significant mechanical losses (i.e-20% stiffness loss, compressivedaensile strengths

up to 20% and 485%, respectively]9].
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Figure 2.8: Expansion of concrete prisms (CSAA23.2-14A) made with Spratt Limedone reactive
aggregate and various amounts of Fly Ash, cured at 100% RH and 38{C4]: a) using FA with
1.87% of CaO; b) using FA with 12.00% of CaO; and, using FA with 20.70% of CaQeproduced
with permission of Elsevigr

2.8.3.2 Silica Fume (SF)

Silica fume consists nearly exclusively of SiQi.e. 85% to 99%) of very fine particle size and a
relatively high pozzolanic activity. It is a fyroduct of the silicon and iresilicon metal smelting

process containing high glassyphase of silicon dioxid€L05]. In general the use ofSFto mitigate

ASR in concrete is recommended; yet its mechanism of mitigation is stikntotly understood

[1,95]. Overall, SF patrticles rapidly bind alka(Bigure 2.9), decreasing the alkalinity of the concrete

pore solution[1,95]. However, at later ages, alkalis can eventually be released -amctease alkali
concentration14,94] In other words, SF can mitigate ASRt As af e olondergerieds of , y e’
exposure can be challengirResults hae demonstrated that moderately and highly reactive aggregates

combined with 7.5% to 12.5% of SiF concretecontributedto keeping expansiolevelsat safe levels

21



aftertenyears of exposuréo ASR developmentConversely concrete made of SF andyhly reactive
aggregatedarely keep the expansi@amplitudesunder the above expansion leadter 15 yearsof
field exposurg14,106]
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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] (reproducedwith permission of Elsevigr

Finally, results demonstrated that the S@Ontent of te SF plays significantrole in its effectiveness

in preventingASR occurrencgl4]. By usingtwo different types of SF (i.eone with 94% andhe

other with 74% of Si@) at two different replacement levels (j.6% and 10%) Kigure 2.10), [14]
obtained thab% of SF showed higher or similar expansion in comparison with only Portland cement
asthe binder material, for both pes of SFOn the other hand, the authgnesented that at 10% of
replacement, SF significantly mitigatdSR afternine years of exposure. Moreovdhe higher the

SiO; content in the chemical composition of the $te¢ higher theeffectiveness of the aucrete

mixtureto mitigate the reaction.
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Figure 2.10: Expansion of concrete prisms (CSAA23.2-14A) made with two reactive aggregates
and various amounts of twoSF, cured at 100% RH and 38°C: a) Using SF with 94.17% of StD
b) Using SF with 74.60% of SiQ(reproducedwith permission of Elsevigr

2.8.3.3 Metakaolin (MK)

The use of highly reactive metakaolin (MK) as an SCMs has progressively increased in the
constructionindustry during the last decades. MK is produced by calcinating kaolinite clay and is an
aluminosilicate material rich in AD3 (i.e. 35% to 50% by masdpifferent studied97,107,108Jhave
discussedhe efficiency of thanetakaolin KK) to suppress ASRhiconcreteyet, nothreshold valug

have been defined. However, results suggestntloatar bas incorporating 109K by cement mass
lessenedASR-induced expansioby about70% [97,98], whereas 15% of PC replacement resulted in
values up to 85%ower (Figure2.11a, b and ¢]J107,109,110] The mechanism of ASR mitigation by

MK usage iscommonlyattributed to the increased aluminum content into the concretesplution

which is absorbed on reactive Si€urfaces, slowing down its dissolutif8v,107,108}to values close

to zero [111]. Yet, decelerating the dissolution of reactive Sifdd not modify the chemical
composition and morphology of the ASfel [97]. Furthermore, it is unlikely that the swelling

potential of ASR products in cementitious materials incorporating MK is les§@njed
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Figure 2.11: a) Expansion ofconcrete Ref, Mk and Li versus timg97]; b) ASR expansion of
mortar bar specimens cement blends with substitution up to 30%©8] (reproducedwith
permission of Elsevier

2.8.3.4 Ground granulated blastfurnace slag

Compared to previolys discussed SCMs, granulated biaghace slag (GBFS) contains signifidgnt
more CaO. GBFS is a hgyoduct from the manufacturing of iron, is a finely ground glassy siliceous
material formed when molten slag is rapidly cooled and then grid@&d The clemical composition

of GBFSis quite similar to Portland cement; yet, the extent of alkali release is much less than cement
clinker. It has been discussdtat GBFS as an SCM in concrete just delays the effect of ASR by
temporarily modifying the gel compaisin [112]. At the same timeat does not significantly affect the
amount and composition of the A8l formed aearly stages of ASR developméhi 3]. In general,
effective amounts of slag to ppress ASR developmeniswally range from 250%, or more,
depending on the reactivity of the aggregate and exposure conditibfis yet, no threshold valse
have been established tuitigate the ASR efficientlyResults demonstrated that replacing S&4gure
2.12) of PCwith GBFS decreases the expansion rate to lower values thaaikaivPC concret§l4].
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Figure 2.12. Expansion of concrete prisms (CSAA23.2-14A) made with two reactive aggregates
and various amounts ofblast furnace slag cured at 100% RH and 38°((reproducedwith
permission of Elsevigr[14].

2.8.4 Influence of lithium compounds on AAR development

The use of chemical admixturesrexluce damage or delay AARduced development in concretesha

been improving since the 195QK15]. Although both the longerm efficiency and mechanisms of
chemical admixtures in suppressing AAR have been considered for almost 50 years, the inteiest in t
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, kisetics
seen in recent researf®dv,116 119]. However, up till now, there is still a general lack of guidance and
specifications fothe proper use of chemical admixtures to control AB&uced expansion due to the
inconsistent outcomes and conclusi¢h®0i 122]. It has been suggested that metastabita svithin

the aggregate particles may react preferentially wittons modifying the chemical structure of the

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

solubility and tle 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(LiNO;) was the lithium compound showing the best resultsomtrolling ASR for the same
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Li/(Na +K) ratio. Figure2.13 shows the results obtained [82] comparing ASR mitigation potential

of admixtures by usindifferent accelerated test methods.
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Figure 2.13: a) Expansion curves of the Control and LiNQ containing mixtures; b) Expansion
curves of the Control and LIOH containing mixtures(reproducedwith permission of Elsevigr

Lithium nitrate stands out for good solubility and slightly modifies pieof 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 progéigede 2.14 displays some of these

proposed mechanisms, including: (1) formation of a physical barrier by insoluble iditivioim (Sii

Li) reaction product$119,126,127] (2) formation of less expansivei 8i reaction products, LiCa

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

[118,119,129]
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Figure 2.14: a) Schematic diagram ofa 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 Li Si crystals[119] (reproducedwith
permission of Elseviér

It was also reported that the mechanism of ASR mitigation using lithium couikiebe explained by
its ability to replace calcium in ASR gel rather thah ad Na [118,127] Lithium's efficiency in
altering concrete swelling due to ASR depends siamtly on the nature or reactivity of the
aggregates used, lithium availability, atfte amount of other alkalis. The minimum molar ratio
between lithium and alkalis to efficientlyguress ASR generally varies between 1620 for most of
the lithium canpounds studied and 0-0293 forLiNO3[1,118,130]

In cases of structures that are already presenting#@R, Thomast al [131] recommendreatments

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

1 Surface treatmentapplication 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 appliechdahe methods used to apply the material (manual vs
mechanical spraying). The solution biNOs is the most recommended because it presents
better efficiency and a higher rate of penetration during the treatmemgyvép this solution
must be associateuth surfactants to guarantee a better percolation in the coftBd 33]

1 Electrochemical impregnatiora technique based on the electrochemical extraction of chloride,

which involves the application of an electfield 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 attrakt® ions to deeper regions of the meme1];
1 Vacuum impregnatiannegative presure 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, contradictonguéis were found in the literatuj#16,119,124,127,130In

general, the penetration depth of the lithium ions is limited to the first layers of the concrete, reaching
deptts of 5 mm to 50 mmwhich significantly limis their effectivenesghus poor resilts can be found

in the literaturd134i 137].

2.8.5 Influence of the concrete surface treatment

Various types of treatment s, e snmisture iagresspd/oato mi n g
provide confinement of the affected members (sitane/siloxane water repellents, coatings, prestress
confinement, etc.) have been tested and have shown quite promising results. Hydrophobic
impregnations have therefore been used in variaussfan the construction industry to hepprevent

water and chloride ingressnd their benefits are well documentgtVi 82]. Breathable sealants
composed of siloxanes or silanes have shpvamisingresults in reducing AARnduced 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 decreasitig internal moisture of the
concretg88,90,138]

Evidencs from numerous studies demonstrahat the application of silanes significantly reduces
water uptakd85,86] 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 applicafi®@]. Silanescanpenetate into the surfadayersof
concreteproviding a layer that endures traffic wear for several years. The removal of internal moisture
prevents or slows the ASRduced expansion, and the watepelling ability of silane prevents

additional moisture fnm reaching the g€89]. The mechanism of sitce s i |
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silanes react with alkalis in concrete and chemically bond wepeillent hydrocarbon molecules,
thereby reducing the surface tension of cond&f¢ When the surface tension thle substrate is less
than that of water, it will work as wateepellent{87,89]

Silane treatments are more effective if qretting periods are lengthened. To effectively mitigate
ASR-induced development, it is necessary to allow a minimum of 28 days afring 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 ch§&8ttétowever,many

contradictory data were alsttained13], reflectingthe current lack of consensus in the area.

Overall, once ASR starts in the figlithere is no efficient solution tmitigate the residual expansion

and damageHowever, it is somewhat clear that limiting moisture uptake demoessiretter results to

modify the reaction kineticsnladdition, n the past decades, it has been verified that some crystalline
waterproofing coating materials can provide concrete with interestingnesglihg properties besides
waterproofing, which mayrpe s ent a very i nterest i nrglated distrgss i ¢ a |
in concretg 139 141].

2.9 Improvement of the healing process of the concrete

The costs related to human intervention in critical infrastructure have already become a signifiicant fie

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 labar and funds are often required. To dtrtate this situation, the U.S. Department of
Transportation reports that a budget between $78 billion to $112 billion is estimated to address all
structur al and functional b r [14d].gTéesefore,daryfpreventieen c i e
measure to preserve and improve the service life without onerousiaa capital requirements are

highly desirable. In this regard, the development and use of cementing materials able to autogenously
counteract the effects of cracking, the-cedled selfhealng (SH) products, became a topic of

significant interest in civil engineering and concrete technolbg$i 148].

In the past decade, several studies have been conducted to understand the glbbalirsgelbf

cemerdbased material§l49i 151] It is somevhat known that concrete can naturally/autogenously
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seltheal cracksHowever, 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)[152 154], autogenous healing has quite limited capacity on conventional concrete. Therefore,
artificial/autonomous triggering healing agents, such as microencapsulated bacter[aZMB%8] or
crystalline admixtures (CA)146,159 162], have been introsed recentlyBesidespast studies have
shown that MB and CA enhance the recovering of mechanical and durability properties of damaged
concrete, the ACI committd@63] has reported that CAs are more reliable since these admixtures are
hydrophilic by naturgincreasing the density of the calcium silicate hydrate (CSH), and generating
poreblocking deposits resisting to water penetratiodevertheless, both topics (i.e.,

naturally/autogenouslgndartificial/autonomouself-healing) are discussed as follows.

2.9.1 Autogenous healing

Autogenous crack healing in cementitious materials is a natural praecesdrinsic property of the
material, and it has already been studied lanynresearchefd52,164 167]. The phenomenon takes
place through four different main procesg¢egure2.15): a) formation of calcium carbonate (CagO

in concrete; bpngoing hydration of binder grains upon moisture uptake; c) swelling of cement paste;
d) sedimentation of solid particles within cradk$0,168,169] The first two are the most common
autogenous healing processes; however, their efficiency significdmathges 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 becomesptimary mechanism at later ages antbre
prolongedenvironmental expsure[169i 172]. Moreover, besides being a natural process not easily
controlled, autogenous healing properties can be enhanced. It has been demonstratedatimatoec
concrete can recover, on average, 60% of its mechanical properties (i.e.., comtessgth, flexural
strength and stiffnesq)167,173 175]. In addition, significantly decrease concrete permeability and
reduce chloride diffusivity [160,162,176} lowering the wateto-binder (w/b) ratio and/or increasing

the binder content. Yet, thater measure mayise the cost and carbon footprint of the concrete.
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Figure 2.15: Different causes that can lead to autogenic séfiealing [177]

Recently, to achieve greener concrete mixtures and further improve autogenous healing properties,
several researchefs52i 154,167]reported that the use of supplementary cementing materials (SCMs),
partially replacing Portland cement (PC), is crucial. M/kthe 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 séiéaling is significantly higher than Portland cemid®4]. Over time,

teds on the healing capacitfl, 2, 7, 14 days, etc.) were performed in cementitious mortars
incorporating diferent SCMs. Results show that SCManenhance the natural healing mechanism of
cementitious materials as geigure2.16. Furthermore,tihas been demonstrated that concrete made of
ahi gh volume of fly ash (i .acnrecoved 00% oftthe sterigdblogsf P
while reducing bout 75% chloride diffusion after packing[152,178 181]. Moreover, combining

two different techniques (e.g., selective dissolution and >&veld analysis), Termkhajornkit et al.

[180] calculated the total amount of-€H gel produced after 28 daysf curing The results
demonstrate thatplacing 50% of PC by fly ash clash&l 560% more €5-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 hed% of cracks with widths until 20@m and recover up to 80% of its
compressive strength lofs54,182] On the other hand, high volumes of SCMs may reduce the calcite
precipitation process of healif$54,168,181Hue to the lower amount of calcium carbonate formed in

SCM-made concret¢l54]. 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 tessalfcracks with width up to

250 pum, on average.

CEMI1-0.4 50 BFS - 0.4 85 BFS - 0.4 30FA-04 S50 FA - 0.4

00 fi
S00
B

-
- W ‘ |
- -
- =
500 pm
-

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#10[154] (reproduced
with permission of Elsevigr

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 idiided
Afpassiveooamddéact Aceei vating the mechanism by
Afactive modeodo while without h uman [183h Auonomeus t i o n
healing can be induced by two main groups of products: baebasald and crystallinedmixtures,

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

Bacteriatbased healing involves the precipitationG#CQ; by direct bacterial activity155,157]or by
decomposition of urea by ureolytic bactefi85,186] Bacillus Sphaericuspecies (bieagent for

calcite precipitation) has been most commonly studied for concrete application due to its high tolerance
to analkaline environmentL85,186] Moreover, the bacterial activity is known by consuming oxygen;

therdore, improving the durability of the reinforcement against corrosion.

Studies focusing on the use of BBH on concreteelpsogressively increased during the last decades:
to increase lightweight concrete stren¢ii®7]; modify water mobility with hardermk concrete and

improve concrete strength and durabi[it8]; accelerate the setting time of concridfe6,189] etc.

Bacillus Aeriusbacteria combined with rice husk ash (RHA) concmeterovedcompressive strength

in about 9% and 12% at 28 and 56 daywreover, the calcite precipitation by bacteria activity
decrease water absorption and enhanced the microstructure, reducing the chloride ions penetration
[188]. Different species of bacteria have also improved significantly concrete propédmbus
megateriumwere able to increase 24% of concrete compressive stridr@ftf) sporoscarcina pasteurii
combined with fly ash or silica fume enhanced microstructure modifying chloride ions permeability
[191]; bacillus sphaericusipplied on concrete surfacevealed promising results as an alternative for
concrete surface treatmdad2].

2.9.2.2 Crystalline admixture for autonomous healing

One of the smartest materials used for-eeHling applications in concrete is thecsdled crystalline
admixtures (CA); these are permeabiigducing admixtures with a hydrophilic natdinateasily react
with water and can effectively serve also ael-Bealing engineered admixturfl63]. Moreover, the
chemical reaction between CA, PC and water forms waseluble cracking deposits, increasing the
density of calcium silicate hydrate {&H), resulting in a more impermeable and resistant system
aganst aggressive substandéd5,146,153,159162,183,19B195]. Furthermore, the reaction can also
undergo a delayed activation whenever the material comts contact with water and/or

environmental moisture, enhancitige healing process at later a@E36].
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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 wislagcrystalline admixtures. Just a

few authors have anagd the effects on nekanical properties recovery, although most of them
evaluated it through nedestructive techniques (NDTd).has been suggested thiatthe presence of
water, CA compounds may react with tricalcium silicateS)C as seen ifEquation2.2, where a
crystalline promoterMxRx, reacts with @S and water to produce modifiedSEH and poreblocking
precipitates (i.eMxCaRk 1 (H20)x) [197]. On the other hand, other auth@t89] indicate that calcium
hydroxide is the reactive component. Yet, the ability of CA to improve concrete properties may vary
significantly with concrete mixiesign,the chemical composition of the CA products, testing periods
and methods of prnducing cracks orconcrete for different studies (i.anechanical or durability
related)[161]. Furthermore, lower watdo-binder ratios and highementitious material conteseem

to enhance the selifealing performancg52,154]

3Ca0Si02+MR+H:0 Y C8ixOxR-(H20)+MxCaR-(H20)x

(CS+crystalline promoter+water Ymodi fied ¢ Equation22

Sisomphon and eworkers[159] demonstrated thdily adding 1.5% and 4% (by PC mas$)GA in
cement paste mixtures, cracks with widths ranging from 250 to 400were tosed entirely
Moreover, the healed paste specimamse demonstrated to be impermeable after 28 days of pre
induced cracking, and calcium carbonate was the major product fin the sealed crackBigure
2.17). Likewise, studies suggest that €Ancrete can achieve healing ratios of 0.98, for cracks up to
400 um, after 42 days of curind.83]; complete sealing of cracks thinner than 3®9[160]; 95% of
strength regaining capacif¥93]; and 50% lower water penetration, 30% lower chloride diffusivity and
healing ratios close to 1[@69]. Moreover, it has been recently demonstrated that the combination of
CA and SCMs (e.g., Blast Furnace SJa§2], fly ash[145,153,183,198and silica fumg176]) could

even reach higher values of sk#Haling ratios; yet overall, their efficiency lies between 90% to 105%
depending on the exposure conditighs3]. It is worth mentioning that there is a relative agnent in

the literature that cementitious materials soaked in water solutions tend to achieved higtealisgjf
ratios and faster healing rates, followed by wetting/drying cycles, water contact and air exposure
conditions, respectivelpjl47,152,153,16069,176,183,196]

34



CO,> HCOy ]
Cal* \

v

SUONEJUIDIU0 Y

asepans woay ydagg

»>
>

-+

-+
—

Initial crack width

Figure 2.17: Schematic illustration of the precipitation of calcium carbonation[159] (reproduced
with permission of Elsevigr

Besides, further investigation combining calcium sulfoalumibateed admixture and CA showed
optimum mechanical recovery at wet/dry condiio@n the other hand, atured samples contributed

with no visible healing phenomenon and very low mechanicaverg[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-tesating capacity, and
visually closingcracks[196]. Moreover, in Roig-lores 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-pracking concrete samglat 2 and 28 days, it was found

that the mechanical properties were able to recover almost [I¥B} Besides, the author indicates

that CAcancatalye the healing capacity and was more systematic and reliable dadydrophilic

nature.

Finally, several authos have studied the benefits of adding CAs in ceraised systems, either
internally or externallycombined with cementitious coating matefied7,160,169,176]CA coatings'

active ingredients can penetréte cemenpasteand react with hygtion products to form crystalline

or gelatinous substancgeshich fill the capillary pores and mictmracks[139]. It has been found that

the healing products formed in the cracks display large calcium carbonate and ettringite contents,
although GS-H gd wasalso found[139,199] Studies suggest that thenetration depthsf CA from
coatings can reach values betwed8i80 mm, decreasing gas permeability values 11 times lower
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[139], lessening in 70% the water absorptid@0], enhanced the resistancectdoride penetratigrand

this improvement increases owéne in concretg169]. Yet, these values seem ttependon the

microstructure of the treated concretnd the amounbf coarse aggregates close to the surface
[201,202]
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Chapter Three: Problem statement current gaps,and objectives of thestudy.

Alkali-aggregate reaction (AAR) is one of the main processes affecting the durability of concrete
infrastructure in Canada and worldwide. Over tlears, several approaches and recommendations,
including a comprehensive variety of laboratory test procedures, have been developed around the world
to assess the potential alkedactivity of concrete aggregates and the effectiveness of preventive
measues (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 researchemsrldwide have been trying to develop mitigation &
rehabilitation measures indHaboratory and in the field in order to avoid, cease or, at le@sjate
AAR-induceddevelopment. It has been shown that expansion & distress due to AAR could be avoided
or reduced (chemically) by the appropriate use of supplementary cementing Inng8€isls). 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 thecurrent standardized test theds used to determine the efficiency of SCMs in

avoiding/mitigating AAR are nagntirdy reliable when compared to exposed field concrete structures.

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

Other wi s e, once AAR starts in the field, t her e
various <cases, and each situation should be ev
especially aiming to # pshfymistareadnd/oytd pravideocpnfinersedtwfc e

the affected member$iultiple 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 thepresence of cracks generally provides a point of entry for moisnogeother aggressive
agentstheir effectiveness is reduced over timiich reflects the current lack of consensus in the area.

Furthermore, it has been verified that sggneducts (i.e.using different types of bacteria or crystalline
admixtures)are able to provide concrete with sdiéaling properties, which may present a very

i nteresting fAphysi getaleddistsess|inuconcreta) espeoially AdRtYedata | 1 t y
are available considering tledfectivenes®f such products for mitigating/rehabilitating AAd&fected

concreteand some doubts remain regarding their abilityetiver concrete integrityrurthermore, the
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use of seHhealing products with thpresence of SCM®rming a binary chemicgdhysical 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:

1 Understanihg of the efficiency ofnatural and engineered triggering dedfaling agentsn
ordinary concrete mixturethroughthe use of multievel techniques (i.emechanical and
microscopicaprocedures).

1 Understanding the influence of naalihealing processes in concrete affected by ASR

1 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. physicallychemically or both) concrete deterioration caused by AAR;

1 Evaluate different surface treatments and techniquesvater repellent, rigid coating based,
lithium-based products, cementitious based systems witlhaeling products, etc.) to stop,
delay and/or mitigate AAR development in its initial, moderate and advanced phases.

1 Proposea frameworkfor the optimized selection of raw materialand surface treatments

avoidandbr mitigate ASRinduced developmeim concrete
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Chapter Four: Research Program

The comprehensive experimental program developed in this research is divtdedmain parts: 1)
testing performed on new laboratanade concrete specime(iSgure4.1), and 2) testing conducted

onaginglaboratorymade concrete specimersgure4.2).

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

In the first part of the Ph.D. project, eonventional Portland cementour different types of
supplementary cementing materials, faxammercially available hydrophilic permeability reducer
admixtures (i.e., crystalline admixtures CA), four chemically modified &rsions of CA, lithium
nitrate nanaosilica, and five different reactive aggregate types/natufies., coarse and fine reactive
aggregates)were selected for this study to manufactulistinct concrete mixturesThe coarse
aggregates ranged from 5 to 20nnn size.Non-reactive fine and coarse aggregates were combined

with the reactive aggregate materials for concrete manufacturing.

Concrete cylinders wittD0 by 200 mm in size, were investigated in this st@bnsidering the huge
amount of different conete 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 (42010 kg/n?¥). However adjustments were made in the volume of-non
reactive aggregates to maintain the volume of reactive aggregate consadinmixtures, since the
replacement of PC with the SCMs modified the total volume of binder pasteimountsof LiNOs,

NS, and crysalline admixtures were fixed as per the manufacturers' recommendation and according to
what is used in field applications. Thenountsof SCMsselectedn this studywere quite variable and

relied upon each type of SCMs used; yet, in general a minimumooflifferentpercentagesf 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 evaluatn: i.e, evaluation of the sdffealing without reactive aggregate and evaluation of

the selfhealing containing reactive aggregates.
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Figure 4.1: Structure of the part one of the Ph.D. project: new laboratoy-made concrete
specimens

4.1.1 Evaluation of the selfhealing without reactive aggregate

Twenty-four hours after casting, the samples were demoulded, separatédadnnitial curing groups,

and placed in a moist curi ng relatrurirgtfor t®@0differeamtn d 1 |
periods (i.e., 28 days and 180 dayBhe goal of splitting the total amount of specimen® imwo

groups was to evaluate the sedaling ability of the concrete mixtures at early and later ages.
Therefore, #er the firstinitial curing periods (i.e., 28 days and 180 days), the compressive strength of
each concrete mixture was determined. Next, the specimens were diviolédumgroups of pre

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

It is worth mentioningthat the loading rate for the pl@aded samples was the same as usethéor

compressive strength test (i.e., 026.05 MPa/s).
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Furthermore, after reaching the ftetermined load, thetlar was kept constant for three minutes for

better damage development in the samples, then releasbd same rate of 0.2% 0.05 MPal/s.
Afterwards, the specimens were placed back i n
partially recoverthe preload deformations), 30 and 90 daystlé second curing period (sdifealing

time). Moreover, the specimens were placed in sealed bucked to minimize further carbonation of the
samples, even within the controlled chamber. Hereafter, to identifgiffieeent 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 secdmruring after prédoading.

4.1.2 Evaluation of the selfhealing containing reactive aggregate

Twenty-four hours after castinghe samples were demoulded and stored in a moist curing room for
another 24 h. Then, smal/l holes (5 mm in di ame
the samples, in which steel gauge studs were glued in place with-settasj cement skry for
longitudinal expansion measurements. Afterwards, the sawglestaken for the zero readingeing
finally placed in sealed plastic bucketkkThei ned
AAR-affected cylinders were monitored for ¢ggh changesvertime for a total period ofwo years

As per ASTM C1293, t he buck ebeferethe pericdic measuleraetts.t o
Finally, to perform each test selected, the samplere prepared according to the test procedure

explained in the following section.

4.1.3 Testing methods

4.1.3.1 Non-destructive tests methods (NDTSs)

Two different nondestructive test methods, ultrasonic pulse velocity (UPV) and bulk electrical
resistivity (BER) were selected dforthehisowndidy
concrete. Both NDTs®d measurements were perforim
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+9®BQk3, 180+30 and 180+90 days and eachlgad level (i.e., 0%,

40%, 70% and 90%). All cylinders were removed one by one fin@moist curing room and tested at
thesat urated surface dry condition at 20 N 3 C.
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A commercially available twgprobe BER metewas employed in this stugdyand the test was
performed following the ASTM C1876. An alternating current was apltedfixed frequency of 1

kHz through the concrete specimen. It is worth mentioning that to ensure a proper electrical connection
betweentie two circular stainlessteel plates electrodes and the concratepdes, two moist sponges

were added at the interface concrelectrodes. The UPV was obtained using direct transmission
according to ASTM C597and the equipment used was the portalti@snic nordestructive digital
indicating tester (PUNDIT). A viscoelastic gel was applied between both transducers and the specimen

to achieveagood connection; a frequency of 54 kHz was fixed.

4.1.3.2 Porosity

The porosity of the concrete samples was evatuateording to the Archimedes immersion method at
each of thesix periods (i.e., 28+3, 28+30, 28+90, 180+3, 18Q€8@ 180+90 dayskF.irst, he concrete
cylinders selected fahe porosity test wereut in half longitudinally using diamonebladed masonr

saw. Onehalf of the specimens were then separateth®bDRI 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 drieda& for ten days and weighed to obtain their dry mass
(Mp). Next, the samples were fully immersed in water urtberconstant pressure of Z80Hg for
twenty-four hours and then wiped to remove their surface moisture and weighted in a high precision

scale ¢ record their wet mass @¥b).

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 40fef the
damaged 2&lay compressive strength. The results presented in this work (i.e., stiffness damage index

and modulus of elasticityaragethree concrete specimens from the same mix at a given age.

4.1.3.4 Compressive Strength (CS)

Compressive strength was meesd 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 ahd€CA8%$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 300days periods (maturity equivalent to 28, 56, 90 and 180 days, respectively),
according to the maturity concegs 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 o
sound concrete after 360 and 720 days were considered as the values measured at LliR6wiags

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 measeants 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 largelgstarctive character dfie

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 samplésefpomosity

test were polished with gritsf 30, 60, 140, 280(8@00 pm), 600 (2040 pm), 1200 (1020 pm) and

3000 (48um) and 1crh grids were drawn on the surface of the polished sections. Then a
stereomicroscope (161 magniycation) was wused t

hereafter is the normalized 100 Twalue

4.2 Experimental procedures part 2: aging laboratory-made concrete specimens

In the second part of the Ph.D.canventional Portland cemeahdtwo different reactive aggregate
types/naturegi.e., coarse and fine reactive aggregatesje selected for this study to manufacture
distinct concrete mixturesThe coarse aggregates ranged from 5 to 20 mm in N@ereactive fine

and coarse aggregates were combined with the reactive aggregate materials for concrete manufacturing.

A total of one thousand, three hundred and twenty concrete spec(sigtyssamplegper 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 mproportioned as per ASTM C1293 to present the same water to binder
ratio (w/b of 0.45) and amount of bindeaterials (420 kg/f).

Twenty-four hours after casting, the samples were demoykledd s mal | holes (5 m

15 mm deep) were drilled at the two fl at ends
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place with a fassetting cemenslurry for longitudinal expansion measurements. Afterwards, the
specimensver e | eft to harden at 20 AC andftertaBthgp RH
before the zero reading was takédext, one hundred and thirtwo specimens per mixtureene
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 cl| ot RH.&mdpecmersvere thonigoted f8rdenghC a n
variations until they rea@d different expansion levels (i.e., 0.05%, 0.12%, 0.20% and 0.30%). As per
ASTM C1293, the buckets wer eefaethe pegodic Measwramento 2 3
Then, whenhe cylinders reaadthe 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 suréatment of concrete for

better adherencand achieve betteperformance The overall surface treatment used in this study can

be divided imo three main steps: a) surface preparatrdrying the specimens) coating application.

The first twowere mplementedon all specimens, even for control specim@émavhich the coating
materiak were applied The thirdwas determinedaccordingly with thespecification of eacimaterial

used. After achieving the pdetermined 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 wattow acid solutim (98% of distilled water and 2% of acetic

acid) for 24 hours at 1ZC. It is important to mention that to avoid further evaporatiadchanges in

acid concentrationthe covered specimens weaso wrapped in plastic film and placed in sealed
buckets Next, the specimens were unwrapped, and the surface was gently scrubbed with a wire bristle
brushto increase rugosity and enhance the adherence of the coating matieeialsleaned with a

nylon brush and water. Afterwards, the samples were placed’@ ad 60% RHet kept unwrapped

out ofthesealed buckets for 120 hours.

The coating mixtures werthen applied following each specification of tle®mmercially available
materialsandfollowing what is used in field applicationdust beforeapplyingthe coating materials,
clear water was gently spayed at the surface of the concrete specinmapsotee adherenceFinally,
the specimens were placed banksealed buckets and left fd4 daysat 12 °C and60% RH for

hardening purposeand toprovide a sudce with stable hydrophobic characté&fterwards the
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specimenswerst or ed at 3 &. A& @er ASTM C1298,@hebbuBkets were cooled down to

23 AC for 16 N 4 h prior to the periodic | engt
Moreover, mechanical and microscopical tests were performed at 360 and 72@gi@gssection

4.1.3

Casting concrete cylinders
with 2 # reactive aggregates

Specimens are subjected to conditions enabling
ASR development

| VWV

(o) (o] (o) (o] (o)
) b )

[ Application of# surface treatments ]

Specimens are subjected to conditions enabling
ASR development

1 month ] [ 3 months ] [ 6 months ] [ 1 years ] [ 2 years ]

Length and mass variation + Surface
electrical resistivity

Length and mass variation + Surface electrical resistivity + SDT +
DRI + Direct Shear + Compressive Strength + Complementary tests

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. Thesi$ Scientific Papers

5.1 Introduction

In order toreport 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 distinectoles of the Ph.D. projecEigure 5.1

illustrates the links between the papers.

[ Scientific Paper ]
Paper 1: Paper 2:
Understanding the efficiency of autogenous and Evaluating the efficiency of SCMs to avoid or
autonomous  self-healing of  conventional mitigate AAR-induced expansion and
concrete mixtures through mechanical and deterioration through the use of the multi-level
microscopical analysis assessment
r A

Paper 3:
The use of self-healing technology combined
with supplementary cementing materials to
mitigate the Alkali-Silica Reaction distress.

J

s N
Paper 4:
Evaluation of the efficiency of distinet surface
treatments to mitigate alkali-silica reaction
induced expansion and deterioration

S

Paper 5:
A proposed framework for an optimized
selection of raw materials to avoid or mitigate
ASR in concrete

Figure 5.1: Core of the Ph.D. Thesis links between the scientific papers.

Paper 1 is focuses omderstanding the effiency of autogenous and autonomous-kedling of
conventional concrete mixtures through mechanical and microscopical angtyashieve this goal, a
commercially available crystalline admixture, different types of supplementary cementing materials,
andchemically modified versions of CA were combined with Portland cement to proportioned distinct
concrete mixturesWith the intriguing results obtained in paper 1 regarding the efficiency of SCMs to

enhance the natural séi€aling of the concrete, papediaplaysthe results of a muHevel assessment
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conducted to appraisBAR damage evolutionn SCMsmade 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 analysisism dhesek

healing technology combined witBCMs to mitigate ASR-induced deterioration in new concrete
(paper 3). Furthermore, papergpraiss the ability of waterproofing selfiealing coating mixtures to
mitigate concrete deterioration caused by ASR in its initial, moderate and advanced pheifere,
guditative charts wergroposedo provideengineers with bettaii d e c i s i o througlaaknoreg 0
convenient selection f coati ng and seal er dngoa ntdo tahpep Inye stth ean
affected concrete

Paper Soroposs a framework for optimizig binder materials towards the prevention and/or mitigation
of ASR in concrete. This new fAapproacho i s bas:ce
combined chemical compositions using the ternary main oxides plot.

68



Chapter Six: Understanding the efficiency of autogenous and autonomous self
healing of conventional concrete mixtures through mechanical and
microscopical analysis

Diego J. De SouzalLeandro F. M. Sanchéz

!Department of Civil Engineering, University of Ottawa, Otta@anada.

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 rehabilitatisiderablyhigh. In

this regard, cementing materidlsat can autogenously counter the effects of cracking byhealfng
became a topic of significant interest in civil engineering. Thus, this research aims to understand the
efficiency of autogenous and autonomous-ketiling in concrete specimens throughchanical 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 proporgdndistinct concrete mixtures. In which were-jmaded

and damaged at 28 and 180, the specimens were then evaluated over 90 days dfroughgion
destructive (i.e., bulk electrical resistivity and ultrasonic pulse velocity), porosity, microscepjc (.
Damage Rating Index and Scanning Electron Microscopy), mechanical (i.e., Stiffness Damage Test,
modulus of elasticity, compressive strength), and miltdentation analyses. The results indicate that
SCMs significantly enhanced the natural healing aictete Yet, mixturesto which CA was added

demonstrated the highest healing ratios, indicating promising recovery of the mechanical properties.

Keywords: Crystalline AdmixturesSeltHealing, 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, yetpsddo

70 years are often targeted according to distinctdstas [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 concréd.[Eurthermore,n more

critical and advanced phases, they can work as easy paths for the ingress of harmful substances
potentially affectingthe durability of reinforced concrete, decreasing its mechanical properties and
service life [58]. This scenario indicates the negal rehabiliate 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 implementatafncontinuous inspections and maintenance
protocols is quite complex, especially in the case of large concrete structures, where considerable
amounts of labar and funds are often required. To illustrate this situation, the U.S. Department of
Transportatn reports that a budget between $78 billion to $112 billion is estimated to address all
structur al and functional bridgesd deficienci es:c
to preserve and improve the service life without onerousutabind capital requirements are highly
desirable. In this regard, the development and use of cementing materials to autogenously counteract
the effects of cracking, the ®@alled selkhealing (SH) products, became a topic of significant interest

in civil engineering and concrete technologyi[13].

Several studies have been conducted to understand the glodastaelfy of cemenbased materials

[161 18] in the past decadd is somewhat known that concrete can naturally/autogenoushessl|f
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)
[191 21], autogenous healing has quite limited capacity on conventionatrete. Therefore,
artificial/autonomous triggering healing agents, such as microencapsulated bacteria (Mi5) [@2
crystalline admixtures (CA) [13,289], have been introduced recentBesidespast studies have
shown that MB and CA enhance the recowgrof 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-Céncretecansignificantly 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, Wwen exposed to high humid conditions or soaked in wtsed
solutions [13,34,35]; moreover, combining CA with SCMs can reach even more beneficial results
[20,32,36]. Yet, mospast studies have focused on using high bindec ont ent s (a 500 Kk
|l ow water t o bi n38)gfibrerginfotced emcretedor focusedon evaluafogtland

cement mortars or paste. Hence, to the best knowledge of the authors, there is currently a lack of
literature atteting the efficiency of conventional concrete combined with a) commercial CAs, b)
chemically modified CAOG6s, and c¢) commer ci al C.
materi al 0s mi crostructure gual ity and furthergi ne ¢

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 pribee$sms alreadypeen studied

[19,37 40]. The phenomenon takes place through fdiffierent main processes: a) formation of
calcium carbonate (CaGPin concrete; b)continuoushydration 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 themost 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 eaebdrecomes thprimary
mechanism at later ages amabre prolongedenvironmental exposure [31424]. Moreover, besides

being a natural process not easily controlled, autogenous healing properties can be enhanced. It has
been demonstrated that gtamagedconcrete can recover, on average, 60% of its mechanical
properties (i.e.., compressive strength, flexural strength and stiffness) i[4D}l45 ikewise,
significantly decrease concrete permeability and reduce chloride diffusivity [27,29,32], only by
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lowering the watetto-binder (w/b) ratio and/or increasing the binder content. Yet, the later measure

may aise the cost and carbon footprint of the concrete.

Recently, to achieve greener concrete mixtures and further improve autogenous healing properties,
seveal researchers [121,40] 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 proce$sagmstructure and strength developments,

their capability to enhance séitaling is significantly higher than Portland cement [21]. It has been
demonstrated that concrete madeadfi gh vol ume of fly ash (i .e.,
canrecower 70% of the strength loss while reducing about 75% chloride diffusion aftergmieng

[19,48 51]. Moreover, combining two different techniques (e.g., selective dissolution and XRD
Rietveld analysis), Termkhajornkit et al. [50] calculated the totaluatof GS-H gel produced after

28 days of curingThe resultshow that replacing 50% of PC by fly ash clagsad 560% more €S-H

between 28 days and 364 days; thdicateslater healing enhancement. Likewise, concrete made of
blast furnace slag wasuod to heal 70% of cracks with widths until 200 um 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 carbfonated in SCMmade
concrete [21]. Overall, when the continued hydration igtimaary healing mechanism, SCMs play an
important role in the process; however, it is limited to-sell cracks with width up to 250 pm, on

average.

6.2.1.2 Autonomous healing by ugg crystalline admixtures (CA)

Autonomous or engineered healing can be further divitedh p assi veo or HfAactiveo
the healing process by human i pwheerthe pracess withouti s ¢
such an interventonid ef i ned as fApassiveo [35]. Onhealingf t h
applications in concrete is the-salled crystalline admixtures (CA); these are permeabiitiucing
admixtures with a hydrophilic natutlkat easily react with water and ceffiectively serve as wedlelf

healing engineered admixtures [30]. Moreover, the chemical reaction between CA, PC and water forms
waterinsoluble cracking deposits, increasing the density of calcium silicate hydr&#ljCresulting

in a more impermeabl and resistant system against aggressive substances [12,13,20,26

29,34,35,52,53]. Furthermore, the reaction can also undergo a delayed activation whenever the material
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comes into contact with water and/or environmental moistinéch enhances the healipgocess at

later ages [33].

I n early 2010 0 sing researeh orothe usehok CApSisonmpkeoal rcoworkers [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 um wersed entirely Moreover, the healed paste specimeese
demonstrated to be impermeable after 28d#ypreinduced cracking, and calcium carbonate was the
primary product found in the sealed cracks. Likewise, studies suggest thabrii@ete can achieve
healing ratios of 0.98, for cracks up to 400 um, after 42 days of curing [35]; complete sealackef c
thinner than 300 um [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 SCMg.( Blast Furnace Slag [36], fly ash
[12,20,35,54] and silica fume [32]puald even reach higher values of sk#aling ratiosYet, overall,

their efficiency lies between 90% to 105% depending on the exposure conditions [20]. It is worth
mentioning thathere is a relative agreement in the literature that cementitious materials soaked in
water solutions tend to achieved higher -beéling ratios and faster healing rates, followed by

wetting/drying cycles, water contact and air exposure conditions ctesgy [14,19,20,27,3133,35].

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 recoverjd5,28,33], 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, andl reporide diffusivity as
durability parameters revealed the most promising results. Howtelgad and damage recovery
(calculated from flexural stiffness values) indicate suitable trends to evaluateeslatig efficiency

[33]. Finally, it can be atfessed that measurintpe selthealing efficiency of concretés not
standardizedThere are still some lacks in the literatusachasadequate procedures to measine

rate of seKhealing, influence on the length of the crack, reports attestingytiardc 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 anddeelrtiounderstand the

mechanical response sélf-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 densitytt@ndycles of loading/unloading (stress/strain
relationship) of rock specimens. Afterwards, the methvad modified and adapted to quantify the

di stress degree of -sticamneaction (ASR).dAt indially eonsistdofyapplyingk a | |
five conpression cycles (loading/unloading) using a fixed stress level of 55BIP&8]. Later,

Smaoui et al. [59] increased the fixed stress level to 10MPa to improve the diagnostic character of the
procedure Finally, Sanchez et al[60i62] continuel 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). Detailnahe procedure developments and specific/practical considerations

on its application as a diagnostic tool can be found iing8D Briefly, after careful evaluation of the

test outcomes, it has been verified that the SDT needs to be performed at 4086 ofta t er i al
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 outcomesStiffimedg Damage

Index (SDIl)andPlastic Deformation Index (Pl which represent respectively the ratio of dissipated
energy/plastic deformation to the total energy/deformation implemented over the five loading cycles in
the systen{Figure2.2). Finally, following the works by Chrisp and-eeorkers [57], it was confirmed

that theNon-Linearity Index(NLI; Sec 1/Sec 2 in the first cycle and the average Secl/Sec?2 value of the
last four cyclesi Figure 2.2) was also an interesting outcome to be considered, especially while

studying inner cracks orientation.

74



Sec1 Sec 2

SDI: SI /(SI + SII)
Stiffness Damage Index

PDI: DI /(DI + DII)
Plastic deformation index

Strain

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@ost@roscope (186x
magniycation) where damage features generally
c? grid (i.e., 10 x 10 mm units) drawn on the surface of polished concrete sections [64]. The number
of counts corresponding to each tyglepetrographic feature is then multiplied by weighting factors,
whose purpose is to balance their relative importance towards the mechanism of distress under
consideration, for instanc&SR [64]. The factors used in the method were seleldgtally but
relatively arbitrarily; they were recently mod
performing the test [65]. Ideally, a surface of at least 200strauld be used for DRI analysis, and it

may bemore significanin the case of mass morete incorporating larger aggregate particles. However,
the ynal DRI val ue ZJawa [66p ThegdaliofzDRUis td appraase theddamagem
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 Sanchezal. [60,64]. Yet, similaresults were presented by [67,68] with concreted

cores extracted from ASRffected 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 autonoradiealing processes on conventional concrete. This work presents
the results of a muHevel evaluation comparing mechanical and microscopical properties recovery of
early (28 days) and later (180 days) deterioration in conventional concrete. Portlaand Tgpe 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 fabeiconcrete specimens. The specimens were stored
inamoistc uri ng chamber (i .e.., 20 a Mhe 281abd) 1BadaisH ) fo
compressive strengths were gathered and assumed as the average ultimate capacity of the different
concrete mixturesThen, all the remaining samples were -lo@ded until 90%of their ultimate
compressive strength capacity and st or epdriodsac k
(i.e., 0, 30, and 90 days), naestructive (i.e., bulk electrical resistivitpéultrasonic pulse velocity),
microscopic (i.e., Damage Rating Index), mechanical (i.e., Stiffness Damage Test, modulus of
elasticity, compressive strength), mignaentation, and porosity analyses were conducted on the
specimens to evaluate the evolutiof deterioration caused by the fpoading process over time and

thus to appraise the sditaling capacity of the distinct mixtures.

6.4 Experimental program

6.4.1 Materials and mix proportioning

A conventional Portland cemen&( type, equivalent to ASTM C150 pg | [69]) andtwo distinct
supplementary cementing materials (i.e. SCMs; fly ash clas& and silica fume- SF) were
combined with either a commercially available hydrophilic permeability reducer admixture (or
Crystalline Admixturei CA) or two chemially modified versions of the CA with the use of
metakaolin (MK) and magnesium pbate (MS) The chemical and physical properties of the selected
binder materials are provided Trable6.1. The particle size distribution (PSD) of the PC, SCMs and
CA were obtained through laser diffraction spectroscéjyufe6.2). CA displays a coarser PSD (D50
of 56 mm) around 3.7 time®ugter than PC (D50 of 15 mm). Moreover, silica funegeaéd the
lowest D50 among all fine materials (i.e., D50 of 7 mm), whil¢akeolin 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 Bincer materials.
PC FA SF MK MS

SIiO; (%) 20.10 56.31 92.86 52.48 0.12
Al,O; (%) 5.03 23.27 0.05 44.35 0.19
CaO (%) 61.93 10.29 0.62 0.12 1.92
Fe0s (%) 3.80 357 0.12 061 0.09
SOs (%) 338 019 007 0.04 64.46
MgO (%) 242 107 019 0.08 32.51
Na,Oeq (%) 091 317 052 038 0.21
CsS (%) 4324 - - - -
C.S (%) 2502 - - - -
CaA (%) 6.90 - - - -
C.AF (%) 11.56

Specific Gravity 3.12 201 220 229 261
Lost on Ignition (%) 2.91 098 5.05 0.69 1.02

100

Cement ak

Zg ||—Fly Ash
§ ————— Silica Fume
E 70 Metakaolin
@ 60 4]---ca
A 50 -
T 40 A
2 30
= 20 4

10 - pw

0 e ] L bl L L A

0.1 1.0 10.0 100.0 1000.0

Particle size (pm)

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 hundrednd sixtyeight concrete cylinders (ninegix samples per each of tegght
mixtures), 100 by 200 mm in size, were investigated in this silalyle 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, thetavaieder ratio (w/b) of all
mixtures was fixed at 0.4and the CA and its modified versions were added to the mixes. The amount
of CA (and its modified versionse., CA2 CA + MK and CA3- CA + coarse MK + MS) was selected

as per the manuf a ¢follawing théce®nventorabamouatgpidadytused in field
applicationsA coarse limestamaggregate ranging from 5 to 20 mm in sike specific gravity of 2.79
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andfine naturalaggregate with fineness modulus and specific gravity of 2.79 and 2.67, respectively,

were selected for this research

Table 6.2: Concrete mix proportions.

wib = 0.45 Aggreggtes Admixtures? SCMs (kg/r?)
Mixture (kg/m) (kg/ms3)
Water Cement .
(kg/m?) (kg/m?) Fine Coarse CA1 MK MS FA SF
Control 189 420 788 1010 - - - - -
FA 177 275 788 1010 - - - 118 -
SF 186 372 788 1010 - - - - 41
CAl 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 - -
3 MK and MS were considered as part of the chemical admixture once they were used to chi
modify the CA.

b For CA3, the metakaolin was sieved and only the fraction above 40 pm was used.

Twenty-four hours after casting, the samples were demoulded, separatédadnnitial curing groups,

and placed in a moist curing r o &auringfor vo@liffereatn d 1
periods (i.e., 28 days and 180 days), as illustratdtguare6.3. The goal of splitting the total amount

of specimens ito two groups was to evaluate the ga#faling ability of the concrete mixtures at early

and later agesTherefore, #er the first initial curing periods (i.e., 28 days and 180 days), the
compressive strength of each concrete mixture was determined. idegpecimens were dividedan

four groups of prdoading levels per mixture (i.e., 0%, 40%, 70% and 90% of their corresponding
compressive strength). ig worth mentioningthat the loading rate for the pl@aded samples was the

same as used fthecompessive strength test (i.e., 0.29.05 MPa/s) [70].

Furthermore, after reaching the fatetermined load, thetlar was kept constant for three minutes for
better damage development in the samples, then releasbd same rate of 0.2 0.05 MPal/s.

After war ds, the specimens were placed back in th
partially recover the prwad deformations), 30 and 90 daystloé second curing period (sdifealing

time). Moreover, the specimens were placed in sealededutckminimize 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, 18038, 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-lpading. Finally, to perform each test selected, the sample

were prepared according to the test procedure explained fiolitheing section.

28 days of curing:
364 specimens from 8
different mixtures

Pre-loading levels:
0%, 40%, 70%, and 90% !

4 Non-destructive Tests ]

Second curing:

28 days compressive
strength

Casting 728
specimens from § |

different mixtures J\ -
4 [180 days compresswe] ;Y

strength

Second curing:

30 days Mechanical Tests ]

Second curing: |/
" \\‘ ‘w\‘

-
-~
- ~

\( 180daysof curing: | .-~ . [

' Microscopical Tests ]

364 specimens from 8 |~

different mixtures

r

e

o
Pre-loading levels: i
0%, 40%, 70%, and 90%

Figure 6.3: lllustration of the overall experimental program developed to multilevel assess the
selthealed specimens' physical and mechanical properties recovery

6.4.3 Testing methods

6.4.3.1 Non-destructive tests methods (NDTSs)

Two different nordestructive test methods, ultrasonic pulse velocity (UPV) and bulk electrical
resistivity (BER) were selected for this study
concrete. Bdt NDTs 6 measurements were performed on s
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 edmddpevel (i.e., 0%,

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

thesat ur ated surface dry condition at 20 N 3 C.

A commercially available twg@robe BER meter was employed in this studpd the tetswas
performed following the ASTM C1876 [71]. An alternating current was appliedixed frequency of

1 kHz through the concrete specimen. It is worth mentioning that to ensure a proper electrical
connection between the two circular stainisteel plées electrodes and the concretenples, two

moist sponges were added at the interface conetetérodes. The UPV was obtained using direct
transmission according to ASTM C597 [72hd the equipment used was the portable ultrasonic non
destructive digal indicating tester (PUNDIT). A viscoelastic gel was applied between both transducers

and the specimen to achiewgood 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 Archimeagsion method at

each of thesix periods (i.e., 28+3, 28+30, 28+90, 180+3, 18Q«8@ 180+90 dayskFirst, he concrete
cylinders selected fahe porosity test wereut in half longitudinally using diamonebladed masonry

saw. Onehalf of the specimes were then separated 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 theufirsnto
three similar slices (i .e., about 40 mnforken gh) .
days and weighed to obtain their dry masgs)NNext, the samples were fully immersed in water under

the constant pressure of Z®Hg for twenty-four hours and then wiped to remove their surface
moisture and weighted in a high precision scale to record their wet mass).(Finally, on a
hydrostatic scale, the submerged mass (Ms) was recorded. Thus, the apparent porosity can be
calculated though the followingequation6.1.

_ M(ssd)-M(d)

AP = M(ssd)—M(s)

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. [61i&2,18ing adading

level corresponding to 40% of the ndamaged 2&lay compressive strength. The results presented in
this work (i.e., stiffness damage index and modulus of elasticiggagethree concrete specimens

from the same mix at a given age.

6.4.3.4 Compressive Stength (CS)

At 28 and 180 days after casting, three specimens from each mixture were seladtethe
compressive strength was conducted according to ASTM C39 [70] with two different and specific
goals. First, to obtain the ultimate capacity of the midudesigned and to determine the maximum

load per prdoad level selected (0%, 40%, 70% and 90%g¢cond, the compressive strength
measurements were performed on three cylinders used for stiffness damage testing after 3, 30 and 90

days from the préoad apfication, intending to verifythe compressive strength loss/recgvef the
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material as a function of the pl@ad damage and sdikaling activity. The procedure of testing CS
after SDT was adopted and considered valid after Sanchez et al. [60,74] edrtiiemordestructive
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 thes sample
from the porosity test were polished with grits of 30, 60, 140, 280180 um), 600 (2040 um), 1200

(10i 20 pm) and 3000 {@Bum) and 1crhgrids were drawn on the surface of the polished sections.
Then a stereomicroscope ( lf@&m tharesy fhe PRIdinal number wa s

presented hereafter is the normalized 108 tue.

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 oveime are preseatl 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 CAS3Frigure 6.4 displays the results of BER obtained over 180 days of
curing without any prdoad Figure6.4a), while Figure6.4b), c) and d) illustrate the BER variation of

the different mixtures over 90 days of healing afterlpaal levels of 40%, 70% and 90%, respectively.
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Figure 6.4: Bulk Electrical Resistivity: a) BER of the specimens over 180 days without any pre
load applied; BER evolution of specimen prdoaded at 28 and 180 days with b) 40% of the total
load; c) 70% of the total load; d) 90% of the dtal load.

Evaluating the data, one observes tiegitiacing the PC with any SCMs or additng CAs decreases

the conductivity of the specimens, increasing the EBufe 6.4a). Moreover, amples made of silica

fume with (CASF) or without CA (SF) and GKA showed the highest values (i.e., 55, 50 and 49
kYAcm at 180 days of cur iswofgamplese FAglenorstratedtheyhijgher A m.
BERenhancement bet ween 28 and 180 days of curi
90.7%), followed by CA and CAJ hus, increasinghe BERby 43.4% and 28.7% between 28 and 180

days of curing.

Overall, the higher the pilead (PL) level, the highehé BER loss, either at 28 or 180 days of curing.
Yet, preloading the specimens at 40% of their corresponding Fifure 6.4b) did not significantly
charge the BER. Moreover, the BER variations along the 90 days of healing time (HTielednely
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ifstableo for most mi x t u-toaddevels Ofr70% amd 90% hakiecaverappely n d ,
decreased BER; besides, the period from 3 to 90 days dispkigsificant recovgron BER Figure

6.4c and d) either for PL at 28 or 180 days. The latter is directly affected by the different binder
compositions usedGlobally, FA mixtures enhanced early and later BER recovery, while concrete
made of SF yielded lower recovery than the control mixtureewige, the addition of CA, either the
commercial formula or modified versions, significantly enhanced BER recovery over the 90 days of
healing time, either after pteading the specimen at 28 days or 180 days. Finally, the behaviour of the
different mixestested through UPV asquite similar to those measured by BERg(re6.5a, b, ¢ and

d).
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Figure 6.5: Ultrasonic Pulse Velocity: a) UPV of the specimens over 180 days without any pre
load applied; UPV evolution of specimen prdoaded at 28 and 180 days with b) 40% of the total
load; c) 70% of the total load; and d) 90% of thetotal 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 pflead (Figure 6.6a), while Figure 6.6b), c) and d) pesents the BER
variation of the different mixtures over 90 days of $&aling time after préoad levels of 40%, 70%

and 90%, respectively. Overall, all specimens with no induced darraped6.6a) 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 chandeover time. The only exceptiomvas the FA mixture, which showsa
porosity 0of7.3% at 28 daysand 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%, respdotiviedy control and

SF mixtures. On the other hand, tbembination of crystalline admixtures and SCMs showed the
lowest porosity average values (i.e., 5.5% and 5.8% fofF8Aand CASF, respectively). It is worth
mentioning that applying a ptead of 40% at 28 and 180 days did not change the trends obs$erved

PL of 0%; yet, the range of variation for the porosity resuétsivetween 5.3% and 7.0%i@ure6.6b),

slightly lower than PL of 0%Higure6.6a).

Increasing the prad level changed the porosity; the higher the PL, the higher the average porosity.
In general, PL of 70% increased 28.1% and 36%8at3 and 180+3 days, while PL of 90% reached
53.1% and 61.5% higher average values than PL of 0%. Désaite¢he sethealing period of 90 days
significantly changegshe porosity of the concrete specimens at early and later ages. Overall, FA
mixtures dsplayed 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 9080 dia¥s).The combination

of CA and FA also presented similar trendBhe modified versions of the crystalline admixture (i.e.,
CA2 and CA3) improved in about 26% the de#faling when compared with CA, the only exception
was seen for PL of 90% applied 0 days, in which CA displays the highest recovery of porosity
(i.e., 12.1% to 8.0%).

84



14% 28 days 180 days
14%
12%
12%
10%
%
2 8% 1
g
g % |
0,
4% 5
2% 206 |
0% 1 f 1 1 f 1 f f ‘ 0% | | | |
0 30 60 90 120 150 180 210 240 270 0 30 50 90 0 30 60 %0
Time (days) Time (days) Time (days)
—e— Control —B—FA A SF —+—CA Coutral A R A
- @- CAFA - & CA-SF —%—CA2 - - CA3 *— Control —# y
- - CAFA A CA-SF —%—CA2 - X- CA3
c) d)
28 days 180 days

Porosity

%
0% t } 1 t t 0% | } { f t
0 30 60 90 0 30 60 90 0 30 60 90 0 30 60 90
Time (days) Time (days) Time (days) Time (days)
—e— Control —®— FA & SF —+—CA —e— Control —8— FA A SF —6—CA
- @- CAFA A CA-SF —%CA2 - - CA3 - @- CAFA A CA-SF —%— CA? - X- CA3

Figure 6.6: Porosity evolution of specimen prdoaded at 28 and 180 days with a) 0% of thiotal
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)

Figure6.7 displays the results of SDI obtained without any-lpesl Figure6.7a), while Figure6.7b),

c) and d) presents the SDI of the different mixtures over 90 days of healing afteaghievels of
40%, 70% and 90%, respectively. Overall, 812l values gathered for sound concrete were somewhat
similar among the different concrete mixtures, ranging from 0.07 (CA3 at 180+90) to 0.12 (€A, CA
FA, CA3 at 28+30). Moreover, applying 40% of the total strengthufe 6.7b) did not significantly
change SDI values in both 28 and 180 days of initial cuBegides, the trend observed during the 90
days of HT vasquite horizontally linear on average Wwijusta few exceptions (i.e., CA at 28+3 and
control at 28+3 and 180+3). Otherwise, both-lpiad levels of 70% and 90% have averagely increased
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energy dissipatiorduring the tests, increasing SCHigure 6.7c and d). After 90 days of HTthe
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 alsvedisplayed by the
specimens proaded at 90% of the total strength. Finally, modifying the chemical composition of the

CA did not significantly impaobnthe SDI results.
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Figure 6.7: Stiffness damage index (SDI) of the proaded 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 rtures can be seen kigure6.8a, while the average variation

ratios are displayed ifigure 6.8b, ¢ and d) for prdoad 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 Ofkigure6.8a). The average ME ranged from 28.5 GPa to 32.4
GPa. Moreover, prwading the specimens with 40% of the total strength slightly decreased th
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average ratio of ME ir0.01 and-0.02 when applied at 28 and 180 days, respectiatufe 6.8b).
Yet, there is no significant variation of ME consithg the healing time after applying PL of 40%. On

the other hand, increasing the fwad leve] the ME significantly changed just aftpre-loadingand
over the sekhealing period.
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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 MEPtoof 70% was0.23 at 28+3 days an@.25 at 180+3
days Figure6.8c). Although the mixtures containing CA displayed the higher lossesstimved the
most expressive recovery ratios (i.e., CA reached 0.22, variation-&@% to-0.08) and followed by
CA2 (0.20), CAFA (0.19), CA3 (0.18), CASF (0.16), FA (0.10), control (0.06) and SF (0.04).
However, damaging the concrete specimens atehigbe significantly impacteon the ME recovery
results. The mixture CA specimens sustaiaddgher recovery ratio, yet 23% lower than the values

obtained for early damage (i.e., variation ratio of 0.17, variation #26 to-0.09), the same ratio
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was also displayed by CAA, and followed by CASF (0.16), CA3 (0.14), CA2 (0.09), FA (0.06),
control (0.04) and SF (0.03). Similar trensigh higher lossegan also be seen for PL of 9Bidure
6.8d).

6.5.3.3 Compressive Strength (CS)

Figure 6.9a displays the compressive strength results over the evaluated wéhodt any prdoad

and the variation of the different mixtures over 90 days oflssdfing after prdoad levels of 40%,

70% and 90%HKigure6.9b, c,and d, respectively). The highest average CS obtained over the evaluated
curing period were 55.8 MPa for GRA mixtures and 51.7 MPa for CAFigure6.9a). 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 C3&F (51.6 MPa). FA specimens displayed the highest variation
between 28 days (34.9 MPa) and the last measuteshd 80+90 (56.1 MPa), whereas G& had the
lowest. The application a PL level of 40% Figure6.9b), in general, did not change the average CS.
Yet, it isimportantto notice that the control specimens presented a slight increase in C&pfyéng

the preload in both 28 and 180 days (average of 4.1% and 5.5%, respectively). On the other hand, CA
FA displays ahigher decrease in CS just after #pplication of PL.

Increasing the proad levels to 70% and 90% significantly decreased CS averagaddition, the

periods from 3 to 90 days indicate significant recovery of E®(re6.9c and d) whether for PL at 28

or 180 days. Moreover, the recovery of CS is highlighted using SCMseapécially, by adding
crystalline admixtres (i.e., CA1l, CA2 and CA3). The most expressive regaining CS measure over the
90 days of HT was for CA&A, which moved the average ratio loss fredl7 to +0.02 (difference of

0.19), representing a gain of 17.6 MPa. Yet, the combination of the dnetatimixture and silica

fume also display an expressive recovdfinally, it is worth mentioningthat 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 (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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Figure 6.9: Compressive strength of the prdoaded samples at 28 and 18fays 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 arpgarefigure

6.10a). In contrastfigure6.10b), c) and d) presents the SDI of the different mixtures over 90 days of

healing after the proad levels of 40%, 70% and 90%, respectively. Although a constantly higher DRI

number was observed for mixtures incorporating silica fume @ayerage of 48), the DRI number

of the different mixtures wereelatively constant along the curing period for samples without pre

loading Figure6.10a) within thevariation range of 10% of the method [60,74]. Moreover, most of the

cracks

wer e

found

n

t he

crushed

Samples displayed similar ressillvitha PL of 40% Figure6.10b).
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Figure 6.10: Damage Rating Index (DRI) number of the preloaded 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%-igure 6.10c), on theother hand, significantly changed the DRI average
numbers; prdoading 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,-EA, CA-SF, CA and SF, respectively.
However, it isworth noting that over the sdtiealing period all mixtures had the DRI number
considerably decreased, yielding values of 221 (control), 183 (FA), 196 (SF), 125 (CA), IFAJCA

152 (CASF), 137 (CA2) and 118 (CA3). Furthermore, similar behaviour canksd seen for samples
pre-loaded after 180 days of curing. For PL of 9(Big(re6.10d), the specimens presented 50% more
cracks than PL of 70%, on aagle; however, the recovery ranges were more expressive for PL of 90%.
At 28 days, control, FA, SF, CA, GBA, 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%43%22%,
42%, 38%, 62% and 63%, respectively. On the other hand, damaging the samples at 18 days
recovery rate of the mixtures was significantly affecesgecially for FA mixtures. For PL of 90% at
180 days, control, FA, SF, CA, GRA, CA-SF, CA2 andCA3 presented recovery ranges of 15%,
18%, 12%, 25%, 27%, 22%, 29% and 34%.

6.6 Discussion

6.6.1 Distress development in the prdoaded specimens

First, to evaluate the sdfifealing capacity, either natural or artificial, of the different concrete mixtures,

it is imperative to understand the distress generation caused by the differladolevels on each one

of them. Based on the results previously presented, it is clear that the higherldasipesel (PL), the

hi gher the fAdamageod iiens tthheatc oSnacnrcehteez. eQnealv.er[i75
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 cottasete.

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 microcrackimdporaly spread through the cement
paste. Likewise, prading the concrete samples up to 40% of the compressive strength capacity
seemsnot significantly tochange the pattern displayed for PL of 0%; overall, physical, mechanical, and
microscopic resultstained for PL of 0% and PL of 40% grestty similar.

Nevertheless, a very few cracks might be formed under PL of 40% due to differential stresses
concentration at prexistent microcracks, irregular s&ntrapped pores, and the interfacial transition
zore between the cement paste and aggregates. Furthermoexigbeat 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. Thiehaviourcan be seen iRigure6.11a and b, where the total DRI humbers

are quite similar for PL of 0% and PL of 40% for all mixtures, yet the DRI features slightly changed
between thge two PLs.
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Figure 6.11: Damage features and total DRI number of the prdoaded 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
applyingthe determined priwads (i.e., 0%, 40%, 70% and 90%) in the concrete specimens at 28 and
180 day=f 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 ttuagirey level Yet, for PL of 90%,

a significant number of open cracks in aggregatesA)O&Ze verified for SF, CAA, and CASF

mixtures at 28 days and FA, SF and GBRA mixtures at 18B 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 f&tL 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 illustratelignre 6.11 and their qualitative description,

the following damage modeFigure6.12) of the overall distress development against theqading

level wasapplied. It is worth mentioning that the PL levels in the presented model are only indicative
values Moreover, the descriptions are based animacr oscal e0 eeundel aati o

stereomicroscope at a magnification of 116x.
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sl

D D
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0% and 40% After PL of 70% After PL of 90%

Figure 6.12 Qualitative damage development vs. préoad level.

As previously mentioned, at plead levels of 0% and 40%, a few measurable dwtgrors were

found in all different concrete mixtures specimens even without any induced damage (i.e., PL of 0%).
Globally, the cracks ar@rimariy within the aggregate particles and consibtsharp closed cracks
resultingfrom aggregate processing oeatheringFigure6.13a and bhighlight two examples of pre
existent crackgindicated by the red arrows)ithin the crushed limestone coaisggregate. Moreover,

a few cracks can also be found in the cement paste; they are vegnthalthough randomly spread in

the specimen, they are often linked with the ITZ. This type of crack casdlt from different
mechanisms, such as autogenousirging shrinkage, plastic deformation, bleeding, settlement, etc.
Further mor e, they would facilitate further cre
propagation and network under higher-fmad levels (i.e., PL of 70% and 90%)kewise,increasing

the stress leveln the specimens to 70% of the total strength, theegigting cracks start to become
unstable and keep growing. Moreover, weaker regions such as irreguéatrapped pores, ITZ
(Figure 6.13c) andarea with higher stress concentration begin to develop cracks. At PL of tB@%
cracks keep growing, amly through the cement paste, linking to each other and connecting different

ITZs forming an important crack networkigure6.13d.
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Figure 6.13: Cracking features found in theconcrete mixtures

One may notice that the binder composition of the different mixtures inflaémeelamage developed

in the specimensgspecially for samples pileaded at 90%, likelypecausethe mixtures displayed
different compressive strengthBidure 6.9a) even for the same w/Bor instance, ta28 daysthe FA

and controlreveaéd the lowest CS values (35 MPa and 38 MPa, respectively) arsFGAehighest

(50.9 MPa) Likewise, at 180 days, the control mixture presented the lowest CS value (42.1 MPa)
whereas CAFA and FA yielded the highest (58.1 MPa and 54.6 MPa, respectivaly3, gobally, 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 higifmessive strength
exhibitedmorecracks within the coarse aggregates after PL of 90%. This interesting trend is displayed
in Figure 6.14 and isinsteadexplained 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 themberof cracks formed within the aggregaiarticles 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 selhealing ability of each mixture is also affecteglthe type of agents (i.e., natural or
artificial); hence cracks whin the aggregate particles cannot be properly healed.
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Figure 6.14: Correlation between the number of cracks in aggregates (CCA + OCA) without
weighting factors found in PL of 90% specimens vs. the compreise strength.

6.6.2 Effect of natural healing on physical and mechanical properties recovery of

concrete specimens

Generally, the mixtures without CA displayed relatively satisfactoryteedfing properties; the latter is
directly affected by the differentifrer compositions used. It is important to notice that the w/b, the
volume of pasteand fine and coarse aggregates were kept constant for all mixtu@spare similar
systems. Moreover, the specimens were kept inside buckets with hermetic lid¥Caa2® 100% of
R.H., which minimized the natural carbonation of the superficial layers of the conerafdes
However, the two main natural healing mechanisatounted forin 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-hestroctive tests, it has

been found that SF mixtures developed greater valuER and UPVandcompressive strength at 28

days (i.e., 22% higher than control specimens). balsvioursuggests faster hydration kinetics of the

SF mixtures. Moreover, this could indicate tfveru n hy dr at ed PCb6s particl e
autogenous healing after damaging the concrete specimens, which seems to be the case for SF concrete
speci mens. To Aquantifyo the healing perfor man
as perequation6.2. The RR of SF concrete mixtures was 36% lower than control mixtures for samples
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preloaded at 28 days as displayedHigure 6.15; likewise, 8% lower for PL applied at 180 days.
Moreover, the Igght difference between RR at 28+90 days and 180+90 days presented by SF mixtures
(0.03) indicates that thgllica fume particles significantly affected the early $efling Furthermore,

the DRI features observed for SF concrete specimens ahaier amout of CCA and OCAKigure

6.11), either for 28 or 180 days, which somewhat decreased the mechanical properties recovery rate

once cracks in aggregatesinat be easily healed.
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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 SeHealing.

Another good indicator of the lower ability of sékaling of the SF concrete muxe is the evaluation
of the counts of cracks in the cement paste over the 90 daye bfe al i ng A s
evaluation, the samples prepared and evaluated through DRI analysis at 28+3 and 180+3 (just after the
application of PL of 90%) wertirther restored 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 healddr@vdt is worth mentioning

peri od.

that the remaining DRI specimens had their polished surface protected with agtiastibefore re
storing in the moist curing room. The results of these observations are displdyigdrs6.16 and
Figure 6.17, which illustrate the cracks observed in the cement paste for eatckarzmwithout
weighting factors. At 28+3 days, the SF specimen presented a total number of CCP of 116, the lowest

amongsthe 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 skhHaling activity, 14.7% of the cracks were sealed, while after 90

days, the number found was 23.3% lower than the initial180+3 days, similar behaviour was

observed for the SF mixture.
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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 th total strength applied at 28 days and cured for

30 and 90 days for healing evaluation.
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Figure 6.17: Total number of cracks found in the cement paste through DRI analysis for control,
FA, and SF specimensifter 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 crystallireemixtures added. Once again, as in SF mixtures, the chemical

and physical properties of the SCMs playessentiatole in the selhealing ability of the specimens.

Unlike what has been observed for the silica fume, FA presented coarser particle€ tmolbserved

in its particle size distribution iRigure6.2. Moreover, the evaluation of ER and UPV made at 1, 3, 7

and 14 days for FA mixtures showstnilar results @ 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 explais the significantly higher recovery ratitisplayed bythe FA mixturein Figure
6.15(i.e., 43% and 36% higher than control at 28+90 and 180+90 days). Evaluating the DRI features
was clear that at 28 dgy=sA specimensleveloped more cracks through the cement pagjere6.16);
moreover, it was found that FA concrete specimens were able to seal 52.6% aftdre@lingf, for

cracks formed at 28 days and 28.3% at 1809gufe 6.17). However, it verifies thaan important
number of cracks within aggregates weodiced in the FA specimens pl@aded at 180 day$-igure

6.11), which may have somewhat helped decrease the later age mechanical properties reto®ery of

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-b&akdtl cracks (i.e., 38.3% for

PL applied at 28 days and 17.0% Rir applied at 180 days). Moreoverigtworth mentioning that the
second DRI analysis revealed that a f@acks were only partially healed, which decreased the overall
sel-healing performance of the control samplegure 6.18 displays two pictures taken before and
after 90 days of healing and shows the evolution of thehgelling in the specimen. It is clear that the
healing products filled the criadn the ITZ yet in the yellow dashed atgacan be seen that the crack

is still slightly opened.

8P,

s P Sy .
‘ "?/\‘0}-‘ "50‘0 pm

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

98



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 qualityas indicated by the ER and UPV results. Maegpat 28 days, the compressive
strength othe CA mixture was 15% higher than the control and at 180 days, 19% higher; furthermore,
CA specimens displayed significantly higher recgvef physical and mechanical properties after
being damaged. The RR fG@A mixtures(Figure6.19) 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 specirdeasgulesither 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
numbes aresmaller (0.74 and 0.53 for PL of 70% and PL of 90%, respectively).

CA CA-FA CA-SF

EPL 0f 70% 28 days average | BPL 0f 70% 28 days average IPL 0f 70% 28 days average
BPL of 90% ~=- 180 days average EPL of 90% === 180 days average | wPL ofo0% —=- 180 days average

m |

CS ME SDI Por. ER UPV CS ME SDI Por. ER UPV CS

—
[

—
=]

Ratio of recovery
(=] (=] (=] [=] [=]
(=] (3] += (=2 (=]
p—
e
18090 :I:
 —
[
:I
300
]
—_—
-
180+90 :I
m
1
 E———
|
j—
28490 ﬁhﬁ‘

28490
180+90
8+90
180+90
28490
180+90
28490
180+90
28490
180+90
180+90

{
{
{
{
{
{
{
{
{
{
{
{
{
g
{
{
{

SD

=

Por. ER

3

Figure 6.19: Ratio of recovery of CA, CAFA, and CA-SF mixtures for compressive strength
(CS), modulus of elasticity (ME), stiffnesslamage index (SDI), apparent porosity (Por.), bulk
electrical resistivity (ER) and ultrasonic pulse velocity (UPV) after 90 days of SeHealing.

The differences obtained for PLs at 28 and 180 days could be explained by the fact that after applying
PL of 0%, the number of cracks within the aggregate particles increBgpdg6.11). Yet, this also

may indicate that the CA mixture had its potential té-Behl decrease. Through the analysis of the
number of cracks healed ovame (Figure6.20 andFigure6.21), the CA mixture fullyhealed82.1%

of cracks in the cement paste after 90 days oftedfing curingHowever, 8180 days, those numbers

were 25% lower, which indicagghat the overall selfiealing ability has decreased, at least for the
same curing period (i , 90 days). I n gener a

diagonals and a higher concentration of cracks surrounding the center of the polished concrete sections.
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CA-SF

CA-FA

ability enhanced in layers close to the external faces of the specimens, which were directly exposed to
CA

However over the 90 days of curing at 100% R.H., the CA mixtures seem totteiveelf-healing

higher environment humidity (100%).
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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

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

100

properties. The results of ER, UPV and CS at 28 days indicate that CA accelerates the hydration rate of
the mixture; comparing CA&A with FA data, ER, UPV and CS were 158%, 6% and 36% higher for
CA-FA. Furthermore, the teer displayed recovery ratios 43% and 112% higher thairA mixture

for predamaging at 28 and 180 days, respectively. One of the most impressive results] obithine
CA-FA mixture was the recovery ratio of the compressive strength after PL of 70% (i.e., 1.10),

Combining CA and FA (CAFA) also resulted in substantial improvement of the -lse#ling



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 C®vexy 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 aggregategigure6.13). 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 surfacthefsample at 28+3, whereas a more spread pattern at
180+3. Furthermore, after 30 and 90 days of curing;F&4could heal 59.1% and 77.2% of the CCP at
28+30 and 28+90 days and 38.6% and 58.4% at 18083890 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 selfiealing as long as unhydrated fly ash and Cag®eRps forming later &-

H. Moreover, besides the delayed activation of CAtiglas under contact with water and
environmental moisture, the catalyst propergésrystalline material improved fly ash hydration over

the global hydration ofhe CA-FA mixture and after delayed activation, once the concrete specimen
was damagedrhus, increasng the strength at 28 days and improved thelse#ling ability of CAFA

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 valuesbtained for mixtures without CA. Besides, arzatyg the efficiency to

heal cracks through the DRI analysis,Figure6.20 andFigure6.21 can be seen that CBF were able

to heal 58.4% of the cracks after 9¢/slaf 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 wddhown faster pozzolanic kinetics than fly ash enharbed

early strength gain of the concrelowever withholding the selfhealing ability of botlthe SF andthe

CA-SF mixtures. These results highligtitat either natural healing or the crystalline admixtures
responses towards s¢léalingareprettysuscet i bl e t o the presence of

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 selthealing behaviour of thmixtures. 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 damagedowever, he addition of reactive SiOand AbOs rich metalaolin
particles in the crystalline admixture to produce theated mix CA2, were able to make concrete
mixture able to increase the recovery ratios of specimens damaged at 28 @8yshan the values
obtained for CA concretd={gure 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
SiOr andAl203 from MK. Conversely, the latter setiealing ability measured for specimens damaged

at 180 days decreasedmpared tcCA (i.e., RR of CA2 was 17% lower than CA). In this case, the MK
grains may have fully reacted as a pozzolanic material; mordbeee, is a decreasd 20% of the CA
particles content, the ability of CA2 mixtures to recover physical and mechanical properties was
affected.

CA CA2 CA3

BPL 0£70% 28 days average BPL 0£70% - [ EPL 0f70% 28 days average
WPL 0f90% | == 180daysaverage BPL of 90% BPL of90% | =" 180daysaverage
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Figure 6.22 Ratio of recovery of CA, CA2 and CA3mixtures 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 SeHealing.

On the other hand, besides thentioned changes in theaovery ratio achieved by CA2 mixtures, the
ability to heal crack in the cement paste observed through the DRI analysis shows very similar
behaviour to theCA mixture. For PL of 90% at 28 days, CA2 specimens developed a totaDof 14
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 con@&idpecimens

had 67.3% of the cracks in the cement pastehsaléd, CA mixtures selhealed 61.5%Higure6.23).

This behaviourmay 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 themprovemenif CA with MK.
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Figure 6.23: Total number of cracks found in thecement 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 $edéling capabity of the mixturesgspecially at later

ages, for CA3, the MK was sieved in a 40 um mestd the retained material was then combined with
magnesium sphate (MS) and mixed with CA (80% of CA, 10% of coarse MK and 10% of MS). The

general physical and medtieal properties of the sound CA3 concreter@quite similar to CA and

CA2. Howeverthe CA3 mixture performed the highest recovery ratios for both early and later ages,

among all other mixtures. For pleads applied at 28 days, thecovery ratiovas 12% higher than

control specimens, whereas 12% and 3% grealeesthan CA and CA2, respectively. Moreover, it is

worth mentioning that the compressive strength recovery 90 days afteraghneg CA3 at 28 days

Afundam

he

was found for CAFA. For PL of 90%, the CS recovery ratio reached 0.95, the highest value obtained.

t

t han

hi gher

with 70% of its ultimate strength achieved / u e s

Likewise, for PLs applied at 180 dayke CS recovery ratioserealso maintained at high levelgrf

PL of 70% the obtained ratio was equal to 0. same valuasCA, 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 as able to sekhealed 93.2% of the crackBigure 6.23); while at

180+90 days, this number was found as 73.2%, the highestgaatiotoncrete mixturesigure 6.24

shows an example this impressive dwfling efficiency of the CA3 mixtur&igure6.24a, on the left,

one sees a crack developed/propagated through the ITZ of the coarse aggregate and cement past

linking different ITZs from several fine aggregate particles and, b) on the right, the ctackoisglty
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sealed at 1B86x magnification after 9days of curing. The coarser particles of MK provided by the
modified CA3 are Si@ and AbOs rich. Yet, conversely than CA2, they had slower reactivity,
decelerating the release of Si@nd AbOs to combined with Ca(OH)and further forming €5-H,

precipitating in pores and cracks and improving the-BeHling. 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 prdoading 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 finitiwgs clear that the self
healing ability of the concrete mixtures can be improved naturally (i.e., by using SCMs) and artificially
(i.e.,theaddition of crystalline admixtures). However, the different concrete mixtures achieved distinct
sel-healing efficiencies and affecting differently each mechanical, physical or microscopical ypropert
of the concrete. In other words, besides the apparenineotf cracks healed, the different products
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precipitated in the opened cracks mighpacton the overall data gathered. In that regard, a further
gualitative chemical (i.e., scanning electron microscopy/erdigpersive Xray spectroscopy,
SEM/EDS) and gantitative mechanical (i.e., micro indentation) were performed in the healing
products found in the concrete specimens. The SEM and EDS were performed in an EVD Ol

Zeiss AG equipment in the higlacuum mode, set at 15 kV, using secondary eledtnaiging 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$:igure 6.25 shows the SEM images of one patrtially healed cr&igu¢e

6.25a) and the selfiealing products precipitated within the cradkg(re 6.25b). Globally, aiite

fibrous materiad 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(QH)C-S-H, and ettingite nails. Therefore, omparing the
different concrete mixtures, no expressive differences were found with EDS an@hssiexception

was the mixtures containing SCMs, either fly ash or silica fume, which had precipitated less amount of
calcium carboate in the cracks. Thus, the main product found in FA, SFF&Aand CASF mixtures

was GS-H gel.

a) b)

| 20 um
—

EHT=15.0kv  Mag =x200 w7 — EHT=15.0kv Mag = x2000

Figure 6.25: lllustration of SEM -image of the studied sethealed concrete after 90 days of cung:
a) taken ata magnitude of x200 and b) magnitude of x2000.

The mechanical analysis of the sk#aling products was evaluated throdlggmicro-indentation test.

In this regard, the remaining specimens selected for DRI analysis at 28+3 and 180+&swere,
aforementioned, carefully inspectedassessind quantify the total amount of healed cracks tivee
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 umd 200 um selthealed after 90 days of curing

were identified to perform the standard Vickers hardness tests {md&ntation). It was used a
diamond indenter and 0.4903 N (490.3 mN) load for Vickers indentations (Struers Duramin Machine),
a dwell timeof 10 s was fixed and a total of 5 points per region were measured to cover statistics and to
obtain the Vickers micrtnardness (HV) averages as peri[79]. Figure 6.26 displays the results
obtained for micrandentation 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.

28 days 180 days
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Figure 6.26. Micro -indentation hardness (HV) results obtained for specimens prwaded at 28
and 180 days and after 90 days of healing.

The results indicate that the overall HV of the binder matrix, either at 280oddy, vasaveragely

higher than the HV of the products formed in the cracks. The only exception for HV vas&Aw
specimens which showed similarand higher HV in the healing products formed in cracks with

width of 100 um and 200 um. Thisehaviourindicates that 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 thtte 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 plaiggdfiaantrole 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 &whan the paste matrix, which reinforces the later

statement.
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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 H\bwthiie,

other hand, provided the highest ratio of recovery and percentage of healedItadgestshat the
Avol umeo of c raamad le in thafina physigdl ang reechanical properties recovery

At the same timet he | nner thé bealiad productd seens to be lesscal. 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;ldladimye
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 efficieofythe concrete mixtures to recover the
mechanical properties.

6.7 Conclusions

The main objective of the current comprehensive experimental campaigperfasmedto better
understand the influence of autogenous and autonomous healing to reéaevehysical and
mechanical properties of damaged concrete specimamseatly and later age (i.e., 28 and 180 days).
Therefore, fier preloading the amples using fourdifferent load levels (0%, 40%, 70% and 90% of
the total strength) at 28 and 180 days, the-lsgdling ability of the concrete cylinders were then
evaluated over 90 days of curirend the main conclusions of the above investigations are presented

hereafer:

1 The higher the prbading (PL) level in the concrete specimens, the higher the damage.
However, PL of 40% of the ultimate compressive strength did not chheg®ncrete samples'’
physical or mechanical propess. Yet, higher PL levels (70% and 90%gre able to generate
internal cracking measured by microscopic analysis and increased the total porosity of the
specimensThus,decreasing their compressive strength, modulus of elasticity, bulk electrical

resistivity, ultrasonic pulse velocity and ieesing stiffness damage index.

1 Both autonomous or autogenous healing procegsmsially recoveredthe physical and
mechanical properties of the concrete specimens after 90 days of curing. Moreover, both
approacks could sel-heal only cracks formed in theement pastepre-existent and PL

generated cracks within the aggregates were not even partially healed.
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1 The autonomous healing property was significantly improved by replacing 30% of Portland
cement (PCwith fly ash class F (FA); however, this propeviyas negatively affected by the
replacement of 10% of PC by silica fume (SF). Generally, control spectoaltirecover 32%
of their physical and mechanical properties (on average) when damaged at 28 days and 19% at
180 days.On the other hand;A concretespecimens achieved 46% and 26% at 28 and 180
days, while SF samples values were 21% and 18#eatme ages, respectively. Moreover, the
control, FA and SF mixturegould sel-heal about 38%, 52% and 23% of their cracks in the
cement paste for PL apptieat 28 days, whereas they reached 17%, 26% and 25% of cracks
healed at 180 days.

1 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% anof 61%
their physical and mechanical properties, respectively. Moreover, early age damage -CA, CA
FA, and CASF samples seliealed 82%, 77% and 58% of cracks formed in the paste matrix.
For specimens damaged at 180 days, #uewvery ratioobtained vas 61%, 5%6 and 48%,
whereas the number of séléaled cracks as61%, 58% and 50% for CA, GAA and CASF,
respectively.

1 The chemically modified version of the CA (CA2 and CA3) reached even higher average
values: the specimens of both mixtures were able to rect®¥r of their physical and
mechanical properties and seHfal 84% (CA2) and 93% (CA3) of the cracks in the paste
matrix when damaged at 28 days. For specimens damaged at 18thdagsults showed that
51% and 69% of mechanical properties recovery artd 6id 74% of the cracks were self
healed for CA2 and CAS3, respectively.

1 Finally, the chemanechanical evaluation of the products formed within the cracks shawed
higher GS-H formationwas found in healed cracks of SCiede concrete specimens. On the
other hand, in concrete mixtures without SCMs, the main products found filling the cracks were
calcium carbonate firstpllowed by portlandite, €5-H, and ettringite. Moreover, the Viclerd
Hardness (HV) analysis suggests that the HV of autonomous healed sampitegher, while
the specimens made of CA and CAS3 displayed the lowest HV valuesbdhasioursuggests
t hat the Avol umeo améor wle m ¢thk Bnal physadl aeddmeghdniaay s
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properties recovery of the concretdt the same timet he i nner Aqualityo

products seems to be less important.
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Chapter Seven: Evaluating the efficiency of SCMs to avoid or mitigate AAR
induced expansion and deterioration through the use of the muHevel
assessment

Diego J. De SouzalLeandro F. M. Sanchéz

Department of Civil Engineering, University of Ottawa, Ottawa, Canada.

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 thatidAiRed expansion

and distress may be prevented by the appropriatefusepplementary cementing materials (SCMs)
Yet, recent studiedind that the deterioration i%only" delayed anddoesnot entirely prevent AAR
occurrence. In this context, besides the impact of the SCMs on-ki#dRics, it is imperative to
establish a arrelation between thenicroscopic/macroscopidistress degree and features of SEMs
made concrete. Moreover, velitle research @ been conducted omnderstandingthe elastic
properties of ASRyel and the influence of the use of SCMs on it. This reegaesents the results of a
multi-level assessment of AARduced damage development incorporating a wide range of reactive
aggregate and SCMs at selectedrestrained or fréeexpansion levels (i.e., 0.00%, 0.05%, 0.12%,
0.20% and 0.30%). Moreover, itdoses on the distress generated at distinct locations of affected
concrete: aggregate particles, ITZ and cement paste. The latter is expected tondierstandinghe

material's deterioration as a function of AAR development.

Keywords: Alkali-silica reation, the durability of concrete, micrindentation, 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 concretefrastructure worldwide. AAR can be dividedartwo main
reaction types: AlkaiBilica Reaction (ASR), the most common by far, and Alkarbonate 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 Ugtak&AR -

induced deterioration leads tmicrocracking, loss of material integrity and functionality of the
affected structure [#], significantly impactingon the stiffress, tensile and shear strength of affected
concrete, whereas the losses in compressive strength are observed as less sigifjcant [5

Over the past decades, several approaches and recommendations, including a variety of acceleratec
laboratory test pramures, 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, etoifitmte ASR in the field [49L7].

Overall, SCMs can enhance concrete microstructure, impacinsgmobilityand possibly slowing the
reaction rate [180]. Likewise, these materiatsan dilute the alkalis available from the clinker and
change tb propeties of the ASR reaction products by consuming Cagdid)n 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 Ag&iced expansion and disteemay be prevented by

the appropriate use of SCMs [2,9,17]; yet, recent studies are now finding that the deteriotahb is
delayed anddoesnot entirely prevent ASR occurrence [22]. Furthermore, besides theirdsiRed

distress development is weléscribed by Sanchez et al. [23,24], there are no established correlations
between the expansion developmetd microscopic/macroscopidistress of AAR affected SCMs

made concrete.

In that regard, a global understanding of the chemachanical propertiesf the AAR reaction
products (e.g., ASRel) and the impact of SCMs on it is imperative to predict and prevent damage in
concrete structures and structural components. Furthermore, it is anticipated thgelAS&Rures may
influence the damage generatiand 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 predéetsesults of a muki

118



level assessment of AARduced damage development addressing the distress generated at distinct
locations of affected SCMsade concrete: aggregate particles, ITZ and binder paste. The latter is
expected to aid in the understandofghe 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 mechaniget, in the last decades, importanbgress has been
madeto better understand and explain the mechanical and microscopical distress development due to
AAR in concrete. As widely studied by Sanchez et al. [23@4cks are formed within the aggregate
particles at the beginning of the physibemical reaction (i.e., expansion level of about 0.08%}he
ASR-induced damage raises, new cracks are still developed within the aggregate particles; yet the pre
existing cracks keep increasing in length and widdlaching the cement paste. At highevels of
expansion (i.e., expansion of 0.30%), the cracks keep propagating through the aggregate particles and
cement paste and due to thminimum energy laW, they start connecting, forming a high crack
networking and compromising the mechanical proge of the affected concrete [23,24]. As ASR
induced cracking developmebegirs 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 handACR 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 geneagilyed that ACR is
accompanied byhe process of dedolomitization and formation of calcite and brucite [26]. Although
different studies [1,2729] considered ACR as a form of ASR, the microscopic damage features of the
ACR-induced expansion and damagerequite different from ASR [5]. Moreover, currentlifhere is

no model which qualitatively explains AG&acking pattern development. Yet, it was found treay

few cracks may be found within the aggregate, differently from A8&ted concrete, at the
begnning of the ACR deterioration. In contragfjportant cracks are observed in the cement paste
Furthermore a limited amount of reaction products aobserved 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 associateith its degree of induced expansion [5]; however, it is
known that induced expansion leadsctitical damae in the affected concrete. Sanchez et al. [5]
defined the ternidamage 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
anddurability of concrete. Thus, these authors proposed the use of deweltassessment protocol
composed of microscopic and mechanical test procedureppmise the damage extent of ASR
affected concrete successfulmong the multievel test methaglproposed, 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 seguoiantitative microscopic analysis performed using a
stereomicroscope (about -15 x magnification) where the petrographic damage features associated
with AAR are counted through a grid of 1 cm? (i.e., 10 x 10 mm units) drawn on the surface of a
polished concrete section [23,30]. The number of counts corresponding to each petrographic
chamcteristic 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 cm?;
overall the higher the DRI number, theore signifcant the deterioration of affected concrete
[3,23,24]. Thus, he DRI isinsteada complementary petrographic tool aiming at quantifying the
"damage degrédetween different members from an affected structure or as a function of time within

a specific conete 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 concretergjties (2545 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
mm. Moreover, [3,23,24] proposed the-cled "extended DRI versidnin which the microscopic
distress features could be presented in absolute values (counts) and relatidesi@garding the

weighting factors, giving a more comprehensive assessshém 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 specimesa guodntify 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, btaaling 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 nelimearity index (NLI) [3,33].

Details on the test procedure and specifinsiderations on its application as a diagnostic tool for
assessing ASRffected 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 Indexi SDI, Plastic Deformation Index PDI and NorLinearity Index- NLI) and the
expansion of the ASRffected concrete. However, since in most pcattasesthe 28day strength of
agingconcrete 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 structurmember 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 AR damage and development with more or less success. InafiaBed
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 aggregsieleg).
Significant reductions in compressive strength are only observed for high and very high expansion

levels (i.e. >0.20%) as by [5,3%}hich disables its use for diagnostic purposes.

7.2.1.4 Direct Shear test (DS)

Shear strength in concrete is a propgtyerned 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; loicsbear f
[36]. Severaltest methods have been developed over the years to evaluate the direct shear capacity and
shear friction of reinforced and unreinforced concreté 39Y.

De Souza et al. [10] evaluated AARdJuced expansion and damage on 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 soncrete
development. Moreoverhé impact of the AAR on the shear strength was more significant for low
(0.05%) and moderate (0.12%) expansiorntsusl he proposed shear setup showed to be a fast and
promising tool for detecting AARhduced expansion and damage in the laboratory. Yét, 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 AS&el through micro-

indentation technique

Indentation hardness teggitnas been used to evaluate the mechanical properties of materi@li4][40

More recently, the advent of nanand micrescale science, engineering and technology, coupled with
substantial progress in instrumentation, has resulted in -dep8ing indentain [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 mibezdness is an important index reflecting the mechanical
properties of the material. The principle of the indentation, or Vickers hardness tester, is pressing the
diamond cornecone indenter with garticular shape into the surface of the tested piecdeura
specifictest 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 concretmas 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]. TheanBdulus of various hydrated phases has been
detemined 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 levelPof [4B]. As the
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area of the indenter is larger than the size of homogeregions of single hydrates [16,47,48], micro
indentationcan onlydeliver data on hydrate assemblages in cement paste, for whicimadwus in

the range of B0 GPa were found [16,47,48]. With the significant advances in the conventional
Vickers micrdardness technique, a novel micro indentation method was developed to investigate the

elastic modulus and the miestrength of ITZ in reinforced concrete j48].

7.3 Scope of the work

As stated above, a number of techniques have been developed in tha@npagt to assess AAR

induced deterioration in concrete. However, there are no established correlations between the
expansion development anmicroscopic/macroscopidistress of AARaffected SCMsanade concrete.
Furthermore, there is currently limited infortiwa in the literature appraising the overall features (i.e.,
stiffness, chemical composition, etc.) of AAR reaction products on damage generation and propagation
of affected concreteParticularly coupling the influence of different types or natures aeftree
aggregates and supplementary cementing materials in the AAR reaction products feature and damage
development. This research presents the results of aleudtiassessment of the global AAR damage
evolution of SCMamade concrete specimens as a fimmcof induced expansion (i.e., 0.00%, 0.05%,
0.12%, 0.20% and 0.30%). The evaluatiad lan 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) ad 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) esalyesre conducted and a
comprehensive evaluation of the impact of SCMs on A®Rced deterioration was performed.
Moreover, scanning electron microscopy, eneatppersive Xray spectroscopy, and miehedentation

were performed in the AARffected speciens to evaluate the mechanical features of the reaction
products at distinct locations (i.e., aggregate patrticles, ITZ and cement paste). The latter is expected to

aid inunderstandinghe 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 Typdol); different types of
supplementary cementing materials (blast furnaceis®@, fly ash class F FA, silica fumei SF and
metakaolini MK) and five differert reactive aggregate types/natuvesre selected for this study to
manufacture nineteen concrete mixtures. The coarse aggregates ranged from 5 to 20 mm in size.
Moreover, norreactive fine (NF) and coarse (NC) aggregates were amddcombinedwith the

reactive aggregate materials for concrete manufacturifeple 7.1 provides information on the
different aggregates used in this study; the chemical and physical properties of the selected binder
materials are provided ifiable 7.2.

Table 7.1: Reactive (ASR/ACR) and nonreactive (NR) aggregates used in the research.

- Specific Absorption AMBT 3

Aggregate Reactivity Rock Type gravity (%) (%)
SPH ASR Greywacke 2.71 0.70 0.33

SPT ASR Siliceous limestone 2.70 0.62 0.31

SuUD ASR Mixed mineralogy gravel 2.59 0.60 0.23

Coarse Dolomitic argillaceous
KING ACR . 2.68 0.57 0.12
limestone

LC NR Crushed limestone 2.78 0.42 0.02

Eine TX ASR Polymictic sand _ 2.60 0.89 0.81
NF NR Natural derived from granite 2.60 0.82 0.08

¥ 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

SIiO; (%) 20.10 36.64 56.31 92.86 52.48
Al,03 (%) 5.03 11.14 23.27 0.05 44.35
CaO (%) 61.93 37.32 1029 062 0.12
Fe:0s (%) 3.80 040 357 012 0.61
SOs (%) 338 037 019 0.07 0.04
MgO (%) 2.42 1215 107 019 0.08
N&zOeq (%) 091 063 317 052 0.38
CsS (%) 4324 - - - -
C.S (%) 2502 - - - -
CaA (%) 6.90 - - - -
CJAF (%) 11.56

Specific Gravity 3.12 2.91 201 220 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 stidple6.2 sunmarizes the concrete milesigns

employed in this work. It is worth mentioning that no chemicals (i.e., water reduceesitrained,

etc.) were used in this research. Moreover, all nineteen concrete mixtures wgm@pakioned as per

ASTM C1293 to pesent the same water to binder ratio (w/b of 0.45) and amount of binder materials

(420 + 10 kg/n?). However, adjustments in the volumes of #ieactive aggregates were made in the

mixturesto maintain an equal and constant volume of reactive aggregates.

Table 7.3: Concrete mix proportions.

w/b = 0.45 Aggregates (kg/nd) SCMs (kg/n)
Mixture ({Vg?tn“;‘;) ((:kzr;‘nfgt Fine Coarse SG FA SF MK
SPH
Control 420 836
SPHSG50 210 822 210
SPHFA15 357 806 63
SPHFA30 189 294 776 938 126
SPHSF5 399 828 21
SPHSF10 378 821 42
SPHMK7.5 389 829 32
SPHMK15 357 822 63
TX-Control 420 1020
TX-SG50 210 1005 210
TX-FA15 357 988 63
TX-FA30 294 957 126
TX-SF5 189 399 765 1012 21
TX-SF10 378 1004 42
TX-MK7.5 389 1012 32
TX-MK15 357 1005 63
SPT 771 1000
SUD 189 420 749 982
KING 733 1030
Twenty-four hours after casting, the samples were demoukledd s ma | | hol es (i .e.
by 15 mm deep) were dr il | e.deehgauge diuds wereyglued ih gate e n

with a fastsetting cement slurry for longitudinal expansion measurements. Afterwards, the samples

were lefttoh ar d e n

at 20 AcC

and

100 %

RH

over

24

hour s

zero reading was takehlext, all samples were finally placed in sealed plastic buckets lined with a
a n, dnd $00% RI. gk AAR-affe8t& cylir@rs were monitored for length
variations until they readd different expansion levels (i.e., 0.00%, 0.05%, 0.12%, 0.20% and 0.30%).

damp

c |

ot h
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As per ASTM C 1293, t he bucket s pwoeto¢che peoodit e d ¢
measurements. Then, when tlydir@lers reachd the specified expansion levels, they were wrapped in
plastic film and kept wunder 12 AC twere domdictedr i t f
(due to testing capacity issues). In order to perform each test selected (i.@anicacmicroscopy and
porosity), all concrete specimens were reconditioned in the moist curing room for two days (enabling
the samples rewetting and therefore reducing thes teatiability) as per CSA23.24C [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 semiquantitative petrographic analysis, using the DRI, was performed on one specimen from each
concrete mixture at the specific expansion levels, according to the methodheldxyriSanchez et al.

[3,23]. The samples were cut in half axially, polished by a hand polishing device, which uses diamond
impregnated rubber disks°(rb0-coarse, 100, 400, 800, 1500 to 38@0y fine) and 1cm grids were

drawn on the surface ofthepos hed secti ons. Then, a stereomicrtr
to perform the test. The DRI final number presented hereafter is the normalized?h@0usm

7.4.3.2 Compressive Strength

Compressive strength was measured through two diffapgrbaches 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 aggregatdsASTM C39 method could not be
followed as theycould develop some AAR.hEN, he cylinders were maintained at 12 °C 4ar 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, 1500amhalys (maturity
equivalent to 56, 90 and 180 days, respectively) from all mixtures. Moreovemydrth mentioning

that no strength gain was observed after 300 days under the above storage conditions. Thus, the
compressive strength evolution profileger time wereghentraced for each concrete mixture, which
helped identify the correct CS of sound concrete wherever thentamaecessary to achieve the pre
determined expansion levels of the A8fRected concrete specimens. Likewise, to determine ffle S
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 2R #evelops. This procedure was
adopted and considered valid after Sanchez et al. [3,23] confirmeesdleamtidy non-destructive
character of the SDT.

7.4.3.3 Stiffness Damage Test (SDT)

The SDT procedure was performed following Sanchez et al. publications3&],3de. 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 mentionéd.3tR2
Furthermore, pe verifies that once the ASitfected specimens yielded one of the studied expansion

l evel s, the samples were wrapped in plastic f
deterioration until all test are conducted (due to testing capacity issues). Thus, before the test
procedure, the samples were reconditioned/prepared under 1B0fdér R8 hours [50] and the test

was conductedlhe results obtained hereafter is an average value from three dipeantnens 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; howdifiarent from the CSthe stiffness

damage test was not performed on the saniésrethe direct shear test. Before testing, all samples
were carefully ground so that a circumferential notch was cr¢@fet]. The notch depth was adopted

as abmmtN2® mm t o-tygerfaduwerwihout leasitge temall area of the sample to

be tested.

7.4.4 Assessment of the chemmechanical properties of AAR reaction products

7.4.4.1 Micro-Indentation

The remaining half of the samples from DRI tests were carefulgpected through the

stereomicroscope to localize the most damaged locations with the presek8R-gél. 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 diamondmpregnated rubbedisks (K. 50-coarse, 100, 400, 800, 1500, 3000 to 1006y

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 Mathine)
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 selected4A53jext
expansion levels of 0.12% (for cracks in the agagte 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% d expansion were not selected due to the difficulties to localize repeatable areas for testing;
second, 0.30% expansion was not used due to comparable reasoonslyi.a.few concrete mixtures
yielded this expansion). A dwell time of 15 seconds and ammim of 5 points were measured to
obtain the Vickers micrthardness average values to cover statigtigaire7.1 illustrate an example of

a polished sample placed for migrmlentation test equipmerfigure7.1a); in b) an example of ASR
damaged sample with ASgel filling the cracks and visual representation of the indent print in the
surface of a polished aggregate in ¢) and Af®Rin d) under the microscope of Struers Duramin

Machine.

Figure 7.1: a) Example d a polished sample placed fothe micro-indentation test; b) example of
ASR-damaged sample with ASRygel filling the cracks; a visual representation of the indent print
in the surface of a polished aggregate c) and ASgel d) under the microscope of Strues
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 mindentation analysis; yetyefore 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 highcuum mode, set at 15 kV, using secondary electron imaging
and energydispersive Xray ectroscopy (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 cedhbles within

the aggregate particles or cement paste.

7.5 Results

7.5.1 ASR Kinetics

This section presents ASR expansion kinetics and amplitude résuél mixtures developed in the
laboratory.Figure7.2a displays the expansion results obtained from the mixtures incorporating the five
different types/natures of reactive aggregates, whiture 7.2b illustrates their respective mass
variation. MoreoverFigure 4.2c and Figure 4.2d shdahe expansion amplitudes for the different
binder compositioscombined with SPH reactive coarse and rE4ctive fine aggregates, respectively.
The results demonstrate that a wide range of expansion kinedkshbtained as a function of the
reactive aggregates and different binder compositions tested. Globally, KING mixtures developed
faster reaction kinas (i.e., yielding 0.30% in 49 daysJhis mixture involves an extremely reactive
coarse dolomitic argillaceous limestone aggregate ftoenPittsburgh quarry located in Kingston
(Canada). This aggregate is well known to be susceptible to the developnleatsecalled alkak
carbonate reaction (ACRDnN the other handpf the alkalisilica reactive aggregates (i.e., SPH, SPT,
SUD and TX), TX fine displayed faster AS&netics (0.30% in 70 days) and was followed by SPH
(0.30% in 132 days), SPT (0.20%284 days) and SUD (0.12% in 357 days). In general, the mass gain
ranged from 0.43% to 0.86% at maximum expansion legels it follows a similar trend as observed

for expansion rate.

The epla@ment ofPC by thedifferenttypes of SCMs significantlplteredASR kineticsof both SPH
and TX mixtures The concrete mixtures MK15 displayed the slowepansion ratehroughout
evaluation (i.e., 0.02% for SPH and 0.04% for TX) and was closely followed by, SEhZving
0.03% (SPHSF10)and 0.06% (TXSF10)of expansion after 270 days. Overall, aside from the two
mentioned mixtures, FA30 presented the lowest expamfsibowed by SG50, MK7.5, FA15 and SF5
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Similar trend were observed for both
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Figure 7.2: AAR development over time: a) expansion and b) mass gain regarding the different
reactive aggregates mixtures; c) expansion for different bindezompositionrs made with SPH
coarse aggregate; and d) TX fine.

7.5.2 Damage rating index (DRI)

Figure7.3 presents the DRI numbers obtained from ti#eRAaffected concrete specens. A complete
description of the microscopic features over the AAR development of the -8@#ls concrete and the
different types of reactive aggregates is given in the discussion section. Globally, all DRI numbers
increase as a function of the specimengansionsFurthermorethe ASRreactive aggregates (i.e.,
SPH, TX, SPT and SUD) displayed somewhat similar values of Biguie 7.3a). In contrast, the

KING mixture gathered considerably high®RI numbers over the expansion levels. The mixtures
incorporating SCMs as binder materialsigure 7.3b) developed a close trend than ASentrol

mixtures Yet, it is clearthathigher levels of PC replacement im@n overall lower DRI number for
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each expansion degree (i.e. SFH15 at 0.05%, TXSG50, SPHSG50 and TXFA30 at 0.12%, and
TX-SG50 and TXFA30 at 0.20%).
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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 seleéfegl’ expansion level. In gera, the CS was found to
decreasesomewhat modestly compared ttte other mechanical properties tested, presented in the
following sections. As displayed iRigure 7.4a, the CS losses for samples with low expansion levels
(i.e., 0.05%) ranged from 0.01 to 0.1@th which SPT mixtures presented the lowest value and KING,
the highest. Moreover, higher expansion levels indicate higher losses At €3%2% of expansiqrihe

CS reduction values ranged from 0.09 and 0.21, while for 0.20% and (0t3086 obtained 0.10.26

and 0.220.31, respectively. For SCMuade concrete mixturggigure7.4b), a higher range of values
wasfound of each prelefined expansion level; yet tiggobaltrend in CS reduction is quite similar to
Figure 7.4a. The values of CS8ariations obtained ranged froffl.11 to 0.12 at 0.05% of expansion,
from 0.01 to 0.21 at 0.12%, from 00523 and 0.10.34 at 0.20% and 0.30%, respectively.
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Figure 7.4: Compressivestrength 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)

Figure7.5 illustrates the SDI obtained in this work through stiéfness damage te€DT) method as

per Sanchez et al. [3,34,35] of tHistinct concrete mixtures investigated. By incorporating défer
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 specimeigplaysa concaveshapedtrend over the AAR
development, either fdfigure 7.5a or Figure 7.5b. It is worth noting that comparing thenechanical
datagathered in this workSDI displayed the lowest variation between dmginct mixturesat each
expansion level. In general, the rangfevaluesobserved inFigure 7.5a were 0.09.14 (at 000%),
0.11:0.15 (0.05%), 0.18.21 (0.12%), 0.20@.27 (0.20%) and 0.260.31 at 0.30%. Furthermore,
comparable values were foufiok SCMsmade concrete mixturg§igure 7.5b). The only exception

was at 0.00% of expansipwherethe results were slightly lower, ranging from G@a2.
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Figure 7.5: Stiffness Damage Index vs. expansion levels: a) for the differentgrggates 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) incorimgrathe five reactive
aggregates and b) combining the different SCMs with SPH anddgfegatesEven thoughthe
different mixtures gathered a wide range of ME jdlss values indicate in both grapfigure?.6a and

b a concave trend towards AARduced development. In general, incorporating different reactive
aggregates resulted in a range of values betweerO®RB60 0.290.38, 0.420.59 and 0.5D.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 0.08.34, 0.270.45, 0.380.59 and).55-0.65, respectively.
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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 illustrateligore 7.7a andFigure 7.7b. Moreover,

there isa similar reduction for the distinct mixtures comprising different reactive aggregates and binder
compositios. Examining loth plots one may notice that the higher the expansion level, the higher the
DSS reductionY et, there is'only" a slight difference from damage degree of 0.20% and 0.30%, which
displaysa somewhat concavé shape regarding the DSS losses trend. The exdgption was seen for

the KING mixture that presented a significant variation from 0.20% to 0.30%h®fexpansion.
Overall, theDSS ofconcrete mixtures without SCMEigure 7.7a) ranged from 0.09.33, 0.210.39,
0.290.49 and 0.4®.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 0.06.38, 0.240.54, 0.350.50 and from 0.4D.58 for 0.05%, 0.12%, 0.20% and
0.30%, respectively.
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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 chemmechanical properties of AAR reaction products

7.5.7.1 Micro-indentation

The Vickers hardness average values are displayé&dgure 7.8. Figure 7.8a illustrates the results
performed on opened cracks (i.e., crack width average oftZZDmm) and filled with AAR rection

products observed in specimens that reached 0.12% of expansion (to comprise all specimens with
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