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SUMMARY

Alkali-silica reaction (ASR) and delayed ettringitemation (DEF) are expansive
chemical reactions, which can damage concretetstess However, for both ASR and
DEF, the relationships between constituent matemalcroscale damage propagation, and
bulk expansion are not well understood. To additkese knowledge gaps, this study
guantifies ASR and DEF-induced damage at the meatesy nonlinear impact resonance
acoustic spectroscopy (NIRAS), and when augmenidddata from other standard and
advanced materials characterization approachesyides a basis for the new

understanding of the factors influencing the extart rate of damage by these reactions.

This dissertation makes three main contributiomst,Rhe influence of ASR gel
composition on its structure and the potential éapansion is explored through the
characterization of lab-produced samples by snmajleaneutron scatteringH nuclear
magnetic resonance relaxometry, and rheologicalsarements. Relying upon that
improved understanding of the effects of gel contmosalong with an understand physics
of nonlinear acoustic measurements, in the secan g hypothesis is presented for
interpreting the relationship between measured msipa and temporal material
nonlinearity. In the third part, a similar approashised to explore the relationship between
compositional and environmental factors, and mates damage and expansion derived

from DEF.

Xix



CHAPTER 1. INTRODUCTION

Better understanding of degradation mechanisnteinent-based materials will
allow for the design of more durable new structuiegoroved repair and mitigation
strategies, and more accurate assessment of thainreq life of existing concrete
infrastructure. Among the degradation mechanismqamsive deleterious chemical
reactions such as alkali-silica reaction (ASR) alethyed ettringite formation (DEF)

significantly contribute to the degradation of caate structures.

The deleterious ASR occurs between poorly crysillor amorphous siliceous
minerals in some aggregates and the alkaline muian of cement-based materials to
produce ASR gel. In the presence of sufficient wate., internal relative humidity > 85%)
(Figure 1), the gel product swells and can leagikfmansion and cracking in cement-based
materials (Figure 2), ultimately compromising thexvice life of the affected concrete
infrastructure. In particular, critical infrastrucé such as bridges, pavements (including
airfield pavements), hydrostructures, and nucleavgy plants are prone to ASR, due to
(1) the availability of water, which promotes ASRBI g@xpansion, (2) the use of massive
amounts of regionally sourced aggregates, which camyain reactive minerals, and (3)
the lengthy intended service life of these critisgilictures. For instance, by 1995, 100+
dams and spillways were significantly damaged byrA®rldwide [1], with this number
significantly increasing as infrastructure ages anmte ASR is detected. Recently, it has
been learned that irradiation effects can conteboincreasing the vulnerability of nuclear
power plants to ASR [2,3]. Gamma irradiation favASR by increasing disorders in the

structure of siliceous minerals present in aggesgateakening the bulk concrete structure



by increasing the volume of aggregates and indumilcgocracks in the paste; these effects
allow for increased intrusion of external moistarel alkali ions and decrease the stiffness
and tensile capacity of the concrete to resist esipa [4,5]. At least one nuclear structure

is reported to be ASR-affected (i.e., Seabrook, [6@spite that aggregates used in the
construction of those structures were deemed asnpally innocuous. Together, the

increasing incidence of ASR, especially in critisauctures, demonstrates the need for a
more fundamental understanding of the reactiorwalkas its damage mechanisms and

damage accumulation rate.

Figure 2. Fluorescence of ASR gel stained with yiranetate, under short-wave UV
light [8].



Delayed ettringite formation (DEF) is often asstambwith the later formation of
ettringite within concrete or mortar exposed tohhigmperatures during early stages of
cement hydration and can lead to expansion, crgckind loss of mechanical properties
and durability in cement-based materials. DEF reeninoted in precast concrete when
steam and high-temperature curing are used, amdags concrete elements, where the
evolved heat during cement hydration can resuligh internal temperatures if improperly
designed [9—-12]. DEF and ASR are often found irfigdd concrete together, contributing
to the degradation of cement-based materials (@ pared to ASR, DEF is a less-studied
subject with most DEF studies have focused on tineleb chemistry and exposure
condition, while the role of aggregate mineralogyegpansion remains poorly understood.
Furthermore, the lack of a standard test methothvestigate the potential for DEF-

expansion of cement-based materials necessitatbeffistudy in this area.

Figure 3. SEM image of ettringite filling the gaptlveen paste and aggregate in the
DEF-affected mortar [13].



1.1 Motivation

Despite numerous studies on ASR and DEF affecteteoebased materials, the
relationship between microstructural evolution, axgion, and damage is not well
understood. To provide better insights into thesactions, this dissertation quantifies
microscale damage using a nonlinear resonance tacdashnique, nonlinear impact
resonance acoustic spectroscopy (NIRAS), and ws&sug characterization technigues to
draw connection between the microstructural featumad the properties of reaction
products at multiscale, and the measured damagéngtance, for ASR and DEF affected

materials, Figure 4 shows the role of reaction potslin the NIRAS results.

Downward shift in
the resonance
frequency with
increase in the

excitation amplitude

Acceleration (mV)

1
Frequency (KHz)

Power
Supply

Oscilloscope Computer

Multiple impacts
of increasing in
amplitude

Accelerometer
b

[\ ~Z MortarBar '~ ~.. )
Soft Support
T 3‘}% 2 *Aﬁj E
Ettringite crystals | ’%_L s W @

Figure 4. The connection of damage—measured bgidtwaward shift in the resonance
frequency of an ASR- and DEF-affected mortar baimdguNIRAS measurements—and
the properties of reaction products.



NIRAS is an efficient nondestructive measuremecthnéue for the evaluation of
microstructural defects in cement-based materiélee nondestructive nature of this
technique allows for the temporal measure of damesy& accumulates. Furthermore,
compared to the linear acoustic techniques, tlubnigue shows a significantly higher
sensitivity to the presence of microcracks. Fotanee, the ratio of relative increase in the
hysteresis nonlinearity measured by NIRAS to thatikee decrease in the dynamic elastic

modulus for the ASR-affected concrete may exceedanders of magnitude [14].

However, correlating NIRAS results to the numbfka specific microstructural
feature, such as the amount of microcracking, &@lehging. In fact, rather than directly
guantifying flaws, NIRAS evaluates the state of edtf—including the interfacial
transition zone (ITZ), microcracks, or any discoatty in which asperities can be induced
to vibrate—by capturing the nonlinear responsehef material, which is caused by the
energy dissipation at the microcracks' surfacemduhe resonance test [15]. Clearly, the
energy dissipation, which shows itself by the dowrdvshift in the resonance frequency
of a sample (Figure 4), not only depends on th@gnaes of microcracks (i.e., surface
morphology), but also the properties of reactiomdpicts within them. This effect is more
significant in measuring the acoustic nonlineamty expansive deleterious chemical
reactions such as ASR and DEF, where cracks dessit partially filled with reaction
products (Figure 4). As a result, an improved usideding of microscale damage
measured by nonlinear resonance techniques reckmn@sledge about the underlying
physics of nonlinear acoustics and the propertieseaction products. Compared to
ettringite, which has a known composition, and tatffige structure, the composition,

structure, and expansivity of ASR gel can vary tiglo the same sample. To better



understand the gel properties, Chapter 5 predemt®le of composition in the ASR mixes,
while Chapter 2 includes the underlying physicsacbustic nonlinearity during the
resonance techniques. Based on the above explan#tis dissertation follows three

objectives.

1.2 Objectives

1.2.1 Objective 1: To understand the role of composibonthe ASR gel structure and

damage

To develop better understanding of the role of A&Rnposition on the gel
structure, water-binding ability, and rheologicaberties, lab-produced ASR samples
were prepared at various silicate content and riffen the type of alkali cations (Na
versus K). Samples were tested using small angle neutrattesing (SANS) to provide
structural information, proton nuclear magneticoremce {H NMR) relaxometry for
examining the water binding ability, and dynamisodsity measurements to identify their

rheological behavior.

1.2.2 Objective 2: To better understand the relationsbgiween expansion, acoustic

nonlinearity, and microstructural distress due t8RA

To address this objective, mortars with potentialgactive and innocuous
aggregates were cast and exposed to the accelenatéal bar test condition. Expansion
and acoustic nonlinearity of samples were measdaaly, while the microstructural
damage was quantified by performing damage ratidgx (DRI) on the sections of mortar

cut on days six, ten, and fourteen of exposuree®am the knowledge developed in



Objective 1, and the data provided in the litemt@hapter 6 presents a hypothesis to

interpret the nonlinear acoustic measurements@A8R-affected cement-based materials

1.2.3 Objective 3: To better understand the progressibDBF-associated damage

To address this objective, mortars were prepareth wements of varying
composition and two types of aggregates, and exbtusthe early-age high-temperature
curing and subsequent 23 °C limewater exposurengpleith expansion measurements,
the acoustic nonlinearity of samples was measuegddically over more than a year, as

detailed in Chapter 7.

1.3 Dissertation Structure

This dissertation is organized as follows. This ptha introduces the research
problem and identifies the goals. Chapter 2 pravialditerature review on the chemistry
of ASR and DEF, and the nonlinear acoustic measeméon the ASR-affected cement-
based materials. It explains the underlying physitsnaterials’ nonlinearity and the
techniques to capture it. Chapter 3 contains thienmagés and techniques used to achieve
the research goals. It provides information ongsample preparation and experimental
procedure. Chapter 4 includes the theoretical backgl on SANS required for the
analysis of scattering results of ASR products.pfdrab addresses Objective 1, Chapter 6
focuses on Objective 2, and Chapter 7 deals witlec@ibe 3. Chapter 8 summarizes the
research findings and suggests opportunities fouréuwork. In an Appendix, the
performance of NIRAS on the ASR-affected samplepared for microwave materials
characterization measurements are detailed. The#p creates opportunities for the

multiphysics study of cement-based materials ors#ime sample.



CHAPTER 2. LITERATURE REVIEW

2.1 Overview

This chapter provides a literature review on thencistry of ASR and DEF, and their
mechanism of damage accumulation. It also reviémsbnlinear acoustic approaches to
detect the microcracks due to ASR. Through idadifon of knowledge gaps in the
literature and the approach that this study tatdgl them, this chapter demonstrates the

importance of the contribution of this dissertatiorihe body of knowledge.
2.2 Alkali-Silica Reaction (ASR)

ASR was first found in 1940 by Stanton [16], whselved expansion for concrete
containing high alkaline cement and reactive silicee minerals, such as opal. Later,
Glasser and Kataoka [17] proposed a two-stage gsdoe ASR. Based on their model, in
the first step, hydroxyl ions react with the reaetsilica, in which Naor K* creates bond

with silicate oxide to form ASR gel. That is eithsrionization of surface of silanol groups:
=Si-OH+ AOH - Si O A+ HC 1)

where A is a monovalent alkali cation, or dissauntof silica by breaking siloxane bonds:

=Si-0-Si=+ 2(AOH) - 2(= Sk O A)+ H ([1§] (2)

In the second step, the alkali-silica gel produgsbown in the general form as
SiOz: (N&O)n.(K20).(Ca0}.(H20), where n, k, ¢, and x are molar mass ratios) iedib

water from pores in cement paste and expands. itielenechanism of gel expansion is



not quite clear, osmotic pressure and repulsiontdube electrical double layer [19-21]
have been proposed. This two-stage model is weted among researchers, although
fundamental questions about the relationship betwbe ASR gel composition, the
volume of gel produced, and the potential for dagnag concrete remain unresolved

[17,22-25].

Water and alkali content of concrete @agnificant roles in ASR. Water transports
alkali ions from pores to the reactive regions, affieicts the expansivity of ASR gel. ASR-
associated degradation was not observed when lateveehumidity (RH) was below 80-
85% at 20'C [26], 80% at 23C [27], and 75% at 38 [28]. As a result, it is generally
accepted that the deleterious ASR occurs whennaltd®H> 85%. On the other hand,
cement is typically the source of alkali ions présa concrete. However, alkali ions may
leach from supplementary cementitious materials MSCtypically used as partial
replacement of cement, and from aggregates. Intiaddialkali ions may come from
external sources such as deicing salts and seaJ@igr Therefore, restricting the
availability of water and limiting the alkali comieof concrete are key strategies for

mitigating ASR.

As the tensile stress generated duleetgel expansion exceeds the tensile capacity
of concrete (typically less than 8 MPa), microcragkoccurs. Microcracks may further
coalesce to form larger cracks. This process slisetf at macroscale with the expansion
of ASR-affected structural members or the wholadtre. However, expansion does not
scale up with the amount of reactive silica. Theoanm of reactive silica yielding to

maximum expansion is called the pessimum contéijt therefore, concretes containing



a larger amount of reactive silica are not necgster ones experiencing greater extents

of expansion and damage.

The viscosity of gel and the pore coningg of cement paste affects the tensile
stress developed during ASR [21]. To apply sigafficstresses to cause microcracking,
ASR gel should be confined in pores. At the eathgses of reactions, when silicate
oligomers are small and the viscosity and yieldsstrof ASR gel is low, ASR gel pressure
may be relieved by the movement of gel to adjapenes. However, as ASR gel moves
through pores, it dissolves calcium hydroxide, whis believed to increase the gel
viscosity by the aggregation of silicate oligomerscolloidal species in the gel [18]. A
high-viscous and high-yield-stress gel and crygailon within the gel (due to the
presence of calcium) can apply significant stregse®nfined pores, leading to damage

[30].

As calcium ion replaces the monovalent cations,lalftter will be released to the
pore solution for further alkali-silica reactionl]2 Gels with high calcium content have
structures similar to calcium-silicate-hydrate (€4pand they are not expansive. The
addition of calcium also favors the depolymerizataf ASR gel [31,32], which at the
atomic scale shows similarities to the kanemitetaty[33,34]. In other words, ASR gel is
dominated by a layered structure [31]. Overall, ¢aéeium content of ASR gel seem to
follow a spectrum, with the exterior part of a gelikely higher in calcium and behave
similarly to C-S-H. The higher calcium content lésin a more open structure of C-S-H
than a more polymerized gel [35]. It is hypothediteat the outer porous C-S-H allows
for the transport of water while traps silicateustures [36]. With the increase in the

concentration of silicate structures nanoscaleayggtates form, which can further connect
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to form a macroscopic gel. Since gels with lowceah content and low viscosity can pass
through porosities and the high calcium ones atexypansive, ASR gels with intermediate
calcium content seem to be the most deleterious ¢8@. In conclusion, in massive
concrete structures such as dams, where an onlly gpartion of alkali ions may leach
from the structure, and in the presence of sufiiicieoisture and reactive silica, ASR may
continue for a long period as calcium ion replacesovalent alkali cations, the process

also known as alkali recycling [21].

In addition to the exchange of monovalent catth calcium ion, gel ripening
during aging modifies the gel structure [25,37,28R gel has a heterogeneous structure.
It is made of agglomerates, colloidal species;aié oligomers, and macroscopic gel [25].
In such a heterogeneous material, smaller strusturéhe tip of agglomerates, which have
a higher solubility, can dissolve and deposit @gdastructures through the process known
as Ostwald ripening [37,38]. This phenomenon canltén the collapse of gel structure,
phase separation, and the release of water anldialk&to the pore solution even without
cation exchange with calcium ion [25]. The tendefayphase separation increases with
the decrease in the size of alkali cation [39].l1Badehavior shows the important role of

composition and aging on the physical and chenpicgberties of ASR gel.

2.2.1 The role of monovalent alkali cation in ASR

Among gel composition, the effect of alkali catioype (N& versus K) on the
nucleation and growth, structure, and water-bindihijty of alkali-silicate products, and
also the influence of these on rheology and sweltinaracteristics [30,40,41] is not well

understood. For instance, the alkali content ofar@ns generally expressed as the ‘soda’
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or N&O equivalent, which only differentiates between®and kO based on their molar

mass.

3)
(Naz,O)e = Ng O+0.658K, ([42]
where 0.658 is the molar mass ratio ob@do K-O. However, this approach neglects any
differences between Nand K, including their different (hydrated) ionic raf4i3], ability
to pair with silicate oligomers [44], dissolutioate of silica [45], and capability to
coagulate silicate structures above pH 11 [37]ctvimfluence their participation in alkali-

silica reaction (ASR) and subsequent ASR gel expans

From a practical point of view, these differencesag the alkali cations common in
cement-based materials are likely to have importdhtences on ASR, including ASR gel
structure and its potential for expansion and damexperienced in the concrete. Also,
improved understanding of the role of the alkatiamaon ASR can explain the potential
differences between gels formed in field concretd damage propagation in structures
(where generally Kis the prevalent alkali cation contributed by teenent), versus the gel
produced and damage exhibited under laboratory itond(where Na is often the

dominant cation) as prescribed by standardizedhtethods [46-54].

Due to the hydrous and amorphous nature of ASRitgsldifficult to study the ASR
products using traditional techniques, which ineotirying. Better understanding of ASR
products can be achieved through characterizatioASR sols and gels of varying
composition using a variety of complementary tegbas: examining nanostructure by
small angle scattering (SAS), investigating wateding ability by*H Nuclear Magnetic

Resonance (NMR) relaxometry, and evaluating visgdisi measuring dynamic viscosity.
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Throughout this dissertation, the term “sol” isribtited to the alkali silicate mixes,
where the continuous phase is alkaline solutionl, thie discrete phase is alkali-silicate
structures (Figure 5a); while the term “gel” refesshe mixes, where the continuous phase

is alkali-silicate structures, and alkaline solatforms the discrete phase (Figure 5b).

(@) (b)

Figure 5. Schematic representation of (a) sol,(ahgel (modified from [37]).

SAS can provide structural information about ASRlamerates [55]. Depending on
the scattering vecton, SAS techniques can detect agglomerates withiinda vange of
10-10000 A [55], which is useful for examining tskeuctural differences between water
glasses varying in the type of alkali cations [9% &nd monitoring agglomeration process
in alkaline-calcium-silicate systems [18]. The nesitluctive nature of these techniques
and their ability to examine liquid and gel samptesimizes the potential for artifacts due

to sample preparation [58].
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Nuclear Magnetic Resonance (NMR) techniques camactexize materials at the
atomic scales, and they have been used to investiga structure of lab-produced and
field ASR gels. While most studies have focusednmestigating the silicon sites in the
ASR gels [31,32,59,60], others also usee®Si cross-polarization MAS (CPMAS) [59],
and?H NMR to explore the state of water in alkali-silie systems [61,62]. Recenth
NMR relaxometry is used to monitor the structurablation during geopolymerization
[63], which involves the reaction of aluminosilieatwith alkali ions, and it can be viewed
as related to ASR. Thus, the combined applicatib®AS and*H NMR can provide

information about the polymerization of ASR sol ayjad and their water-binding ability.

When dried, Na- and K-based gels show similariiesh as the domination by*Q
silicon sites in their NMR results and depolymetiza with decrease in Si/(Na or K)
[31,32]. However, a similar state of polymerizatidoes not necessarily imply similar
behavior of ASR gel. For instance, if alkali casdiridge between silicate structures [37],
they will increase the viscosity of alkali-silicatexes by forming agglomerates, while they
may not have a significant effect on the polymedrtrastates of silica. Furthermore, the
dried gels do not provide information about theiiparticle interactions, which can affect
the expansivity of the gel through the electricalible layer [20]. Given the viscosity of
potassium silicate sols is significantly lower treodium silicate ones (at the same silica-
to-alkali molar mass ratio) [64], the studying dR sol and gel without drying is of great

importance.

Previous studies on the role of the alkali catiorihe structure of ASR gel (without
drying) either focused on water glasses preparelbvator neutral pH, or ASR sols

produced with silica-to-alkali molar mass ratio AS/ SiO»/(Na, KxO) up to three
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[18,56,57]. Given the wide range of ASR gel composifound in field concrete [31],
further studies on the effect of the cation typa‘(ersusk®) in lab-produced ASR sols
and gels prepared with various S/A and the alkasioleition with pH > 13 is needed.
Chapter 5 is intended to fill this gap in the liere, and improve the understanding on the
relationship between ASR gel composition, strugtwater-binding ability, rheological
properties, and the potential to induce damagengusmall angle neutron scattering

(SANS),'H NMR, and rheology measurements.

2.3 Delayed Ettringite Formation (DEF)

DEF has been identified as a deleterious expartdieenical reaction associated
with crystallization and growth of late-formed etgite. While the underlying mechanism
of expansion remains a subject of ongoing exanunatt is generally accepted that i) an
early-age curing temperature above 65 °C is nepedoea the occurrence of DEF, ii)
cement or binder chemistry determines the amouettohgite formed, and iii) developed

stress depends on the microstructure of mortaoncrete [65], as described below.

Early-age high-temperature curing and the avaitsduf moisture play key roles
in the development of DEF. In portland cement systét is believed that ettringite formed
at early-ages decomposes at high temperaturesaand, result, available sulfate and
aluminum ions interact with the C-S-H structure][@6teraction of aluminum ions with
C-S-H depends on the concentration. At low Al/Siosin solution € 0.1), aluminum can
be incorporated by C-S-H to form C-A-S-H produethjle at higher Al/Si precipitation
of aluminate hydrates is also expected [67]. Selfahs are bound to the C-S-H structure

by adsorption and a significant fraction is thdeaieed after cooling [65,68]. Subsequently,
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in presence of moisture, released sulfate ions gmith alumina sources to form late

ettringite in confined spaces, the process that caage expansion and cracking.

The role of the chemical composition of cement &potential and expansion is
not completely clear. However, it is believed tbaments with the sulfate-to-alumina ratio
(SG3/Al205) of lower than 0.45 are not vulnerable to DEF [68hile higher S@AIOs
ratios increase the potential for DEF expansior. [FQrthermore, fineness,z& content,
and alkali and sulfate contents of cement play i@ roles in the potential and extent of

the reaction [71-73].

DEF expansion is most commonly attributed to themfion of nanoscopic
ettringite crystals under supersaturation in cadimanopores within cement paste. The
crystallization can exert expansive pressures theepaste matrix [68,74]. It is generally
accepted that the larger crystals of secondaringitie found in voids, cracks, interfacial
transition zone (ITZ) gaps, and deposits in thea@mpaste do not contribute to the DEF-
related expansion. Precipitation of secondaryrgjiteé can be present in samples that do
not undergo expansion [65,71,73]. As a consequefidide cement paste expansion,
damage observed in DEF-affected samples at lags afjexpansion typically includes
debonding of the paste-aggregate interface, miaoisr around aggregates and within
cement paste, deposits of ettringite in the cerpaste and inside air voids, and partial or
complete filling of cracks and gaps in the ITZ g with large crystals of ettringite due
to Ostwald ripening effect [75,76]. It should beewbthat, while the studies on DEF are
mainly focused on the effect of cement chemistaflyeage high-temperature curing
condition, microcracking due to the crystallizatipressure, and the relative humidity of

exposure condition, the potential role of ions askrl from aggregates is not quite
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understood. For instance, the sulfate-containingrexgates, which are common in the
Middle East [77—79] and can cause internal sulittiick [78] , and the sulfide-containing
ones found in Quebec [80], Kentucky [81], and Caticat [82] damaging foundation of
structures, may act as additional source of sulfatecement-based materials, and
exacerbate the degradation due to DEF. In Chapténe/role of sulfate- and sulfide-

bearing sand on the DEF-associated expansiondgestu

2.4 Laboratory Test Methods

Susceptibility of aggregates to ASR is typicallyaksated in laboratory using
ASTM C1260 [48], also known as accelerated morgartest (AMBT), and ASTM C1293
[47], also known as concrete prism test (CPT). MBY, aggregates are crushed and
graded such that 10 percent of the mass is retaineal number 8 (2.36 mm) sieve, 25
percent on a number 16 (1.18 mm) sieve, 25 pexert number 30 (600 um) sieve, 25
percent on a number 50 (300 um) sieve, and 15 peocea number 100 (150 um) sieve.
Then, 25x25x285 mm mortar bars are prepared avdter-to-cement mass ratio (w/c) of
0.47, and the aggregate-to-cement ratio of 2.25tddvars are cured in moist condition
for 24 hours, then demolded and kept in 80 °C deexhwater for 24 hours. Afterwards,
they are submerged in a 1 M NaOH solution and keg0 °C for 14 days. The length of
mortar bars is recorded, and if their expansionaiambelow 0.1% at the end of the test,
the aggregate is considered as potentially innasudawever, if the 14-day expansion of
mortar samples exceed 0.1%, ASTM C1293 should bewfed to ensure the potential

reactivity of an aggregate.
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In ASTM C1293, concrete prisms are cast withoutskig aggregates, which
follow a specific gradation. Furthermore, NaOH etllare added to the mixing water to
increase the alkali equivalent of cement to 1.25%hle weight of cement. Concrete may
be prepared at the w/c of 0.42-0.45, demolded @Aehours from casting, and kept in
sealed containers above water at 38 + 2 °C. Samaptea®moved after 7 days from casting
for the first length measurement and returned ¢octbntainers. Aggregates are classified
as potentially innocuous if the length change efrtborresponding concrete samples does
not exceed 0.04% at the end the exposure pericg year). If concrete mixes contain

SCMs, the duration of test extends to two years.

In contrast to ASR, there are no standard testmadstfor investigating the potential
for expansion due to DEF. However, the study of EdSBociated expansion commonly
includes the exposure of mortar bars to an eamykagh-temperature curing cycle, storage
in water or limewater, and measurement of lengtingle over time. While no expansion
limit or test period has been defined for DEF tegti0.1% expansion limit (similar to the
expansion limit used in ASTM C1260) is typicallyedgo differentiate between deleterious

versus non-deleterious DEF-associated expansiomortars [71,83,84].

2.5 Nonlinear Acoustic Techniques

ASR and DEF can be recognized by expansion, magkicrg, and characteristic
damage patterns include the presence of reactamupts (i.e., ettringite, ASR gel or both)
within cracks and around aggregate. In the advhetages of ASR, even gel exudation at
the concrete surface can be apparent [85,86]. @wse features are observed, however,

extensive expansion and damage limit repair opteomspotentially deleterious materials
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may have been used in subsequent constructiorcpsojéherefore, early detection of ASR
and DEF occurring within concrete would be a sigatfit contribution to the sustainability

of concrete infrastructure.

The significant sensitivity of nonlinear acoustechiniques to the microstructural
damage makes them advantageous for detecting gradiion of materials at the early
stages of the reaction [14,87,88]. These technigweduate the state of damage in
materials by capturing their nonlinear responseeutigde low amplitude of excitation. In
contrast to the undamaged materials, where thesssteain relationship follows a linear
trend, the stress-strain relationship of damagetemads contains nonlinear terms and it

can be expressed according to Eq. (4) as [89],

o=E, {g + B2 + 0 + a{g(A,s) +%sgn(£) (52 - (Af)Z)H (4)

where ¢ is stress,E, linear elastic modulusg strain, 8 the quadratic nonlinearity
parameterp the cubic nonlinearity parameter, the parameter representing the material

hysteresis nonlinearity¢ the strain amplitude the strain rate, anslgr(é) the signum
function, wheresgn(¢)= " if £>0, sgn(¢)=-1if £<0, andsgné)=Cif £=0. In a
microcracked medium/3 and d are mainly due to the nonlinear stiffness of nicacks

during acoustic perturbation [90], while is due to the energy dissipation during this
process [89]. However, the measu@and dparameters may not be independent. For
instance, as a mono-harmonic wave with the frequefey propagates in a hysteresis

media (such as concrete), it generates odd harnjonBw, 50, etc.) [91]. As a result, the
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measured, which is calculated based on the amplitude ofsigeal at 8, is affected by
both the stiffness of microcracks and the hysteneature of the medium. Since no data on
the 0 of ASR or DEF-affected cement-based materialsyeapublished, for the rest of

this chapter, onlyg and a are discussed.

Although in crystalline materials the anharmoni@fylattice and the presence of
microstructural features such as dislocations amtipitates increase the nonlinearity
parameterS [92], such effects seem to be negligible in centesed materials, where
nonlinearity is mainly due to the high density atracracks and the deposition of reaction
products within them. The contribution @f to the nonlinear response of material can be
evaluated by measuring the amplitude of generagednsl harmonic. In other words, if a
damaged material is excited by a harmonic planeewath the frequency ab, waves with
frequencies ofw, 20, 3w, 4w, etc. will be generated. The relationship betwdées

amplitude of second harmonic atican be expressed according to Eq. (5) as [93],

p=—%

K AP X

(5)

where A is the amplitude of the second harmonic wafethe amplitude of the first

harmonic wave,K" wavenumber, andthe propagation distance. Due to the high damping
ratios of cement-based materials, the amplitudesiigh harmonics @, 5o, etc.)

significantly decrease, and they are of less iste@ne mechanism that can contribute to
the second harmonic generation is the differencelkd stiffness of closed versus opened

microcracks. This phenomenon is known as the “ctappeffect [94].
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The contribution ofa , hysteresis nonlinearity parameter, to the noalimesponse
of a material can be assessed by measuring the sf@pdownward shift in the resonance
frequency of a sample versus strain amplitude [BOHamaged materials, in contrast to
undamaged ones, resonance frequency shifts towres lalues with increase in the strain
amplitude, and as damage progresses, the increéise strain amplitude causes a greater
downward shift in the resonance frequency. AccgdmEqg. (6), the relationship between
the relative change in resonance frequency vetsais amplitude can be represented as

[89],

=ale (6)

where f, is the linear resonant frequency of a sample &nthe resonant frequency of the

sample at the strain amplitude. Furthermore, siiéds directly proportional to the

acceleration amplitude, Eq. (6) can be further $ired to Eq. (7) as [14,88,95],

=a'A (7)

a' is directly proportional to the hysteresis nondiriy paramete{a) and A the

acceleration amplitudea’ can be evaluated using the NIRAS technique. NIRAS
measurements can be performed by the applicatigewdral impacts of increasing in
amplitude to the midpoint of a sample, and captuthre transient vibration response of
the sample in the time domain using an accelerantetated at the end of the sample.
Later, the time domain signal is transformed toftegquency domain using fast Fourier

transform (FFT), and the slope of a downward shithe resonance frequency of sample
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is calculated. Prior to the first nonlinear acouistieasurement, NIRAS measurements on
a linear elastic specimen (i.e., an aluminum baajching the geometry of the mortar
samples can be used to confirm the linearity of éxperimental setup. A typical

experimental setup and the nonlinear responsedafreaged mortar sample are shown in

Figure 6 [13].
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Figure 6. (a) NIRAS experimental setup, and (b)limear response of an ASR-
affected mortar bar.



Characterization of cement-based materials usirigA$l is increasing due to the
simple experimental setup, short time of the expent, and the minimal effect of
conditioning [96]. While NIRAS was originally dewgled to excite the first bending
vibration mode of a sample, it was later extendeeMaluate the nonlinearity of a material
by exciting the longitudinal vibration modes of argle [14,97,98]. The experimental
setup, which involves placing a sample on a sgipstt and exciting its vibration modes,
avoids support-induced vibrations, and the potemtgmlinearity at the connection of
sample and a hard support. The setup has beenymaietl for measuring the acoustic
nonlinearity of mortar bars [13,95,97,98] and ceteprisms [14,99-103]. These samples

are relatively large, and they remain stable atteeiving impacts.

If samples are small and subsequently light, thay munce off the soft support
after receiving an impact (especially during theition of bending modes) and distort
the received signal. Depending on the sample #izejssue can be resolved by reducing

the size of the impactor and impact energy [104,105

The hysteresis nonlinearity originates from thergpalissipation at the surface of
microcracks during acoustic loading and unloadii$,106,107]. Although several
mechanisms contribute to the energy dissipatioludiecg adhesion and friction hysteresis
[108], and the local plasticity of contacts [108jpse mechanisms require the relative
movement of microcrack asperities. In other woifdgaction products restrain the relative
movement of microcrack asperities, hysteresis neality decreases. Therefore, in the
ASR- and DEF-affected cement-based materials, tbgepce and the physical properties
of gel and ettringite within microcracks play arsfgcant role in the nonlinear response of

a material.
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Slow dynamics is another property that a hysteremslia exhibits. That is if a
damaged material is subjected to a high amplitudeewfor a long duration (several
minutes), its resonance frequency drops, and efteoving the excitation, the recovery of
resonance frequency versus time follows a logaiithimend [110]. The slow dynamic
behavior of ASR-affected concrete seems to be rdiftefrom that of a mechanically

damaged concrete, presumably due to the presee®8Rgel within microcracks [110].

The nonlinear nature of a damaged material alsawallfor the nonlinear wave
mixing [111] and nonlinear wave modulation speatopsy (NWMS) techniques [112] to
assess the damage level. Due to the presengk, afs two waves with the frequency of
o1 and o2 interact in the medium, the received signal wdhtin harmonics with the
frequencies ofw1, w2, andws + 2. The amplitude of the signals with mixed frequeadge
directly proportional to the amplitudes and freqeiea of the input signals ag#i[111].
Similarly, in the NWMS techniques, a high-amplituttev-frequency signal (i.e., the
response of a material to an impact) interacts wilbw-amplitude high-frequency signal
and creates signals with mixed frequencies:2). Furthermore, the perturbation of a
medium with an impact while the low-amplitude hifgeguency signal propagates through
it, results in the delay of the received signainisrocracks open [113]. The time shift (TS)

technique relates the normalized delay of the veckesignal tof and strain amplitude.
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2.6 Literature Review on the Acoustic Nonlinearity of ASR-Affected Cement-

Based Materials

Overall, in the literature, the hysteresis acoustanlinearity is assessed by
measuring the slope of downward shift in the resoeafrequency of a sample with
increase in the excitation amplitude [14,87,88,1148}, while the quadratic acoustic
nonlinearity is evaluated using a variety of tecjueis such as wave mixing [111,119],
NWMS [112], TS [113], and nonlinear longitudinaldaRayleigh surface waves [120].
Although in all studies acoustic nonlinearity paedens successfully differentiate between
the specimens prepared with potentially reactivgregates versus the ones made with

potentially innocuous ones, the trend between teaipf and expansion is substantially
different from that of @ (or a') and expansionf tends to increase with expansion
(although a slight decrease i at later ages may be observed [112]), while trstdngsis
acoustic nonlinearity has an ascending behavieady stages of the reaction, and it has a
noticeable descending behavior at later ages [8B19% Although cumulative temporal
a ' shows a strong correlation with expansion [88,98E significant differences between
the trend in temporagl? and & with expansion require an interpretation of dataelaon
the reaction chemistry. In Chapter 6, a hypothesfgesented to explain these different

trends.

Overall, due to the increasing trend in the comcretnsumption and the depletion
innocuous aggregates, the durability concern ofecgrhased materials will most likely

continue to be an important issue in the futurd, raguires improved understanding of the

25



reactions, and developing advanced techniques fonitoring current and future

infrastructure.

2.7 Summary

This chapter reviewed the current understandingheimistry and the mechanism of

damage in ASR and DEF. The main points of this tdragre as follows:

» Although ASR and DEF have been studied for decadds general understanding
of these reactions exists, several aspects of tieastions at the micro, molecular,
and atomic scales need to be further studied.rfstamce, the relationship between
the ASR gel composition, water-binding ability, aedpansivity is not well
understood.

* Nonlinear acoustic techniques show a significamisgity to the presence of
microcracks caused by ASR. However, the currené sthknowledge remains at
the observation level, and the relationship betwiennonlinear acoustic results
and the chemistry of the reaction is not clear.

 Compared to ASR, DEF is a less studied area, wigighires further research to
shed light on the role of the cement compositigggragate types, and exposure

condition on the progression of damage.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Overview

This chapter describes the materials, sample pagpar and exposure, and
experimental methods used in this study. Simildnéahree Objectives of this dissertation,
the materials, and sample preparation and expam@recategorized into three groups
including those for the characterization of (a)-pabduced ASR samples, (b) ASR-
affected mortars, and (c) DEF-affected mortars.ti@nother hand, the methods can be
common among Objectives. For instance, same expatahsetup was used for measuring

the expansion and acoustic nonlinearity of ASR- RigF-affected mortars.

3.2 Materials, Sample Preparation, and Exposure

3.2.1 Lab-produced ASR samples

Lab-produced ASR samples were prepared by combanmgyphous fumed silicon
(IV) oxide (300-350 rfig surface area, Alfa Aesar) with 1.85M NaOH or2M8KOH,
made with deionized water and ACS-grade reagethts.cbncentration of alkali cations
was slightly different to keep the water-to-alkadolar ratio (W/A) at 58.00, which was

selected based on the workability during the pragiam of Na-based gels.

Na- and K-based samples were prepared at the SZé&rofto ten. At high S/A (i.e.,
nine and ten), Na-based mixes formed large pretestrather than a continuous gel
network. Overall, eleven Na-based and eleven Kbasi@tures were prepared in sealed

polypropylene containers, which were agitated éor inutes after the addition of fumed
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silicon (IV) oxide. This approach follows that ofh@ng et al. [121] to synthesize
geopolymer samples. Experiments were performedoappately 24 hours after sample

preparation.

3.2.2 ASR-affected mortars

3.2.2.1 Materials

3.2.2.1.1 Fine aggregates

Based on the potential reactivity level as defimedASTM C1260 [48] and field
performance history, three sources of natural agdes(Table 1) from the United States
were selected, and graded according to ASTM C128(Q Aggregate used in this study

were not washed.

Table 1. Aggregates used in the studying of the Aa8&cted mortars.

Aggregate

L ,
Symbol Reactivity Mineralogy Source
. Potentially Quartzite with smaller Northeastern
Reactive-1 .
Deleterious amounts of chert Nebraska
. Potentially Quartzite with smaller South Central
Reactive-2 .
Deleterious amounts of chert Nebraska
Non-Reactive Innocuous Mainly quartz Georgia

* Assessment of reactivity based on field perforoeaand prior ASTM C1260 results.

3.2.2.1.2 Portland cement

A commercially available ASTM C150 Type | cemengkigh Cement Company,

LLC) with the Bogue potential composition of 42.72%S, 24.77% @S, 6.29% GA,
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12.23% GAF, and the equivalent alkali content @09, of 0.80% was used to prepare

mortar samples.

3.2.2.2 Sample preparation and exposure

For each aggregate source, four prismatic stan@&eR25x285-mm) mortar bars
were prepared by mixing aggregate, cement, andnieid water following the
proportioning provided by ASTM C1260 [48], and tinéing procedure given in ASTM

C305. Mortar bars were cured and exposed to theMAST260 [48] condition.

3.2.3 DEF-affected mortars

3.2.3.1 Materials

3.2.3.1.1 Fine aggregates

Two sources of natural siliceous sand from Geongige selected in the preparation

of mortar bars (Table 2).

Table 2. Aggregates used in the studying of the faf€cted mortars.

Specific  Fineness

Aggregate Symbol Mineralogy Gravity  Modulus

Control Sand (CS) Mainly quartz 2.66 2.43

Sulfate- and sulfide-bearing sand Quartz with a significant

(referred to as acidic sand) (AS) portion of alkali feldspars 261 231

According to the producer, acidic sand contain81%0 of water-soluble sulfate
(SOs?) and 0.02% pyritic sulfate. The water-soluble atgdfcontent was also measured to

be 0.031% by mass using an ultraviolet-visible spphotometer (UV-Vis) [122].

29



3.2.3.1.2 Portland cement

Five commercially available cements with a rangearhpositions were examined
to assess varying degrees and rates of the DEEtatsbdamage. Mortars were prepared
from three ASTM C150 Type | cements (labeled aseTigd, Type I-B, and Type I-C
cement), one ASTM C150 Type V cement, and one ASTMSO Type Il cement. The
Type V and Type lll cements were selected to regmesases of relatively low and high
susceptibility to DEF [123], while three compositsoof Type | cement provide a range of
sulfate, alumina, and# contents (Table 3). Furthermore, all cementsciassified as

low-alkali cements according to ASTM C150.

Table 3. Oxide analysis and Bogue potential contjpmsof cements used in the studying
of the DEF-affected mortars.

Cement Oxide Analysis (%) SOs/Al,O3

TYPe 5o, AlLO; FeOs CaO MgO (NaOk SO; LOI

Typel-A 19.78 461 337 62.75 3.07 0.49 255 257 0.70

Typel-B 19.58 4.79 3.38 64.20 1.06 0.49 3.26 2.61 0.87

Typel-C 19.40 548 3.33 63.83 0.79 0.53 3.18 1.64 0.74

Type lll  19.81 552 331 63.99 0.79 0.47 414 1.67 0.96

TypeV 21.10 3.95 442 6249 3.05 0.44 235 1.33 0.76

Bogue Potential Composition (%) Blaine
Cement Fineness

Type CsS GS GA CsAF (m2/kg)
Type | - A 62.08 9.89 6.50 10.26 393
Type | - B 66.26 6.15 6.97 10.28 413
Type | -C 61.76 9.03 8.88 10.14 401
Type llI 56.34 14.29 9.03 10.06 498
Type V 54.50 19.38 2.97 13.45 376

30



3.2.3.2 Sample preparation and exposure

For each cement and type of sand, ten standaraticsmortar bars were prepared
following the proportions of water, cement, andunat siliceous sand given in ASTM
C1038, and the mixing procedure provided in ASTM)&3The w/c was 0.50 and sand-

to-cement mass ratio (s/c) was 2.75. Deionized mwates used in the preparation of

mortars.

Two curing conditions were used in the first 24 isoalf of the specimens were
kept in sealed containers at 23 £ 1.5 °C (normalised samples), and the other half were
exposed to the Kelham high-temperature curing dféigure 7), which is commonly used
for examining the potential for DEF (heat-cured phes) [123—-125]. Subsequently, all

mortars were cured in limewater baths at 23 + C5With samples prepared from each

cement cured separately.

100 = Hold at 95°C for 12h
O 80-=
e - Cool to 23°C
[ at 20°C/h
5 60= Heat to Zero measurement for
§ - 95°C at length change evaluation
S 0= 20°C/h
g -
20 = Hold at -
- 23°C for 4h Stored in limewater at 23°C
0=l t t t + >
0 12 24 36 48

Age (hours)

Figure 7. Kelham high-temperature curing cycle (ified from [126]) used in the
studying of the DEF-affected mortars.
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3.3 Methods

SANS,*H NMR relaxometry, and dynamic viscosity measurethigrere applied to
the lab-produced ASR samples, while expansion amdimear acoustic measurements
were performed on mortars. In all measurement tedle length of error bars was equal

to one standard deviation.

3.3.1 Small Angle Neutron Scatterif§ANS

SANS measurements were performed on the Extendean@® Small Angle
Neutron Scattering Diffractometer (EQ-SANS), beamli6, at the Spallation Neutron
Source at the Oak Ridge National Laboratory. Talstine structure of ASR sols over a
range of neutron wavelengths, each sample waszathbt 1.3 md-range of 0.06 to 1.5
A~ and neutron wavelength baha 1.0 to 5.1 A) and 4 ngfrange of 0.01 to 0.4 A and
L =2.510 6.1 A) sample-to-detector distances. SAES also performed on a blank sample

(containing only deionized water) to ensure cortstaensity over a wide range qf

Data were analyzed according to the process destcrily Zhao [127], with
corrections for inelastic incoherent scatteringclpound scattering was determined
based on the minimum of scattering intendify), at largegs, and it was subtracted from
the total scattering intensity. Afterwaidg) of the ASR sols was obtained for tpeange
of 0.007 to 0.5 A'. SANS results were further modeled to extractcstmal information
about the nature and the size of silicate speCieapter 4 provides background information
on the theory of small-angle scattering (SAS), wtohapter 5 includes the modeling

results.
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3.3.2 Proton nuclear magnetic resonancel NMR) relaxometry

The spin-spin relaxation time {)Tof protons present in the samples was monitored

using a Maran 23 Ultra, a low-resolution spectr@neiperating at &4 frequency of 23
MHz [128]. The instrument contains a 0.5T permaneragnet and a 25 mnH
radiofrequency probe operating at a temperaturd0ot 1 °C. For each test, a 10-mm
diameter glass NMR-tube was filled up to the he@fi25-30 mm, sealed to prevent water
loss during the experiment, and placed in the sangail. Each experiment took
approximately 20 minutes and required no additiosehple preparation. The Carr-
Purcell-Meiboom-Gill (CPMG) method [129] was usedetvaluate 1. The results of at
least two time intervals for CPMG echoes were caegbdo investigate the potential
diffusion effect on the relaxation time, and 32 rescavere used for signal averaging.

Furthermore, Twas calculated by curve fitting using NMRFIT softea

3.3.3 Capillary viscometry

A capillary viscometry technique was used to meashe dynamic viscosity of
samples. In this technique, an Ubbelohde visconvedserfirst thoroughly cleaned using an
acid-based glass cleaner and deionized water. Tisamg a rubber pump, the sample was
pumped into the viscometer up to the demarcatioatém on the viscometer, and it was
then released. The flow time of the fluid betwe®m tdemarcations was measured.
Afterwards, using a calibration table provided bg thanufacturer the kinematic viscosity
was calculated. The density of the samples wasubed to convert the kinematic viscosity
into dynamic viscosity. Measurements were repefitedimes for each sample at the lab

temperature (23+1.5 °C).
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3.3.4 Expansion measurements

The length of mortar bars was measured periodicaijng a comparator
conforming ASTM C490 standard. For ASR-affected tauw, the measurements were
performed daily during fifteen days (day zero tarteen) exposure to the ASTM C1260
condition. On the other hand, the expansion of @EEeted mortars was monitored over
more than a year and measurements were perforregdréguently (i.e., once per week).

Each expansion data point represents the averagjdeasst three identical mortar bars.

3.3.5 Nonlinear acoustic measurements

Nonlinear acoustic measurements were performedxbifirey the first bending
vibration mode of a sample using the NIRAS expentakesetup explained in chapter 2.
Samples were tested immediately after removing fribw@ exposure solution. Each
measurement took approximately 20-25 minutes, amahptes were returned into
containers for the continued exposure. Similar He expansion measurements, the
nonlinear acoustic measurements were performeg daithe ASR-affected mortar bars,

while less frequently on the DEF-affected ones.

To capture the signal, a high-frequency acceleren{(®@CB 353B13) was attached
near the end of a mortar bar using an adhesive Waxaccelerometer was connected to a
power supply (PCB Piezotronics ICP Power Supgy¥bdel 482A06), which was in turn
connected to an oscilloscope. A sample’s time dars@nal was captured at the sampling
rate of 1.25 MS/s (mega samples per second) witd aeconds window, and it was zero
padded prior to performing fast Fourier transfoFor each sample, at least ten impacts of

increasing in amplitude were applied, and the ném®ed change in the resonance
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frequency was calculated. Then, the data of thegdicas for each sample set were
combined to calculate the acoustic nonlineariy)( The standard deviation of was
determined based on the standard deviation of sfopen data points with X , V)

coordinates,

1 3 —\2
ﬁ;(yi_y)

i(x - X)?

<= ®)

S

where Sis the standard deviation of the slope.

3.3.6 Quantitative petrography analysis using damagengindex (DRI)

While DRI is generally performed on concrete exgecing ASR in the field [130] or
under ASTM C1293 [47] exposure condition, an extanof this quantitative image
assessment approach was attempted to evaluatgtdmd ef damage in mortars exposed
to the ASTM C1260 condition. DRI evaluates damadeough counting the

microstructural defects and assigning weights ¢éorthas shown iable 4

To perform DRI on concrete, a section with thekhiss of about 20-30 mm is cut
from a cylinder or prism sample. The section isgheld, and grid sizes of 5 15 rhare
drawn on the sample surface. In each grid, the rummbeach defect type is counted at the
magnification of 16x, multiplied by its weightingdtor, and added to each other. The final

value is reported per 100 éf32].
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Table 4. Defect scaling factors used for DRI [130Q]1

Defect Type Scaling Factor
Crack in coarse aggregate filled with gel 2
Crack in coarse aggregate without gel 0.25
Crack in cement paste filled with gel 4
Crack in cement paste without gel 2
Reaction rim 0.5
Air void with gel 0.5

To apply DRI technique on mortars, those defecesythat related to the coarse
aggregate—crack in the coarse aggregate with atibutigel—were assigned to the fine
aggregate—crack in the fine aggregate with andowitlyel—while their scaling factors
maintained the same. Furthermore, the grid size raagdnifications were modified to
maintain proportionality to the aggregate size AB&R-induced defects. In concrete, since
coarse aggregate contributes to a significant @ouf the microstructure, a large grid size
of 15x 15 mm is needed. However, in mortar, because the miticsire is quite fine, the
grid size is decreased tox2 2 rrRurthermore, the magpnification is increased fiiBr

in concrete to 25x in mortar for the better obstovaof microstructural defects.

For the mortar bars exposed to the ASTM C1260 ¢mmdiDRI values at days six,
ten, and fourteen of exposure were calculatedagheage, the same sample of each sample
set was used for the petrographic examination.résgrve and quantify regions containing
gel, highlight cracks, and allow discrimination ween defects containing gel and those
without gel, sample preparation and imaging wemopeed in two stages [130,131]. In

the first stage, samples were cut from the moréas with a low speed, ethanol-cooled
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saw. Then, they were polished to 320 grit with ethias a lubricant. Polishing samples
was limited to minimize the removal of gel, whildlsallowing high-quality images to be
obtained. Afterwards, samples were stained withylracetate to increase the visibility of
the ASR gel [133] following the procedure descrilefll34]. The gel was observed using
optical microscopy (Leica DMRE) under a mercury falight source. At each age, four
sections were cut from each sample type and foagen per section were obtained.
Overall, sixteen images per sample type per age waken. Subsequently, grids were
overlain on the images and defect counting on trigsger field of view was performed
to determine the number of the gel-associated ttef&@el-associated defect categories
included cracks in aggregate filled with gel, cméhk cement paste filled with gel, the
reaction rim, and air void filled with gel. In tlsecond stage, after washing to remove the
stain, samples were vacuum-impregnated with epoxlypmlished to 600 grit with water
as a lubricant. Images were again acquired undaeeraury lamp light source, identical
grids to those used in the first stage were ovedaiimages, and the defects were counted
on two grids per field of view. Counting of defdgpes in the stage one and two was
performed on the identical field of view. Defectsh@ut gel—cracks in aggregate without
gel and cracks in cement paste without gel— wemsdlobserved in stage two but not in
stage one. Then, the total number of each defpetper grid area was calculated for each
sample type. Subsequently, an appropriate scalictgif (as shown in Table 4) was applied
to each defect type. DRI values were reported asatterage number of defects per 100

cm? of grid area [130].
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3.4 Summary

This chapter provided details about the materiatsxing procedure and sample
preparation, exposure condition, experimental tegles, and the process to obtain

measurement parameters.
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CHAPTER 4. SMALL ANGLE NEUTRON SCATTERING

4.1 Overview

This chapter provides basic information about teoty of small angle neutron
scattering (SANS) and the knowledge required fer tiodeling of SANS experimental
results. In the SANS experiments generally scaigemtensity,l (g), versus scattering

vector,q, is plotted. These parameters are explained.
4.2 Scattering Vector and Scattering Length Density

In elastic scattering, when a monoharmonic placelent wave of neutrons with
the wave vectoKo interacts with the nucleus of atamit creates a spherically propagating
scattered wave. The amplitude of the received eseatt wave is proportional to the
amplitude of the incident wave, the coherent saatidength of atom denoted bybi, and

the inverse of the distance i(lLfrom the atom to the receiver.

2
) K |1=|K|l===
|A| K, Atomi ’
[

Figure 8. Interaction of an incident wave with atomeproduced from [55].

In Figure 8\ is the wavelength. The differences between thielémt and scattered wave
vectors K-Ko) is expressed as scattering vectprvhose amplitude is proportional to the

scattering angl&6 .
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Figure 9. Scattering vector.

In practice, since structures consist of a largalmer of atoms and the scattering
length of each atom is small (in the order of46m), the scattering length densm(,r),

is defined according to Eq. (9) as,

p(r)=2bd( ) 9)
whered(r -r;)=0ar # ,, andjd(r -r;) @ =1, whereV is the volume. For a scatterer
\

made ofn identical atoms with scattering length lof(monodisperse system), Eq. (9)

simplifies to Eq. (10) as,

_nb (10)
P Vv

The scattering length density is required to calt®ithe scattering intensity, which will be

explained in the next section.
4.3 Scattering Intensity

Scattering intensity is the flow of scattered egehgough a unit area in the direction
of g (i.e., the number of scattered neutrons at aesoadtvector), and for a monodisperse

system, it can be expressed in Eq. (11) [135], as

@ =(N)(F(@*) S(d )
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wherel(q) Is the scattering intensith) the number of scattering structures per unit
volume, F(q) the form factor, and5q) the structure factor{F(q)2> depends on the

geometry of scatterers, and for structures dispenmsea solvent with scattering length

density of g,can be evaluated according to Eq. (12) as,

(7@} lotr-alera | 02

Vs
where Vs is the volume of a structure. For simple geomeidtractures, Eq. (12) has a

closed-form solution. For instance, for sphereshwadius R and scattering length density

of o, dispersed in a solvent with scattering lengthsdgnof o, , <F(q)2> can be

expressed in Eg. (13) [135] as,

2\_ )4 B ~SiN(@R)- gRcos(gR i (13)
(F(a)?) {AHF?(/J :00)('-’ R j}

On the other hands( q)depends on the spatial distribution of scatteransl, for

isotropic systems, it can be expressed accordif@tqd14) as,

00

S(9 =1+ 47 N [( g(r)—])rzSir;(?r) dr (14)

where<N> g(r) represents the average number density of scattater distancefrom a

scatterer located at the origin ag@) is the radial distribution function [135]. Foreth

simple case of non-penetrating spheres with raa,iLS( q) can be evaluated according to

Eq. (15) [55] as,
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(g =1-8"
V.

1

[Qsin(ZqR)— 2chos(2qu (15)
(29Ry’

where V is the volume of the sphere, aqd:V—l\‘;, whereVois thevolume of sample and

the number of spheres. In other wordsis the average sample volume per sphere. Clearly,

in a diluted system, wheng >V, S( g =1.

4.3.1 Scattering from mass fractals

ASR sol and gel have a polymeric structure, and #eattering behavior can be
studied using mass fractal structures. In thesetstres, the relationship between mass

distribution,M, and distance,, can be represented according to Eq. (16) as,

M(r)~r® (16)
whereD is the fractal dimension and it is equal or lesntthe dimension of space 8).
For individual scatterers connecting to form masstal agglomeratesS(q) can be

evaluated according to Eq. (17) [135], as

1 Dr(b-1 . 1
S(qg =1+ (QR)° " (1 )(D)—l) sm[(D— htan (q’;)J (17)
+ 2
q2<(2

whereR s the characteristic dimension of an individuatserer (i.e., the radius in the case

of spheres)] the gamma function, and the correlation length representing the pore size

within solid mass fractals [136] or the size of agglomerate [135] (Figure 10). In the

range of}é<q<}{?, Eqg. (17) simplifies toS( q) ~ @°, and thus the fractal dimension is
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equal to the slope @fqg) versugy in the log-log plot [135]. The mass fractal dimiemscan

be considered the generalization of mass distobuti various dimensions. For instance,
a fractal dimension of one represents the masshditibn in a dense one-dimensional
system. Similarly, in three-dimensional agglomenatregime, the fractal dimension of
dense agglomerates can be as large as three, llgcieases for open-structured

agglomerates.

)

() (b)

Figure 10. Correlation Iengthfo representing (a) pore size within a solid maastél,
based on [137], and (b) the size of an agglomerate.

4.3.2 Scattering intensity at large q

The scattering intensity at largdas independent of the shape of a scatterer, and it

is mainly due to the surface scattering [135] his blomain,<F(q)2> IS given by the Porod

law expressed in Eq. (18) as,
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Pt (18)
<F(q)2> - 2”(pq4,00) S

where S is the total surface area. Porod law applies tostmeoth surfaces, or in the

presence of a sharp interface between two meeia ¢catterer and solvent). Furthermore,

according to Eq. (14), structure factor is equalutoty at largeq. Porod law can be

generalized to include the surface fractals. Irs tbase,<F(q)2> can be expressed

according to Eq. (19) as,

n(p-p,)° ST(5- D)sin[7(D,-1)/3 (19)
q(6_Ds)

(F@?)=
for Ds = 2, Eq. (19) simplifies to Eq. (18). Overalllatgeq, 3<(6-D,)< 4 represents

surface fractals, whil¢6—D,) = 4 is the indication of smooth surfaces [135].

4.3.2.1 Estimating the size of smallest structure in aayst

The radius of smallest structure in a system camdbgeved by calculating the

initiation of the Porod region [136], accordingHq. (20), as

&:}(/qp (20)

whereRs is the radius of smallest structure aplthe scattering vector at the initiation of
Porod region. For instance, in the case of polypinepresents the radius of a monomer.
In this region and for smooth surfacg¥/(q) versusy exhibits an oscillating behavior, and

the slope of the line between those variables gigible.
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4.4 Agglomeration Mechanism

The value of fractal dimension can provide infonmatabout the mechanism of
agglomeration, which is generally divided into tin® categories of particle-cluster and
cluster-cluster agglomerations. For ASR, the filaditaension provides information about
the growth of agglomerates either by the integratibsilicate monomers (as in particle-
cluster agglomeration) or the combination of stkcenonomers to form oligomers (also
referred to as clusters), which in turn link to atee agglomerates (as in cluster-cluster
agglomeration). Furthermore, it can inform aboetdize distribution of clusters within an
agglomerate. In the diffusion limited cluster aggkration, clusters are monodisperse,
while in the reaction limited cluster agglomeratianpolydisperse distribution of clusters

is expected [138]. These mechanisms are explaiakledvb

In the Diffusion Limited Aggregation (DLA) [139,140which is a particle-cluster
agglomeration mechanism, agglomerates grow byntiegiiation of particles with “random
walk” movement to form dense agglomerates. On therohand, in the cluster-cluster
agglomeration, clusters attach to each other viduglon Limited Cluster Aggregation
(DLCA) or Reaction Limited Cluster Aggregation (RALto form larger agglomerates. In
DLCA, clusters are envisioned to attach to eackrmitfa permanent bonding, and the outer
cluster acts as a constraint for the penetratiatiusters beyond a certain length [141]. In
contrast, in RLCA, clusters contact with each otimany times before they form a bond,
so they can penetrate further and form denser agglates than those formed through
DLCA. Overall, the fractal dimensions of structufeemed via DLA, DLCA, and RLCA

are 2.5, 1.7, and 2.11 respectively [35,142].
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In practice, the three values of fractal dimensicaisulated based on DLA, RLCA,

and DLCA are not enough to interpret experimentdults, which may exhibit a

continuous change of fractal dimensions. Kallalal €tL42] developed a model that allows
for switching between types of growth regimes uiitéd formation of final products. The
first growth regime is associated with the pairofgmonomers and the combination of
linear polymers from their ends. However, as theuypation of linear polymer ends
decreases, branched polymers form. Similar todtatimension obtained through DLCA
mechanism, the fractal dimension of this regiméd..i& In the second regime, the first
regime is followed by linking branched polymers,igthresults in the fractal dimension of
2.1 similar to that of RLCA mechanism. In the thireljime, when all polymers are
combined and they are more reactive than monomies, fractal dimension of

agglomerates increases as monomers further detigfypolymers. Depending on the
relative reactivity of monomers and polymers, diéediagglomerates may precipitate.
Furthermore, the short-range attractive forces betwmonomers and binding sites
facilitate the formation of dense agglomerates, laviihe short-range repulsive forces

between those favors growth of branches [142].

For ASR samples, understanding the fractal dimengives structural information
about the mechanism of agglomeration, number deositlusters within agglomerates,

and structural modification during aging and retlisition of silica [143].

4.5 Summary

This chapter provided the concepts and theorede@bations in small angle scattering.

This information is required for the further anasysf SANS results in chapter 5.
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CHAPTER 5. THE ROLE OF COMPOSITION IN ALKALI-

SILICA REACTION (ASR) SOL AND GEL

5.1 Overview

This chapter aims to address the first Objectivetha$ dissertation: the role of
composition in the structure of ASR sol and getj damage. While the majority of this
chapter deals with SANS, the resultsef NMR relaxometry, and dynamic viscosity

measurements, as well as the role of aging aredssossed.
5.2 Small Angle Neutron Scattering

SANS results of sols prepared at S/A of three, fmat five are shown in Figure
11. For mixes prepared at S/A of zero, one, and tiincoherent scattering intensity of
hydrogen dominated the scattering curve. Thus,igoifcant differences between the
scattering intensity of the blank sample and trsaseples were observed. Furthermore, for
samples prepared at S/A of larger than five, patedl gel networks (Figure 12) or large
precipitates were formed, which were too largeaduily characterized over thgrange
used in this study. For samples prepared at StAreg, scattering curve indicates a nearly
constant scattering intensity for a wide rangegofThis behavior is attributed to the
scattering from isolated structures. In contrastsals prepared at S/A of four and five,
mass fractal agglomerates are formed, which shifvactal behavior in the range k0.1
(Figure 11). It should be noted that samples pegpat the S/A of three also show a slight
fractal behavior at lowgs (q<0.015. However, given the low level of scattering irden

and the small range of the fractal domain, it iallemging to reliably extract structural
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information about those agglomerates. Furtherntbie presence of the Porod region at
largegs, wherel (q) ~q™, indicates that the surface of small silicatecttrtes is smooth,

which is in agreement with previous studies orcailaerogels and aqueous silica gels

[56,136,143-145].

100 ;

T S/A =5 @ Na-based Sol

L., )// @® K-based Sol

0.1 5

1(9), log(cm?)
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0.0001 - - ———————
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g, log(A)
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Figure 11. Scattering intensitifq), versus scattering vectay, for Na- and K-based sols.
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Figure 12. (a) Structural evolution of ASR samplath increase in the silica-to-alkali
molar mass ratio (S/A) and (b) K-based samplesgrezpat various S/A.

The radius of smallest structure in the alkaliesite systems is determined by
identifying the initiation of Porod region througfil(q) versusq plots (Figure 13), and
using Eg. (20). The radius grows from 2.5 A to &.8s S/A increases from three to five,
most likely as a result of growth and increased/gispersity of structures [146] and the
decrease in the proportion of ionic silica [37]eNalue of 2.5 A is very close to the radius
of the equivalent sphere of S®(2.37 A) and HSi@ (2.44 A) as expected (Figure 14).
These ions are the prevalent ionic species in treentrated Na- and K-based sols
prepared at S/A of one and two [37]. At higher Stfg excessive silica forms very small
equiaxed or spheroidal internally condensed s#igadlymer ions [37]. No significant

difference between Na- and K-based sols is observed
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Figure 14. Molecular structure of S and HSIQ@~, and the radius of the equivalent
sphere.

5.2.1 Extracting structural information by modeling

Given the diverse nature of silicate species, apr@apiate model to provide
structural information about the sols should coestitie effect of polydispersity and type
of structures (i.e., isolated structures versudaaggrates). Since isolated structures have
an equiaxed (i.e., spherical) or spheroidal forr],[3heir scattering intensity can be
expressed as the sum of scattering from the mixtuispheres [57] according to Eqg. (21),

as

(@ =K x> Cx(F(a)*) x g, (21)
wherels is the scattering intensity of isolated structukes constant, an@; the number
fractionof i specie present in sol@.:(q)2>i and (9, which are the{F(q)2> and S( g

of i specie, can be calculated according to Egs. (A8)(&5), respectively. In addition,

(0—m)in <F(q)2>i is assumed constant and equal for all structBese K and Na

exhibit comparable scattering length [55], sim#aattering length densities are assumed

for the Na- and K-based sols. Details of assumptiomusing Eq. (21) can be found in [57].
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For mass fractal agglomerates consist of sphedesing intensity can be

calculated by combining Egs. (11), (13), and (&8)shown in Eq. (22)

| ea #N}{% nR3(p_po)(35in(qR)— chos(qR)j}

(aR)’
(22)
1 Dr(p-1 . "
X . = sin| 0 - 1)tan* (qé) |
(aR) (1+q21£ 37

wherelvra is the scattering intensity of mass fractal aggmtes, andR is set to 3 A,
slightly larger than the size of monomeric ioniesies to include the contribution of larger
isolated structures. Furthermore, in mixes prepates/A of four and five, the scattering
intensity is due to the presence of both massdragglomerates and isolated structures.
If the spatial correlation between isolated striesuand agglomerates is neglected, the

scattering intensity can be expressed accordibgt¢23) [18] as,

@) =lyeatls (23)

To investigate the size and number fraction ofated structures, Eq. (21) is fit to
the experimental data up to the initiation of Paregion (since Porod’s law is independent
of geometry and topology of scatterers [147].) ggirstepwise linear regression algorithm
with Akaike information criterion (AIC) [148] for wdel selection to avoid overfitting.
Based on the shape of scattering curves, an eqled wfV/v1 is considered for all isolated
silicate species (Figure 15). Furthermore, theeddent sphere radius of monomeric ions
is selected as 2.5 A and radiuses between 4-3tami increment of 1 A, are set as the
model input. The size of structures may be sligbtlgnged for a better fit. In addition, to

evaluate the fractal dimension and correlation e agglomerates, Eq. (22) is fit to the
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experimental data using a least squares appro&eheXperimental data and fitted model

(Eqg. (23)) are shifted vertically for better illuations (Figure 16), and modeling results are

shown in Tables 5 and 6.
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Figure 15. Scatterer volum¥)(and average sample volume per scattargr (

® Na Sol
® K Sol
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Figure 16. Experimental data and fitted model o&k+mngle neutron scattering
measurements (data and fitted model are movectcabytior better illustrations).
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Table 5. Modeling results for isolated structuresspnt in sols: radius, number fraction,
and the volume ratio of scatterer to the averaggavolume per scatterev/fr)
(excluding the contribution of agglomerates).

Na-based Sol K-based Sol

S/IA =3

Radius (A) 2.5 8 20 2.5 7 19

Number Fraction g9 g5 0177 00008 95757 4241  0.0011

(%)
Vivl 1/14 1/12
SIA =4
Radius (A) 2.5 10 21 2.5 9.5 19

Number Fraction g9 94> 0057 00004 99.842 0.158  0.0005

(%)
Vivl 1/13 1/11
SIA =5
Radius (A) 2.5 11 18 2.5 11 16

Number Fraction

(%) 99.961 0.037 0.0019 99.946 0.050 0.0037

Vivl 1/19 1/16

Table 6. Modeling results for agglomerates presesols: correlation length, fractal
dimension, and the relative number* of agglomerataeties**.

SIA=4 S/IA=5
Na-based K-based Na-based K-based
Sol Sol Sol Sol
Correlation length of 84.4 A 84.4 A 100 A 89 A
agglomeratesg)
Fractal dimension (D) 3.0 3.0 2.77 2.93
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S/IA=5t04 Na- to K-based Sol

Na'sb(‘;"lsed K-based Sol SIA=5 SIA= 4
Relative number
9.54 111 2.64 2.27

of agglomerated
species

* Assuming comparable scattering length densityNfar and K-based sols and similar size
distribution of silicate species within agglomergate

** For Na- and K-based sols prepared at the S/#hofe,£=300 A, and D =3.0 was used
for modeling. However, given the small number ofadpoints present in the fractal
domain, these values may not be exact. OveraBgteamples are mainly made of isolated
structures, and the contribution of such agglonesrat the sol behavior is minimal, as
evidenced by their very low scattering intensity.

The analysis of isolated structures indicates timaidation of monomeric silicate
ions over other species. Since the size of silicabmomer, 2.82 A, is close to that of
monomeric ionic species, the number fraction of B=& most likely represents all
monomeric species including HSQ SiOF-, and Si(OH). In addition, prior to the
initiation of Porod region, the tails of scatteriogrves are distinct for Na- and K-based
sols (Figure 16). Compared to K-based sols, theedse in scattering intensity occurs at
smallergs for the Na-based sols (i.e., Figure 16, S/A #nd)cating the contribution of
larger isolated structures (Table 5). Considerimgihtermediatgs (around 0.05), where
the deviation from fractal behavior occurs duehe presence of isolated structures, a
sharper deviation is observed for the K-based(§adgire 11 and Figure 16). This behavior
reflects in the large¥/v1 (Table 5), which suppresses the value of scattentemsity in
the range of low and intermediais, and indicates the larger extent of interactimoiag

structures [135] in K-based sols than Na-based.dresdlustrate the effect of/vion the
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scattering curvel(q) versusq for spheres with the radius of 10 A whehi is equal to

1/11 and 1/13 (as in K- and Na- based sols at S#Ais plotted (Figure 17).

. v._1
v, 13
1 _—— V.1
3 ——— v, 11
E
(&)
S
S 7
g
0.005 0.05 0.5

g, log(A1)

Figure 17. Scattering intensity versus scatteriactar for R = 10 A spheres with
different values o¥/v1.

The large values of mass fractal dimensions indithé formation of densified
agglomerates. Determination of mechanism of aggtatiza requires evaluating fractal
dimension soon after sample preparation. Mostyikagglomerates are formed through
DLCA [149], followed by further densification byehaddition of isolated structures in the
solution, similar to the agglomeration mechanisnaliali-silicate sols when calcium is
added [35]. The fractal dimension of three for bt and K-based sols prepared at the

S/A of four is attributed to the small number ofjkymerates and presence of excessive
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silicate species for densification. However, as Btkeases from four to five, the number
of agglomerated species may increase approximbayefn order of magnitude (Table 6),
while based on the modeling results, the numberaiomers increases around 75% in the
K-based sol and 20% in the Na-based ones (compatimgy isolated structures is not
feasible due to the differences in size). This Itesiggests the formation of agglomerates
at the expense of decreasing isolated structurdisol. Thus, less isolated structures are
available for the densification of agglomerates #radr fractal dimension decreases. This
effect is more pronounced in the Na-based sol, ev/neore agglomeration occurred. A
similar interpretation has been used to explaindéerease in the fractal dimension of
agglomerates with an increase of the calcium camtiealkali-silicate sols [35]. Therefore,
as S/A increases from four to five, the correlatemgth of agglomerates in the Na-based
sol grows from 84.4 to 100 A, while the correlati@mgth of those in the K-based sol
increases from 84.4 to 89 A, but they are densar the agglomerates present in the Na-

based sol.

SANS results agree with the theory of alkali-stiecanixes, which indicates an
increment in the polymerization of silicate struesiwith an increase in S/A. According
to theory, concentrated Na- and K-based sols peelpair the S/A of one and two contain
mainly monomeric silicate anions (HSQ SiOF"). However, at higher S/A, a small
portion of different cyclic oligomers can form polclic oligomers; i.e., cyclic tetramer
anions form cubic octamer anions (Figure 18), whach as the starting point for the
formation structures with R around 5 A, and furtbendensed to create very small three-
dimensional equiaxed or spheroidal ionic structufée interior part of these structures is

made of Si-O-Si bonds to form a core of §i®hile on the exterior part, the silicon atoms
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are connected to at least one hydroxyl group. Tiréase of these structures contains
negative charge due to the partial ionization afrbyyl groups [37] as described in Eq.

(24).

=Si-OH+OH = S O+ H O (24)
These structures are in solubility equilibrium wsihicate monomers, which are in
equilibrium with monomeric silicate ions. Such stwres further act as nuclei for larger

colloidal species as S/A increases [37].

@ 9 Si
e .

R=5A

(a) (b)
Figure 18. (a) Cyclic tetramer anion {Si»)® and (b) cubic octamer anion §Sko)® or
double-four ring.

In an alkaline environment and in the presenceatibns, isolated structures can
further grow through condensation of Si-OH to fd8imO-Si bonds in only a few minutes,
and form agglomerates. The agglomeration is momengunced as cations with
concentrations equal or higher than the criticalgtdation concentration (c.c.c), which is
the limit between slow and fast coagulation regines, 0.3 N), screen the negative charge

of silicate structures and bring them together [R@}er, the silicate structures decrease in
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number and increase in size as smaller structussolde and deposit on larger ones
through an Ostwald ripening process. The solubifitytructures is more pronounced when
their average size is lower than 30 A, while thdipkes between 50-100 A grow at a slow
rate [37]. As mentioned before, SANS measuremeats werformed about 24 hours after
mixing, which allows sufficient time for redistriban of silica. Ripening effect may have
contributed to the high fractal dimension of aggtwates with the correlation length of

84.4 to 100 A and low number fraction of small oahl species in the sols.

5.2.1.1 Coagqulation of silicate structures

Coagulation can occur through (a) attraction ataié structures by van der Waals
forces unless the hydration barrier or electrastajpulsion of structures overcomes it and
(b) cations as they bridge between silicate strest{i37]. In the case of van der Waals
forces, silicate structures can agglomerate asreatiold them at the points of contact [37].
For instance, in a hydrated kanemite crystal, tiraaion force between silicate sheets is
the hydrogen bonding between oxygen in the silidater and hydrogen of water
molecules coordinated with sodium [34]. Howeverthe hydrated silicate structures of
smaller than 250 A, a monolayer of water is endiogbvercome the van der Waals forces;
these forces may be only effective when the sizrottures are larger than 1000 A [37].
Structures in sols are partially covered with OHhiak creates hydrogen bonding with
water molecules to form a hydration layer. Sincaguation requires the disturbance of
the hydration layer, Allen and Matijevic [150] s@gged that silicate structures coagulate
as alkali cations exchange with the hydrogen oftadxyl group (Eg. (25)), and concluded

that the nature of the alkali cation determinesagpid the concentration of the electrolyte
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at which ion exchange starts. Between pH 10 anbl 1#ie c.c.c is lower for Na compared

to K-based electrolyte [150].

=Si-OH+ A" == Si- OA™" + H (25)

where A™ is the cation with charge'.

Other studies indicate the ability of alkali casot® coagulate silicate structures
between pH 7-11, with lower coagulation concertrator Na compared to K-based salts.
However, above pH 11, only smaller cations, &nd N4, coagulate silica, while larger
cations such as KRb", Cs are not effective [151]. To explain this behavilbey [37]
proposed that the monovalent cations bridge betwdieate structures. In this process, a
hydrated cation (Nan Figure 19) is adsorbed on the ionized surfdalica to neutralize
surface charge. During adsorption, oxygen atonf(f)ehydrated cation can replace the
oxygens in the silanol group, thus creating a dilie& with silicate surface (Figure 19b).
The remaining water molecules can be further replawith silanol groups of a second
silicate structure to bridge between them. Howeabgve pH 11, the surface of silicate
structures is covered with basic groups. Largeionatat high concentration presumably
cover the surface and create a double layer oficsert thickness, which hinders

coagulation.
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(@) (b) (c)

Figure 19. Agglomeration of silicate structuresotigh alkali cation (N3 bridging. (a)
Partial ionization of hydration layer, (b) absooptiof alkali cation on silicate
structures, and (c) attachment to the unchargedadrthe second structure (based on
[37]).

5.2.1.2 The effect of alkali cation on the agglomeratiorsititate structures

While no general agreement about the mechanisnabilisy and coagulation of
silicate hydrosols exists [152,153], several stsiti@ve shown the presence of short-range
(< 100 A) repulsive forces at high ionic concentras [154]. These forces most likely
originate from the overlap of the hydration layémsiticate structures and the steric effect
from the hairy (poly)silicic acid stretched fromlicate structures [155]. Although
hydration forces are present in the dispersionlichsn deionized water, their strength and
range are reduced in the presence of electrolytatémns disturb the hydration layer. The

reduction is more pronounced for strongly hydrataton, Li"> Na" > K* > Cs" [156].

61



Similarly, it has been shown that the extent ofrsheange repulsive forces correlates with
the size of bare (unhydrated) alkali cation [13\%]other factor that affects the coagulation
behavior of silicate hydrosols is the surface chatgnsity of silica, which is the sum of
negative and positive charges due to the adsorpfi@H and alkali cations per surface
area, respectively. The surface charge densitilich sncreases with the size of cation (at
high pH), Cs> K"> Na"> Li*[158,159], and does not reach a saturation levgbhtionic
concentration [158]. Therefore, based on the SANSlts, the higher tendency for
agglomeration and the low®Yv: of Na-based sols, which indicates less interacioong
silicate structures, can be attributed to a redscethce charge density and a lower extent
of repulsive forces as compared to K-based sossmilar phenomenon may be responsible
for the increase in the agglomeration behavioilicbde gels (as measured by the scattering
intensity at lowgs) prepared at pH= 7-8 with a decrease in thedfizdkali cation [56].
Overall, K-based sols can likely cause less exbérttamage than Na-based sols due to
their lower tendency toward agglomeration. They mags through concrete porosities

without causing damage.

5.3 Percolated Gel Network and Aging

With an increase of the silicate content of sdigjrtpH decreases. For instance,
while the pH value of sodium and potassium sol&jat the S/A of zero, is higher than
13, it drops to 10.6 and 10.9 for Na- and K-basets grepared at the S/A of six,

respectively, and it also favors further agglonmerain the sols.

As the volume fraction of agglomerates reachestBey, can close pack randomly

to form a percolated gel network [37]. Afterwartlse network becomes stronger due to
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the thickening of silica at the joints between aggtrates. Silica dissolves at convex
surfaces due to the higher solubility and dep@dithe concave surfaces, where solubility
is lower (Figure 20). Furthermore, larger strucsugeow at the expense of the dissolution
of smaller structures. These structural modifigaican result in the collapse of the gel

structure and phase separation.

Figure 20. Structural modification of silica gelrthg aging (growth of structures is
neglected, based on [37]).

The change in the appearance of silicate mixepoawide information about the
size of growing silicate structures during agingr iastance, sols with silica content higher
than 10-15% and structures smaller than 70 A aresparent, between 100 and 300 A they
appear translucent, and when structures are léngar500 A they look milky and white
(Figure 21). If the structures are larger than 1806hey settle and release a transparent
solution on the top layer [37]. The effect of agimgs observed for gels/precipitates
prepared at S/A 6. In contrast to K-based gels, an alkaline smtueached from the Na-
based gels/precipitates after few weeks from pedjmar. Furthermore, while both Na- and

K-based gels prepared at the S/A of six lookedlamaifter preparation (Figure 12b), they
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developed a white color during aging, with a clphase separation for Na-based gel
(Figure 22). This observation indicates the presesfclarger structures in the Na-based
gel, which can be partially attributed to the lesgzulsion between silicate structures. Since
the growth of structures occurs by deposition odken silicate structures on larger ones,
the less repulsion can result in denser and lastjactures during aging. Other factors,
such as higher fluctuation in the number of nowlding oxygen per silica atom in the Na-
based gels versus K-based ones could have corttlibaithe phase separation in Na-based
gels [39]. Overall, these results are consistettt thie increase in phase separation as the
size of alkali cation decreases [160]. The releaksalkaline solution due to phase
separation of ASR gels can provide alkali ions fiother reaction and degradation of

cement-based materials.

Figure 21. ASR gel in the freshly cut section abacrete prism exposed to ASTM
C1293 condition for more than one year.
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Figure 22. Na and K-based gels prepared at theoB&, after two years of aging at
23+1.5 °C.

5.4 H NMR Relaxometry

The spin-spin relaxation time f)Tresults show a good fitting between a single
exponential decay function and the magnetic dedagach sample, indicating a fast
exchange of free and bound water in the timeschldge experiment [161]. In a fast
exchange regime, since water molecules experiente lbound and free states, the
measured spin-spin relaxation rate ¢lyTs the weighting average of those of bound and

free water, which can be expressed according t¢Z6).[162], as

(26)

1__ W (1-W) (T >T )
T* T T ! 2 (free water) 2 (bound water
2 2 (free water) 2 (bound water)

where W is the fraction of free wateA larger 1/% indicates a higher fraction of bound

water and/or more strongly bonded water in the $asnjin the porous media, if the af
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absorbed water on the pore surface is significastigrter than Fof bulk water, as in
cement-based materials, then z/Ts approximately proportional to the inverse of
characteristic pore size [161]. Similarly, 2/Tan be used for comparing the overall

porosity in the Na- and K-based gels.

For similar S/A< 6, 1/T." shows larger values for Na-based samples thanskieba

ones (Figure 23). However, as S/A increases; DffK-based gels are higher. At the S/A
of zero, a larger 14 indicates that water is more tightly bound in kiyeration layer of
the sodium cation, as expected. At higher S/A satioe linear increase of L/Tup to the
S/A of 3—with a larger slope for Na-based sols—assistent with the increase of the
silica content of sols, which provides a largerfate area for water binding. As
agglomerates form at the S/A of four and five, desiation of 1/%" increment from the
linear trend is more significant for Na-based saeWich exhibit a greater extent of
agglomeration. The overall agglomeration in the ¢oleasured by the scattering intensity
of mass fractal agglomeratdsi{a) at lowgs) is proportional to the increased in the water-
binding ability of sols in the presence of aggloates (measured by the deviation from the
linear trend between 1#Tand S/A (i.e., B or C in Figure 23)), presumabdyveater is

further bound in the structure of agglomerates, (Fgyure 19c) (Table 7).
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Figure 23. Spin-spin relaxation rate ()Tversus silica-to-alkali molar ratio (S/A) for
Na- and K-based samples.

Table 7. Extent of agglomeration in sols and tleedase in their water-binding ability in
the presence of agglomerates.

S/IA=5t04 Na- to K-based sol

Na-based Sol K-based Sol S/IA=5 SIA=4
Ratio of Mra (q=10°) 5.37 9.39 1.51 2.64
Ratio of deviation from 6.79 11.17 139 297

linear trend

At S/A> 6, the slope of 14 versus S/A is larger for K-based gels than Na-thase
ones, and K-based gels show larger1iffian Na-based ones for S#V. This observation

can be attributed to the better dispersion andgbangpacking of silicate structures in the
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K-based gels due to the larger repulsive forced,tha formation of finer porosities. A

similar phenomenon could be responsible for therfiporosities of geopolymers when
KOH is used as an activation solution comparedd®N [163], and the more disordered
structure of K-based ASR gels [31]. Overall, 4/Shows a linear relationship with an
increase in S/A when the system is dominated blatisd structures or percolated gel
network, and a nonlinear increase of ;1/Tvhen the dominating mechanism is the

formation of mass fractal agglomerates.
5.5 Dynamic Viscosity

The higher dynamic viscosities of Na-based solgufeé 24) are consistent with ref.
[64]. Furthermore, for S/A 3, silicate species behave similarly to sphericaliglas [58]

according to the Einstein relation as,

Msp [ = % (27)

wheregZ;is the specific viscosityC the concentration of a specke,a constant, and the

density of a specie.
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Figure 24. Dynamic viscosity versus silica-to-alkaolar ratio (S/A) of Na- and K-based
sols.

Similar to spin-spin relaxation rate measuremeassagglomeration occurs at the
S/A of four, a slight deviation from Eq. (27) ocsulue to the low volume fraction of
agglomerates. However, at the S/A of five, theiicemt increase in viscosity is attributed
to the growth of agglomerates, and a substant@ease in the number of agglomerated
species (Table 6). The lower viscosity of K-basels £ompared to Na-based ones is
attributed to larger repulsive forces among siécatructures, a lower number of
agglomerated species, and loosely bound water enhydration shell of potassium

compared to the sodium cation.

5.6 Summary

Results from SANS!H NMR relaxometry, and viscosity measurements iigic
the significant role of the silicate content ané thipe of cation (Naversus K) in the

structure, water-binding ability, and viscosity 88R samples. SANS results show the
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growth of nanoscale silicate structures with amaase in the silica-to alkali molar ratio
(S/A). Sols prepared at the S/A of three are mainimposed of monomeric silicate species
and a minor fraction of small silicate structurBs<(20 A), which are slightly larger in the
Na-based sols. At the S/A of four, densified maastél agglomerates with the correlation
length of 84.4 A are formed. Given the similarifittee fractal dimension of agglomerates,
the type of cation does not seem to affect the mr@sm of agglomeration, which most
likely occurs through diffusion-limited cluster aggation (DLCA) and further
densification by isolated silicate species. Howgtlee higher scattering intensity (at low
gs) of Na-based sols reflects a higher level of aygration compared to K-based sols.
This phenomenon may be attributed to the lowerngxieshort-range repulsive forces and
reduced surface charge density of silicate strastim Na-based sols. SANS results also
indicate the lower extent of interaction among &tites in Na-based sols. At the S/A of
five, the correlation length of agglomerates inse=aup to 100 A, and the number fraction
of agglomerated species may rise an order of madmitompared to the sols prepared at
the S/A of four. However, agglomerates develop pityp which is higher in Na-based
sols. This could be due to the shortage of isolatedctures to densify agglomerates.
Overall, K-based sols can likely cause less exbérttamage than Na-based sols due to
their lower tendency toward agglomeration. They mags through concrete porosities

without causing damage.

While spin-spin relaxation rate () of protons and dynamic viscosity
measurements show a linear relationship for $/8 (with higher values for Na-based
sols), the water binding ability of sols clearlcieases in the presence of agglomerates,

presumably as water is increasingly bound in thectire of agglomerates. The increase
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in the water-binding ability is more significantrfNa-based sols, and it is proportional to
the overall agglomeration in the alkali-silicatestgyms. At the S/A of six, as a percolated
gel network forms, a significant increase in theesdbinding ability of gels is observed.
At higher S/A, the larger 14T for K-based gels indicates their superior abilityinding
water than Na-based ones, which can be attribudethe better particle packing and
creation of finer porosities due to the larger ekt repulsive forces and surface charge
density of silicate structures. A similar phenomermould be responsible for the finer
porosities of K-based geopolymers and more disedistructure of K-based ASR gels.
Repulsion among silicate structures also contribttetheir stability during aging. Na-

based gels show a higher tendency toward phaseasiepa

Although the composition and behavior of ASR gethie cement-based materials
can be more complex due to the differences in Hheupd concentration of alkali cations,
and the presence of other cations such as calthemeneral trend in the behavior of sol
and gel most likely follows the same trend. Simitathe sols prepared at low S/A, at the
early stages of reaction ASR products have lowogig and low water-binding ability.
Thus, they are not expansive. However, as the iosagrrogresses, due to the further
polymerization of silica, as in the sols prepare®6 =4 and 5, their viscosity, water-

binding ability, and potentially expansivity inceess.

The knowledge developed in this chapter will helghe better understanding of the
nonlinear acoustic results, which represent thepleoueffect of microcracks and ASR

products, in the next chapter.
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CHAPTER 6. RELATIONSHIP BETWEEN EXPANSION AND

DAMAGE IN THE ASR-AFFECTED MORTARS

6.1 Overview

This chapter aims to address the second Objectivéhie dissertation: the
relationship between expansion and damage in thie-&fcted mortars. For this purpose,
along with expansion, the ASR-induced damage intandoars is measured by the
hysteresis acoustic nonlinearity, and damage-ratindex (DRI) obtained from
petrographic analysis. Results show a correlatetwéen the expansion and DRI results.
Also, a hypothesis is presented to interpret tingpteal acoustic nonlinearity of ASR-

affected samples.

6.2 Expansion Measurements

By ASTM C1260 [48], both Reactive-1 and Reactiveggregates are deemed
potentially deleterious, and the Non-Reactive agate as innocuous (Figure 25).
Reactive-1 samples show the largest expansionlyr@dfso, at the end of the test period.
Moreover, the expansion rate of those samplesmestl constant from day three to day
fourteen, which suggests the high availabilityedative silica. In contrast to the Reactive-
1 samples, the expansion of the Reactive-2 sanspdets at the day one of AMBT and
exceeds the expansion of the Reactive-1 samplegbertday two and day nine. However,
the rate of expansion observed for the Reactiverfptes decreases from day seven, which
suggests a decrease in the availability of reasiiie. In contrast to reactive samples, the

expansion of Non-Reactive samples starts at dayoiwdMBT. By day five, the Non-
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Reactive samples experience half of their fourtgéan-expansion. Afterwards, samples

expand at a low rate and their expansion reaclpési@au at day twelve.
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Figure 25. AMBT expansion results.

6.3 Petrography Analysis

Representative fluorescence microscopy images af ehthe three mortar types
after fourteen days of exposure are shown in FigkBe while Figure 27 shows
representative images of epoxy impregnated morganpges at the same age. The
fluorescence images show cracking around and thrthegyaggregates and also in the paste
for the potentially reactive samples; there is @sgreater concentration of fluorescence,
likely due to the presence of gel, around the aggies and in some of the cracks. In

addition, the fluorescence of some of the aggregaten without cracking is potentially

73



caused by the high pH of the NaOH soaking solutidmich facilitates the ion exchange

of sodium and uranyl at the silica surface [133].

(@) (b)

(©)

Figure 26. Fluorescence of gel in (a) Reactiveb)l Reactive-2, and (c) Non-Reactive
samples, which were exposed to the AMBT conditmmféurteen days (Mr. Knapp
performed the microscopy).
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(©)

Figure 27. Epoxy impregnated (a) Reactive-1, (lgdRee-2, and (c) Non-Reactive
samples, which were exposed to the AMBT conditmmfdéurteen days (Mr. Knapp
performed the microscopy).

DRI values, obtained at six, ten, and fourteen adyexposure during AMBT, are
significantly larger than those previously reporfed concrete (Figure 28). This likely
stems from the aggressive nature of the AMBT coexpéo field exposure and the smaller
aggregate size in mortars compared to concretahkr words, since in the calculation of
DRI for mortar samples, defects associated withrssoaggregates in concrete were

assigned to those with fine aggregate in the maatkarger number of defects per 100°cm
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is observed in the mortar samples compared to etmsamples having the same geometry
and exposure condition. However, if the numberefedts per 100 cfis scaled down to

be proportional to the ratio of the size of thedgrused in the mortar and concrete

[ 2x 2 mnt

= =0.0178|, then the DRI values for the 1.78 Tof mortar samples are in
15% 15 mnf

the range of 57 to 137, which is comparable toiRé values reported for the 100 ¢of

concrete [131,132].
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Figure 28. DRI values at different ages.
The DRI values do distinguish between potentiadlieterious (i.e., Reactive-1 and
Reactive-2) aggregates whose mortars show more gtaraad innocuous (i.e., Non-

Reactive) samples. However, it is difficult to @iféntiate the level of damage between

Reactive-1 and Reactive-2 samples; DRI values atfee-1 and Reactive-2 samples are
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almost identical at day six and day fourteen. At ten the average DRI value of Reactive-

2 samples is larger than that of Reactive-1 samplegh has a large standard deviation.

To investigate the significance of the differeneéneen the DRI values of the two
potentially reactive aggregate at day ten, hypashéssting is performed. The test
statistically differentiates between those for fhealue of equal or bigger than 0.15 (a
typical p-value is 0.01 or 0.05). Although the DRIlues for the Reactive-1 and Reactive-
2 samples may not be statistically different, trererage DRI values follow different
trends. The average DRI values and expansion iselegearly for the Reactive-1 samples,
but for the Reactive-2 samples, the increase inatltegage DRI value from day ten to
fourteen is less than the increase from day siteto This is similar to the trend also
observed in the expansion data of the Reactiveaples. The DRI values of the Non-

Reactive samples do not increase with the timxpbsure, as would be expected.

6.4 Correlation between DRI and Expansion

The correlation between DRI values and the expandata at days six, ten, and
fourteen of the AMBT indicates a more consistentease in the DRI and the expansion
data for the potentially reactive samples than Num-Reactive ones (Figure 29). In
addition, the slope of the best linear fit to thetadof each sample-type represents the
increment of damage per unit expansion and itfferéint for the three sample types. The
slope is larger for the Reactive-2 than the Reaetisamples suggesting more damage in
the Reactive-2 samples than the Reactive-1, asdhee expansion level. Moreover, the

slope of the best fit for the Non-Reactive aggregatslightly negative.

77



10000

‘€ 8000 - .5 -4
c |\ N I .71 .
§ R2 = — O 955 ? ...........

. ..o ¢ 2 p—
g 6000 .’. ...... R2=0.999

o
) Ve
§ 4000 - ¢ ? + Non.React
S = g Ron t'eacllve
= 2 — ® Reactive-
Z 2000 - R2 =0.549 .
(@] A Reactive-2
—ASTM C1260 Limit at 14 Days
O 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Expansion (%)

Figure 29. Correlation between DRI values and egjmandata for the three types of
aggregate. The expansion data and DRI values weasumed at the days six, ten and
fourteen of AMBT.

The DRI values may be used to screen ASR reactjgeegates. Considering the
relationship between the DRI values and the fourtdsy expansion of sample types,
potentially reactive samples experience greater Rles and expansion than the Non-
Reactive samples. While an increase in DRI is aasat with increased fourteen-day
expansion, the relationship between those two gakiaot linear. However, a limit could
be established to screen the potentially reactpgemates and nonreactive ones based on

the damage estimated by the DRI.

6.5 NIRAS Measurements

The average nonlinearity parameter of the Non-Reaabortar samples remains well
below that of the potentially reactive samplestfar duration of testing (Figure 30). Early

in the exposure (i.e., at ~3 days exposure anteBarthe Reactive-2 samples exhibit the
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highest nonlinear behavior among aggregate typeseMer, the nonlinearity parameter
of the Reactive-1 samples surpasses that of thetiRe® mortars by day four, and at day
six, the Reactive-1 samples exhibit the highest smesl nonlinear behavior among

aggregate types.
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Figure 30. Temporal average nonlinearity parameter.

The average nonlinearity parameters of all thregam®types show an oscillatory
or up/down behavior; this trend in behavior is ¢stent with prior NIRAS measurements

on the ASR-affected mortar and concrete sampleS8$1417].

6.6 Relationship between Acoustic Nonlinearity and Expasion of ASR-Affected

Cement-Based Materials

6.6.1 Acoustic nonlinearity measured by NIRAS, and expans
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To explain the relationship between the acoustidinearity measured by NIRAS,
and expansion of ASR-affected samples, along witkal acoustic measurements on these
samples (Figure 31), the results of expansion, hne€ar and nonlinear acoustic
measurements of studies by Chen et al. [88], asditki et al.[117] are shown in Figure
32 through Figure 34. The first study was perforraednortar bars exposed to the ASTM
C1260 environment, while the second one represemgsresults for concrete prisms

exposed to the ASTM C1293 condition.
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Figure 31. Relative change in the dynamic elastdutus of mortar bars exposed to the
ASTM C1260 environment.
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Figure 32. (a) Expansion, (b) temporal nonlineaatyd (c) relative change in the
dynamic elastic modulus of mortar bars exposet@cdSTM C1260 environment [88].
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Figure 33. (a) Expansion, (b) temporal nonlineaatyd (c) relative change in the
dynamic elastic modulus of concrete prisms exptse¢de ASTM C1293 condition

[117].
0.55 |
0.35 |
0.15
-0.05
0 20 40 60 80 100
()

84



'l //N/K—T\

O&ﬁﬂ“—ﬁ

40 60 80 100

(b)

Figure 34. Early age (a) expansion and (b) tempuaalinearity of concrete prisms
exposed to the ASTM C1293 condition [117].

The important role of the interfacial transitiomeo(ITZ) during ASR and its role
on the hysteresis nonlinearity of cement-based matégecannot be overestimated. In a
width of typically less than 50 micrometer, a sfgraint difference between the chemical
properties of paste and aggregate including pEeaient paste (i.e., > 12.5) and that of
aggregates (i.es, 7 unless ions are released by aggregates), ceedttfsrential chemical
potential due to the concentration of ions, anafatheir transport toward the aggregate-
paste interface. During ASR, as the hydroxyl iom3 alkali cations break down the atomic
structure of silica and dissolve it, they furtheeaken the ITZ region and increase the
nonlinearity. However, at the early stages of ABR, low viscosity gel (as explained in
chapter 5) can pass through concrete porosity witt@using damage. The higher porosity

of ITZ makes the transport even easier.
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Based on the above explanation, in the ASTM Cl128tlition, which allows for

calcium leaching, and increases

* pH and the concentration of alkali cations in martay soaking them in the 1N
NaOH solution
» the surface area of aggregates by crushing,

» the temperature during the reaction (80 °C),

the significant level of nonlinearity in the rei@et samples despite their low expansion
level is mainly attributed to the dissolution ofaggates and weakening of aggregate-paste
interface. At later ages, as the gel is well dgvetb and it can cause substantial
microcracking and damage, two mechanisms compgténgrease in nonlinearity due to
microcracking effect, and (b) decrease in nonlihgalue to increased gel viscosity and
pressure, which limits the interaction of microd&asperities. As a result, nonlinearity
shows variations. Afterward, as calcium replacesmonalent alkali ions through the
process of alkali recycling, it forms a highly wss and high yield stress ASR gel or
structures similar to C-S-H. These products stiegrgthe weak interfaces, and as the high
yield stress (and potentially expansive) gel dagsflow to the surrounding pores during
acoustic excitations, it limits the interactionmterfaces and it may even isolate aggregates
from the paste (as in Figure 2), and nonlineaigpificantly decreases. Such a process at

later ages can be also observed in the

o partial recovery of dynamic elastic modulus for p&m showing
substantial ASR reactivity at the early days of thaction, while they

expand at a lower rate at later ages (i.e., Rea@isamples in Figure 31)
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e approaching an asymptotic value for dynamic elasbdulus despite an
increase in the expansion, (i.e., Reactive-1 sasnpleFigure 31, and

aggregate #1 in Figure 32c).

Although cement hydration might have contributedhe increase in the dynamic
elastic modulus of mortars, a similar phenomenabserved for concrete prisms exposed
to the ASTM C1293 condition at later ages, wherefifiect of hydration is minimal (Figure

33c).

For concrete samples exposed to the ASTM C1293itongdthe overall behavior
of temporal nonlinearity is similar to that of martbars undergone ASTM C1260
condition. However, in contrast to the ASTM C12@Mnples, the ASTM C1293 samples
do not show a significant increase in nonlinegsiigr to the initiation of expansion (Figure
34), which suggests the less significant effecagfregate dissolution compared to the
ASTM C1260 samples. This observation is consisteil the differences between
exposure conditions in ASTM C1260 versus ASTM C1283TM C1293 provides less
source of monovalent alkali cations, lower tempee(38 °C), lower pH, and less surface
area to the mass of aggregates than ASTM C126&ddrtion, the concrete environment
is richer in calcium due to the storage conditimna calcium-rich environment, calcium
can form a layer of C-S-H on the silicate aggregaaad significantly reduce their

dissolution [164].

With the initiation of expansion, as the domingtmechanism is microcracking,
nonlinearity increases, and as the mechanisms @kdsing nonlinearity dominate the

effect of microcracking at later ages, nonlineadscreases. Interestingly, even when
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expansion reaches an asymptotic value, nonlinearéty continue to decrease (i.e., after
day 200 in Figure 33). As will be observed in thexinchapter, a similar phenomenon
occurs for samples undergoing DEF expansion. Adrlages, presumably due to the
increased microcracking of samples, the intercaotivigcof pores increases, which can
provide a path for relieving the expansive pressofreggel without causing damage.
However, as gel passes through pores its calciurteng viscosity and potentially yield

stress increases, and can fill microcracks andceedonlinearity.

It should be noted that acoustic nonlinearity eatda the overall condition of a
sample. For instance, in an ASR-affected samplagsaggregates may be still at the initial
stages of the reaction, while in others the reaatight be quite developed (depending on
the structure and availability of silica). Furthenm, the viscosity and expansivity of the
gel at different locations in a sample can be qditierent, which can result in different

local nonlinearities in the sample.

The hypothesis provided here also explains thapsshowing the same level of
expansion do not necessarily show the same levablinearity. At the same expansion
level, for the ones that expanding at a faster, rates reasonable to assume that the
dissolution of aggregate at the ITZ region occura faster rate, and thus they may show
higher nonlinearities.(See mix 2 and mix 4 at atb@0 days in Figure 34). To further
examine this hypothesis, the relationship betweendamage measured by the quadratic
acoustic nonlinearity and expansion of ASR-affecteement-based materials is

investigated.
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6.6.2 Quadratic acoustic nonlinearity and expansion

In contrast to the hysteresis nonlinearity, thenporal quadratic nonlinearity of
ASR-affected samples tends to increase with expansiven though a slight decrease at
later ages is also observed. This difference mkslyl originates from (a) the nature of
acoustic nonlinearity—energy dissipation in theecaka , and the presence of quadratic

strain term in the stress-strain relationship afnogracks for— and (b) the significantly

larger excitation amplitude during resonance tgstian the second harmonic generation
(SHG) measurements. The large excitation amplitaddesg resonance testing allow for
the relative vibration of weak interfaces includiaggregates against paste, and cause
substantial energy dissipation through processel s friction in the ITZ area. In
contrast, due to the considerable lower excitatamplitudes used during SHG
measurements, most likely, the effect of the weamdgeof ITZ is less pronounced except
when significant microcracking occurs. Furthermates theoretically shown that the
presence of a viscous fluid inside microcracks rmayease the quadratic and cubic
nonlinearities [165]. However, for the ASR-affectaement-based materials the problem
is more complex since typically both viscosity &iné yield stress of the gel increase, which
can limit the deformation of microcracks. Overallhile the trend in the behavior of
temporala and S versus expansion are different, their values éaictive aggregates are
typically larger than those for potentially innociso and their potential decrease at later
ages could be due to the formation of ASR gel withh calcium content within
microcracks. The experimental results and the hhgmi$ presented here suggest that
compared to the quadratic nonlinearity, hysteresislinearity is more sensitive to the

early-age detection of ASR-associated microcraokislate-age filling of them.
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6.7 Summary

The results obtained from the three test methodkidimg expansion, nonlinear

acoustics, and quantitative petrographic analysiaguthe damage rating index (DRI)

provide a better picture of how expansion and darag linked during the AMBT test.

The main findings of this chapter are as follows:

DRI values increase over the time of exposuread™RIBT condition, and increase
consistently with the expansion data for sampled wath potentially reactive
aggregates, while this is not the case for the sssnprepared with innocuous
aggregate.

Despite the increase in DRI and expansion, thestimononlinearity measured by
NIRAS tend to increase at earlier ages and theredse by the end of AMBT
exposure condition.

A hypothesis is presented to interpret the acoustidinearity of ASR-affected
cement-based materials based on the different sta§gASR and underlying
physics of acoustic nonlinearity parameters. Buggested that the early increase
in the hysteresis nonlinearity despite low levdlgxpansion is mainly due to the
dissolution of aggregates and creation of low \8g#gogel at early stages. This
process weakens the interfacial transition zon&)(ldnd can cause substantial
energy dissipation mainly due to mechanisms suclthasfriction hysteresis.
However, at later ages, as a highly viscous andtayield-stress gel forms, it can
strengthen weak interfaces such as the ITZ areaagenl isolate aggregates from
the paste, which results in the decrease of awusilinearity and the partial

recovery of the dynamic elastic modulus. On theottand, since the amplitude of
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excitation used for measuring the quadratic acoustnlinearity is substantially
lower, most likely, the effect of weakening andesgythening of ITZ is less
pronounced in measuring that parameter, and thee\a quadratic nonlinearity

tends to increase with expansion as excessive anagcking occurs.

This chapter concludes the first part of this disg®n dealing with ASR. In the second

part, DEF will be studied.
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CHAPTER 7. INSIGHTS INTO DEF-ASSOCIATED DAMAGE

THROUGH ACOUSTIC NONLINEARITY

7.1 Overview

This chapter aims to address the third goal ofdissertation: to better understand
the progression of DEF-associated damage. Fopthi®ose, the acoustic nonlinearity (as
a measure of microscale damage) and expansionrténbars were monitored over a year
and the correlation between the two measures wasierd. Samples were divided into
two main categories: (a) the ones prepared withroabsand (mainly quartz) and cements
of varying in composition, and (b) those preparethsulfate- and sulfide-bearing sand
(acidic sand). Similarly, this chapter contains twain parts reporting the results on each

of these categories and comparing them.

7.2 Results of Samples Prepared with Control Sand (CS)

To address each group of samples used in this staeyollowing abbreviation is
used. Samples prepared with cement X and sand Yomagferred to as “X-Y samples”.
For instance, samples made with Type I-A cementcamdrol sand may be expressed as

Type I-A-CS samples.

7.2.1 Expansion measurements

Expansion of mortar bars was measured periodicalgr 400 days of limewater
storage. Data are shown for the normally-cured hegat-cured bars in Figure 35a and b,

respectively; these are shown separately becaube ofarked differences in the ultimate
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expansions experienced between the two sets ofdraesich cement. For normally-cured
samples, the maximum average expansions are l@s0th2% at the end of the storage
period (Figure 35a). Those expansions are wellvbdilmits typically placed on mortars

for deleterious expansion (0.1%) and can be ateibto water uptake [123,166].
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Figure 35. Length change of (a) normally-cured mwoiars (b) heat-cured mortar bars.

Results for the heat-cured bars (Figure 35b) shaw mortar bars prepared with
Type V cement exhibit expansion similar to normallyed samples, suggesting that DEF
did not contribute to expansion in these (furth@nfcmation was explored by VP-SEM
characterization [13]). In contrast, bars prepavet Type | and Type Il cements show a
‘S’-shaped expansion trend with time, which hasnbeemmonly observed for DEF-
affected samples kept in laboratory testing coadgi[68]. In such curves, an initial period

of negligible expansion is followed by an acceleda¢xpansion period until a final period

of minor to no expansion is reached.

Considering the rate of developing expansion (shawfigure 36 as average

expansion per day) and the average expansion neebauthe end of the exposure period,
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specimens cast with Type Il cement experiencestitBest expansion and the most rapid
rate of expansion among samples. The average J06xgansion is approximately 2.2%,
and the maximum rate of expansion is 0.075 (%/daif)ch occurs between days 53 and
54. Such behavior is likely related to the sulfatexlumina ratio of close to 1.0 [70], the
higher sulfate and 4 contents, and the greater fineness of Type Iihgared to Type |
and Type V cements. According to Kelham [73], thpansion of mortar samples heat-

cured at 90 °C increases witBACcontent and specific surface area of cement.

For mortar specimens prepared with Type | ceméuwots, the rate of expansion and
the ultimate expansion vary for different cemenhpositions (Figure 35b and Figure 36).
Samples prepared with Type I-C cement experieneeetrliest expansion and largest
expansion rate among Type | samples. While the maxi expansion of mortars cast with
Type I-B cement is ultimately similar to that ofegimens prepared with Type I-C cement,
the early expansion rate of the Type I-B specinieswest among the samples cast with
Type | cements. Furthermore, expansion occurseeddr the Type I-A samples than the
I-B samples, but the ultimate expansion for theel'ljgp\ mortars is ultimately the lowest

among the Type | mortars.
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Figure 36. Rate of expansion of heat-cured moas prepared with control sand.

Since the Type | cements have comparable finenbss,differences in the
development of DEF derive from variations in theneat compositions. For example, with
their similar alumina and 48 contents, the higher sulfate content in cemeadttbmpared
to cement I-A appears to be the underlying faatottie higher expansion in the Type I-B
mortars (Figure 35b). That is, the higher sulfaietent increases the potential amount of
ettringite that can be formed for a givepACcontent [65,73]. While the I-C cement has a
similar sulfate-to-alumina ratio as the less expankA cement, the more accelerated and
ultimately greater expansion of cement I-C barsgarad to the I-A bars can be related to
its higher GA content. The ultimate expansion of Type I-C angd |-B mortars are
similar, which is interesting considering that @\ content of Type I-C is higher and the

SG/Al203 of Type I-B is higher. This analysis demonstratest early rates of DEF
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expansion appear to be more greatly influencedadya@ntent than the sulfate-to-alumina

ratio, but that both factors play a role in ultimatxpansion.

Referring back to the Type Il mortar, which wastciiom a cement with similar
alumina and A content to the Type I-C cement and somewhat hi§ie/Al .03 than the
Type I-B cement, shows that both of these fact@krg with fineness — contribute to the
degree of ultimate expansion due to DEF. An exigtiredictive expansion model for DEF
by Zhang et al. [167] incorporates the effect ofz®0Q03 and GA content of cement,
while the DEF model developed by Kelham [73] indsdthe effect of cement
compositions and fineness as factors for predicsingceptibility to DEF. Although the
Zhang model does not predict expansion for the Tydand Type I-C cements examined
here, the trend in the final expansions measurethicements considered in this study
are consistent with the predicted expansions usglgam and Zhang equations. That is,
in these results as well as in predictive expansgiodels, Type I-A samples show the least
amount of final expansion among expansive sampigse |-B and I-C samples exhibit
comparable final expansion, and Type Il sampleswslthe largest final expansion.
Furthermore, the analysis of microstructure using-SEM with EDS microanalysis
confirmed the microstructural distress due to Déik€ the higher extent of damage in the
Type lll samples than Type | ones. No sign of DEBeziated damage was observed in

Type V samples [13].

7.2.2 NIRAS measurements

Figure 37 and Figure 38 show the temporal averagdinearity parameter of

normally-cured and heat-cured samples measured aivkrast one year of limewater
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storage. When comparingvalues for heat-cured and normally-cured barsfarence of
approximately two orders of magnitude exists, wvitth normally-cured mortars having
substantially lower nonlinearity at all ages thhase measured in specimens undergoing
DEF-expansion. The low values of for the normally-cured samples remain relatively
constant since the first day of exposure. Theseeglwhich are typically less than 0.06,
are mainly attributed to the effect of inherentedt$, such as those present in the ITZ. This
result indicates that no damage is developed dutieg23°C storage period for the
normally-cured samples. Furthermore, comparabieeasured for samples prepared with
various cements indicates that difference in thdrdiyon rate of cements during the

exposure period has a negligible influence on Higesofa'.
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Figure 37. Temporal average nonlinearity paramateormally-cured bars.
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The temporal average nonlinearity parameter foit-besed samples is distinct
based on the cement used in the preparation ofleanfipigure 38). Even for the first
measurement, whete is mainly affected by high-temperature curing eydlamples show
various damage levels. For instance, specimensvithstements Type I-A, Type I-C, and
Type Il show comparable initial nonlinearities anal 1.0. This is approximately six times
larger than the initial nonlinearity of those heated samples with cements Type I-B and
Type V and more than one order of magnitude greh#ar nonlinearity of normally-cured
samples. These results suggest that the highél imitlue ofa’, observed in all samples
exposed to the Kelham high-temperature curing ¢ysl@ot solely due to the potential
formation of microcracks as a result of the diffexe in the thermal expansion coefficient

of mortar phases but is also related to cement ositipn (as it influences DEF).

Comparing the values of initial nonlinearities wikte initiation of expansion, it is
observed that expansion of samples cast with cenlgrie I-A, Type I-C and Type |l
initiates at an earlier age than those cast withecg I-B, and samples prepared with Type
V cement show negligible expansion. This suggestsreelation between initial average
nonlinearity parameter and the time when DEF-rdlagpansion starts. According to
Taylor [65], microcracking caused by thermal stesstavors the formation of DEF by
providing an easier path for the transport of waterd weakens the mortar/concrete
microstructure (i.e., weak aggregate-paste intejfawhich is responsible for resisting
damage against DEF crystallization pressures. fitrast, a more intact microstructure
should provide greater resistance to moisture sgrand also resistance to DEF
crystallization stresses, limiting both the extefteaction and subsequent expansion [65].

Therefore, the correlation of initial nonlinearépd the time of initiation of expansion can
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be linked to the effect of microcracking causedmythe high-temperature curing. This
early sign of damage, detectable with NIRAS, caraémportant tool for evaluation of

DEF-susceptible concrete members in the field.

The average nonlinearity parameter measured ab@ylecreases during the first
days to lower stable values. This can be likelytaited to the growth of hydration products
as well secondary ettringite crystals in the wedkrfaces and microcracks. Decreases in
o' during this period are believed to derive from lingtation of the relative movements
of weak interfaces and the decrease in the enesgipdtion associated with that process.
The decrease in nonlinearity is stronger for sam@kowing higher initial average
nonlinearity, which suggest that a greater amodiiDBF reaction products fill weak-
interfaces in those samples than the ones showivgr linitial nonlinearities. Furthermore,
among samples showing higher initial nonlinearjtiasger final expansion and a more
significant decrease in the initial nonlinearitye asbserved for Type I-C and Type llI
samples than Type I-A samples. Therefore, for sam@howing comparable initial
nonlinearities, this observation may suggest aetation between a decrease in initial
nonlinearities during the early days of exposurédictv is linked predominantly to
secondary ettringite formation in microcracks, iJaps, and voids, and the final expansion

of DEF-affected mortars.

For the heat-cured samples,increases after reaching a local minimum. This
increase occurs at day eight of exposure for sangast with Type Il and Type I-A
cement, and at day 15 of exposure for those cabt Tyipe I-B and Type I-C cement.
Furthermore, the local minimum for samples cashwigpe V cement occurs at day 30.

Afterwards,a’ in expanding samples increases with DEF-inducgxhesion. In contrast,
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for samples cast with Type V cement the increaseng small, and except for early days
of exposure where' is affected by Kelham high-temperature curing eyelxhibit similar
values ofa’ compared to normally-cured samples. This trerabissistent with expansion
data, where samples prepared with Type V cement shmilar expansion to that of

normally-cured samples (Figure 35).

The rate of increase i’ after reaching a local minimum is larger for sarsple
showing earlier initiation of expansion. Sampleste@th Type lll, Type I-A, and Type I-
C cements show a higher rate of increase compartttbse cast with Type I-B and Type
V cements. The former group of samples also exhigher initiala.’ and earlier time for
the initiation of DEF expansion. In other wordsmgdes showing stronger DEF activity
also show a more significant change in nonlinealtitycontrast, for samples cast with
cement Type I-B, where expansion occurs at a l¢&y #agradually increases and reaches
a local maximum at day 64. At this time of exposuh® magnitude of nonlinearity is
approximately four times than its magnitude attfiocal minimum. Such variation of
while expansion is still at initial stages indicatbe sensitivity of acoustic nonlinearity to

the microstructural evolution caused by DEF.

As has been previously observed for ASR-affectedtanbars [88,95] (Chapter 6),
the trend in the average nonlinearity parametdrallyi is increasing and then, as the
reaction progresses and damage develops furtltercisasing. For samples cast with Type
[l cement this trend is most evident in Figure B8nlinearity increases after reaching the
first minimum at day 8 and then decreases at dayf @8posure. Between day 8 and 29 of
exposure, when the expansion level is even less €h@51% (well below 0.1%), an

increase in nonlinearity forms a leading indicattdiDEF-induced damage. Furthermore,
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a rapid increase o’ is observed between day 39 and 70, which coincwdds the
beginning of the period where DEF-expansion for Haene specimens (Figure 35)
increases from an average of 0.15% to 1.75%. Afdedays of exposure, when expansion
is around 75% of the ultimate expansiafreaches a maximum average value of 27.7. To
contrast, this is two orders of magnitude highantthex’ measured at first local minimum
and approximately 30 times than the initiel The steep increase in expansion and
nonlinearity suggests that the dominating damagehar@sm during this period is
microcracking. Afterward, a decreasing trend in Im@arity is observed from day 70
(Figure 38), which corresponds to the start ofghdod of slow, asymptotic expansion.
This trend is attributed to the domination of tHée& of filling of microcracks by
secondary ettringite formation over the generatbmicrocracks om:'. Precipitation of
ettringite in voids, cracks, and ITZ gaps, whicleslaot occur immediately due to transport
limitations, does not lead to substantial crystatiion pressure required for expansion [74].
This correlation between nonlinearity and expansiata over time shows that although in
the DEF-affected samples may reach an asymptopareston value, the reactants may not

be depleted and secondary ettringite can contimfierin in the gaps and microcracks.

Similar trends are observed in the temporal averagdinearity parameter of
samples prepared with Type | cements. The tempefathows sensitivity to the
microstructural evolution even when the expansewel is well below 0.1%. And for all
Type | cement samples, it increases and then dmseafter reaching an absolute
maximum (Figure 38). The ratio of the absolute mMmasn of nonlinearity to the initial
nonlinearity is around 3 for Type I-A and Type s@mples and approximately 13 for Type

I-B samples. Furthermore, the trend observed in tdmporala’ is consistent with
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expansion data (Figure 35). During the first 15@sdaf exposure, samples cast with Type

I-A and Type I-C cements show more variatioa ithan those prepared with cement Type

I-B. The Type I-A and Type I-C mortars also exhlarger expansion at earlier ages than

those cast with cement Type I-B. In addition, ifiee of decrease in nonlinearity after the

absolute maximum is consistent with the expansi@e (Figure 38 and Figure 36). This

observation suggests that secondary ettringite dbam occurs in existing voids,

microcracks, and ITZ gaps at earlier times and tgreater extent in samples which

experience earlier and greater expansion. Simgdan$R samples (Chapter 6), the

deposition of reaction products (secondary etttenéprmation) at later ages strengthens

weak interfaces and results in the partial recoeémhe dynamic elastic modulus (Figure

39).
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Figure 38. Temporal average nonlinearity param(et®for heat-cured mortar bars.
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Figure 39. Relative change in the dynamic elastdutus of heat-cured mortar bars.

In summary, regardless of the type of cement uséuei preparation of mortar bars,
o' of heat-cured mortars increases at a relativellnagte when the absolute expansion of
mortar bars is between 0.13% and 0.17%, and itsstardecrease to more stable values
when the expansion of mortar bars is between 7598886 of their asymptotic expansion

value.

In the next part of this chapter, the results gbamsion and nonlinear acoustic
measurements of samples prepared with acidic ge®dare compared with the ones made

with control sand (CS).
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7.3 Comparison Between the Results of Samples Preparedth Acidic Sand (AS)

Versus those Made with Control Sand (CS)

7.3.1 Expansion measurements

The expansion of normally-cured AS and CS sampleswsno significant
differences, and it is substantially lower than9%@,lindicating no effect of potential

deleterious internal sulfate attack in the AS sawmjFigure 40a).
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Figure 40. Length change of (a) normally-cured @)deat-cured mortar bars.

For the heat-cured samples, the ones preparedaidit sand show differences in

the time of initiation of expansion, maximum expansrate, and asymptotic expansion

values compared to CS samples (Figure 40b and d-iglly. The value of asymptotic

expansion and maximum expansion rate of Type llisa8ples are 16%, and 9% larger

than those of Type IlI-CS ones, respectively (Feglit). In addition, the expansion of Type

V-AS samples increases almost linearly after tlvel ttiay of exposure, exceeds 0.1% by

the end of one year, and reaches 0.155% at thefeihe exposure period. This value is

1500% larger than the corresponding expansion vafuBype V-CS samples. Such a

significant difference between the expansion bedragf Type V-AS and Type V-CS
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indicates the important role of aggregate type ixes exposed to early-age high-

temperature curing cycles.

For samples prepared with Type | cements, the tiseidic sand accelerates the
initiation of expansion and increases the maximwmpaasion rate (%/day) by 19-30 %,
however, does not have a significant effect on degmptotic expansion values. The
difference between the time of initiation of expansfor AS and CS samples is more
significant in samples developing expansion atoaet rate, that is Type V> Type |-B>
Type I-A> Type I-C> Type lll. Therefore, in the fieconcrete, where DEF-associated
expansion may occur over years and even decadesgs¢hof acidic sands can threaten the

durability and performance of structures.

0.10%
— Acidic Sand (AS) Heat-cured at 95°C - Control Sand (CS)

® Type I-A Type I-B ® Type I-C
® Type lli ® Type V

0.08%

0.06%

de/dt(%/day)

0.04%

0.02% ——
400

0.00%

Time (days)

Figure 41. Rate of expansion of heat-cured moras.b
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7.3.2 NIRAS measurements

The temporal acoustic nonlinearity of normally-aiend heat-cured samples are
shown in Figure 42 and Figure 43, respectively. thar normally-cured samples, the
acoustic nonlinearity of AS samples shows genefratiper values than the CS samples at
early ages (i.e., < 100 days in Figure 42) andireawalues comparable to the CS samples
at later ages. This behavior could be attributethéoattack of calcium hydroxide on the
alkali-feldspar aggregates to weaken ITZ and foghalcium aluminate products such as
tetra calcium aluminate hydrate [168]. At later sgwith the release of sulfate from
aggregates the calcium-aluminate forms ettrindi&9] to strengthen the ITZ and reduce

the acoustic nonlinearity.
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Figure 42. Temporal acoustic nonlinearity of nodyxalired mortar bars.
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For the heat-cured samples, regardless of cementinghis study, the temporal
acoustic nonlinearity of acidic sand samples igiris from that of control sand ones
(Figure 43). The most significant difference betwdee AS and CS samples was measured
right after the early-age high-temperature curimgh the damage in acidic sand samples
(as measured by acoustic nonlinearity) is approteipan order of magnitude higher than
the one in control samples. The initial nonlinganit AS samples differs for each cement.
Samples with higher initial nonlinearity tend tovdep expansion at a faster rate.
Presumably, the formation of excessive microcragkiuring the high-temperature curing

contributes to this observation [13].

The significantly larger initial nonlinearity in ¢hAS samples compared to the CS
ones is attributed to the attack of Ca(@Bbl) the alkali-feldspar aggregates. At 95 °C, this
process degrades aggregates at a fast rate arid reghe formation of hydrogarnet and
C-S-H, and the release of alkali ions [170]. Thiease of alkali ions also increases the
alkalinity of pore solution and results in the heglzoncentration of sulfate adsorbed by C-
S-H [122]. The degradation of alkali feldspars @mel evidence for the release of alkali
ions were observed by microstructural analysis8R-SEM with EDS microanalysis
[122]. Aardt [170] hypothesize that if the concetibn of released alkali ions reaches a
certain level, it can further dissolve the C-S-tbuard the aggregate and weaken the
aggregate-paste interface. Both the degradationllali feldspars and weakening of
aggregate-paste interface favor the relative mowtwfeasperities and increase of acoustic
nonlinearity. The clear differences between thelinearity of AS and CS samples

immediately after heat-curing suggest the poterfoal NIRAS as a rapid evaluation
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technique for the quality control of aggregate®pto use in mass concrete or precast

industries, where excessive heat may be produced.

CS and AS samples developing a substantial levElEf-associated expansion
show the general trend of decreasing in initiallim@arity to reach a minimum followed
by an increasing trend and later a decreasing bah@xcept for Type I-C-AS samples
where a clear absolute peak is not observed) (Eigd). However, they also show
differences: for instance, compared to Type llI<€a®ples, Type IlI-AS ones show more
post-peak variations, which is attributed to tleeintinued expansion, while the expansion
of Type IllI-CS samples plateaus and the variatiomomlinearity diminishes (Figure 43a).
Furthermore, for Type V samples, the heat-cureds@8ples show nonlinearity values
comparable to the normally-cured ones (consistetfit @pansion measurements), while
the acoustic nonlinearity of AS samples increasts aeaching an absolute minimum.
Nonlinearity of these samples does not decreakdesitages as expansion monotonically

increases and does not reach an asymptotic value.

Similar to Type V and Type lll samples, the temparustic nonlinearity of Type
| samples is consistent with expansion. Type |-A-&fl Type I-B-AS samples show an
earlier both increase in nonlinearity after reagham absolute minimum, and reduction in
nonlinearity at later ages compared to Type I|-A-@8d Type I-B-CS samples,
respectively. This observation is consistent witle first part of this chapter, which
indicates that samples developing expansion astarfaate, tend to experience an earlier
decrease in nonlinearity due to the secondaryngite formation. Furthermore, the lower
levels of nonlinearity at later ages for the Typ&S samples suggests the higher extent of

secondary ettringite formation in these samplesyrably due to the release of excessive
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sulfate and sulfide from the acidic sand and ad=bgulfate from C-S-H. However, given
the significant difference between the absolutkméanonlinearity between the Type IlI-
AS and Type llI-CS, and the continued expansiomygfe IlI-AS samples, this statement
does not necessarily imply less amount of seconettryngite formation in former

samples.

Type I-C-AS samples do not exhibit a clear absolpeak for the temporal
nonlinearity. This observation could be attributedhe comparable rate of microcracking
and deposition of ettringite in the microcrackseThgh GA content of Type I-C cement
and available sulfate could have resulted in tloelpction of substantial levels of ettringite
in nanopores and large porosities including miaoks. Overall, three main parameters
seem to contribute to the differences in the exipansehavior and the microscale damage

of samples prepared with control sand versus tles amade with acidic sand:

» accelerated attack of calcium hydroxide on alkali$pars at 95 °C to weaken
microstructure and create microcracks

» release of alkali ions from alkali-feldspars torgase the sulfate concentration in
pore solution and sulfate uptake by C-S-H [68]

* release of sulfate and sulfide from acidic sanfhtditate ettringite formation.
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Figure 43. Temporal acoustic nonlinearity of heated mortar bars (a) Type 1l (b) Type
I-A and Type I-B, and (C) Type I-C and Type V saa®l

7.4 Summary

Results obtained from expansion and nonlinear douseasurements are
combined to improve the understanding of the rblgesnent composition and sulfate- and
sulfide-bearing sand on the expansion and DEF danmagortars subjected to the early-

age high-temperature curing cycle. The main findiaofythis chapter are as follows:

* The early-age high-temperature curing cycle doesmgde microcracking which is

measurable by NIRAS. For mortars prepared with robrsiand, which is mainly
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guartz, the degree of initial microcracking varfes different cements. Mortar
samples showing higher initial microcracking (asaswed by nonlinearity
parameterp’) are also the ones to develop the DEF expansiaamier ages.
Afterwards, in the first days of exposure to limésvas™ may decrease to lower
values as hydration products and potential ettigngormation restrict the
movements of microcracks during the NIRAS measurgsd.ater, for samples
developing DEF-associated expansian,shows variation as mechanisms that
decrease’” such as théormation of ettringite in microcracks, dominatese that
increasen’, such as microcracking. Howevet, increases at a relatively fast rate
when the absolute expansion of mortar bars is etvdel3% and 0.17%, and the
overall trend of temporal” is ascending. Then, as DEF progresses and expansio
of mortar bars reaches values between 75%-90%eaf dsymptotic expansion,
temporala” also reaches its absolute maximum. The ratio sblalle maximum to
the initial nonlinearity of mortar samples variegween 3 to 30, indicating that not
only the range of damage experienced during thesxe period varies among the
different cements but also demonstrates that thE Bd&nage can increase more
than an order of magnitude greater than that espeeid during the initial high-
temperature curing cycle. Latef, starts to decrease as the dominating mechanism
is the formation of secondary ettringite in voidsZ gaps and cracks, which occurs
earlier and to a greater extent in samples exparigrearlier and greater extent of
expansion. However, since secondary ettringite does generate large
crystallization pressures required for expansiasequently the expansion rate

slows and may reach an asymptotic value. In canwrasontinues to decrease and
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variations diminish, indicating that ettringite magntinue to form in the voids,
cracks, and ITZ gaps long after expansion reachesymptotic level.

* Results also show that the use of sulfate- anddsulfearing sand (acidic sand)
accelerates the DEF-associated expansion, and fudher increase the long-
term expansion level. The acceleration of expansionore significant for
samples showing low expansion rate when prepardgdoentrol sand (mainly
guartz). Even with the use of sulfate-resistanta&tymixes made with this sand
may develop deleterious expansion values when exitasan early-age high-
temperature curing and subsequent moist environment

* While the initial acoustic nonlinearity of acidiarsd samples varies based on the
cement composition, those values are approximatelgrder of magnitude larger
than the ones measured for the heat-cured samgds mith control sand. The
significantly higher level of damage is attributeml the accelerated attack of
calcium hydroxide on the alkali-feldspars at 954t the release of alkali ions to
the pore solution. Alkali-feldspars form a signdit portion of acidic sand
particles. The main contributors to the differen@@smicroscale damage and
expansion behavior of acidic sand samples versuisaimnes seem to be

o the accelerated attack of calcium hydroxide oratkali-feldspars at 95 °C
o the release of alkali cations from alkali-feldspatis increase the
concentration of sulfate in pore solution and adedrsulfate in C-S-H
0 the release of excessive sulfate and sulfide &omgic sand
» Acidic sand samples that reach an asymptotic esiparvalues tend to develop

expansion and nonlinearity at a faster rate, amtbédower values of nonlinearity
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at later ages compared to the control ones, suggette deposition of more

ettringite in the microcracks. Overall, the tremdthe temporal nonlinearity and
expansion are in agreement with each other.

This study also shows the great potential for NIR&Sa fast nondestructive
technique for the quality control of aggregate®iptdo use in mass concrete or in

precast industries, where concrete mixes may besexpto high temperatures.
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK

Overall, this dissertation uses an interdiscipynapproach to improve understanding

of damage evolution due to alkali-silica reacti®6R) and delayed ettringite formation

(DEF), expansive chemical reactions damaging coasteuctures. This research explores

the role of reactant and product composition amdcsire in generating microscale

damage, providing insight through the use of adedncharacterization techniques,

including nonlinear acoustics, damage rating indexiclear magnetic resonance

spectroscopy, small angle neutron scattering, hedlogical measurements.

8.1 Summary of Findings

8.1.1 The role of composition in the structure of ASRasd gel, and damage

Small angle neutron scattering (SANS) results iai¢hat with the increase in the
silica to alkali (S/A) molar ratio (Si€0A20, A= Na or K), the formation of dense
mass fractal agglomerates is favored. HoweverNidrdased mixes tend to show
more agglomeration. While the correlation lengthagflomerates tends to grow
with the further increase in S/A, at S/A=5, the®imethe K-based mixes are denser,
as measured by their higher mass fractal dimension.

The spin-spin relaxation rate of protons measusethé proton nuclear magnetic
resonance relaxometrjH{ NMR) test indicates a bilinear trend with increasthe
S/A of alkali-silicate mixes. The initial smalldope is associated with sols, while
the larger slope at higher S/A represents the highdity of gels/precipitates in

binding water. Although at low S/A, the Na-basedesitend to show more water
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binding abilities, at higher S/A results indicdte better ability of K-based samples
in binding water.

* The dynamic viscosity of sols tends to linearlyease with S/A. However, as mass
fractal agglomerates start to form, a clear dematiom the linear trend observed,
with Na-based mixes tend to show higher viscosigntk-based ones. Overall, the
dynamic viscosity!H NMR, and SANS measurements are in a good agrdemen
with each other.

» K-based sols can likely cause less extent of darttegeNa-based sols due to their
lower tendency toward agglomeration. They may plasgigh concrete porosities

without causing damage.

8.1.2 Relationship between expansion, acoustic nonlingaand microstructural

distress due to ASR

» Similar to the ASR-affected concrete, the extentdamage in the ASR-affected
mortar can be evaluated by the quantitative pesiggc analysis using damage-
rating index (DRI). DRI values for the ASR-affectedortars are in a good
agreement with expansion.

* In an alkali-rich environment, while expansion ahd damage evaluated by DRI
tend to consistently increase during the test durafor mortars containing
potentially reactive aggregates, the temporal gste acoustic nonlinearity does
not monotonically increase. Instead, it followsiaareasing and then decreasing
trend. Based on the hypothesis presented in ch@ptiee increase in the hysteresis

nonlinearity despite the low level of expansiomiginly due to the dissolution of
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aggregates in the interfacial transition zone (Id#a, and the further weakening
of the paste-aggregate interface. During the nealiracoustic measurement, the
relative movement of aggregates against paste Wastantially contribute to the
energy dissipation through mechanisms such asofnicand cause a significant
increase in the hysteresis nonlinearity. This belrasan be best seen in the mortar
samples containing reactive aggregates and exposieel ASTM C1260 condition,
where the excessive availability of Naigh pH, high temperature, and increased
surface area of aggregates facilitate their disgwipand forms a low viscous gel,
which can easily pass through the high porosity FEgion without causing
damage. Afterwards, as reaction develops and gwsity and the yield stress of
the gel increases due to the further dissolutiorsibéa and incorporation of
calcium, the gel is able to apply substantial presdo the microstructure of
cement-based materials and causes cracking. Atsthige, two mechanisms
compete: (a) the increase of nonlinearity due tessive microcracking, and (b)
the decrease of nonlinearity due to the increaségrmgssure within microcracks,
which can restrain the interaction of crack aspeeyit As a result, temporal
nonlinearity shows variation as each of the medmsidominates the other one.
At later ages, with the increased porosity of ASRRaed cement-based materials
due to the excessive microcracking, ASR gel pressan be relieved with the
movement of gel through porosities, which can causther incorporation of
calcium in the gel structure and form structuresilsir to C-S-H. In addition, the

presence of thick, high yield stress and viscols@e isolate the aggregates from

119



8.1.3

the paste, and reduce nonlinearity. This layer atde as the diffusion barrier for

further alkali-silica reactivity.

Better understanding of the progression of DEF-agged damage

NIRAS measurements on samples exposed to the agelyhigh-temperature
curing and subsequent 23 °C-limewater storage atelithat heat-curing causes
microcracking in all samples, with the DEF-assamdagxpansion tend to initiate at
an earlier age for samples showing higher levelslahage (as measured by
acoustic nonlinearity) at the end of the heat-quaycle. Afterwards, nonlinearity
may decrease to lower values as hydration prodaradspotentially ettringite fill
microcracks. Similar to ASR, in the case of DEF twechanism of increasing
nonlinearity due to microcracking and decreasinglinearity due to deposition of
reaction products (which is ettringite for DEF) quete with each other, and as
each of them dominates the other one, nonlineahibyvs variations. At later ages
when the dominating mechanism is the depositiosecbndary ettringite in large
pores and microcracks, nonlinearity drops to lowalues and its variation
diminishes. Regardless of cement used in mixesapeepwith control sand, which
is mainly quartz, a noticeable increase in nonlitgabserved when expansion is
in the range 0.13%-0.17%, and a clear decreaserihnearity is observed when
expansion exceeds 75%-90% of its asymptotic vdlbe.reduction of nonlinearity
may continue long after expansion reaches an agyinpalue

Depending on the cement, and curing and exposungitaans, the use of sulfate-
and sulfide-bearing sand (acidic sand) can acdelezapansion, increase the

maximum daily expansion rate, and even lead tchigker level of expansion at
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the end of the exposure period. The acceleratiaxpénsion is more significant
for samples showing slower expansion developmemhil& to the samples
prepared with control sand (mainly quartz), thesomade with acidic sand show
different damage levels at the end of heat cunvith their acoustic nonlinearity
tends to be approximately an order of magnitudadrighan that of samples made
with control sand. Given that a significant portiohacidic sand particles used in
this dissertation is composed of alkali-feldspanenals, the higher nonlinearity of
acidic sand samples at the end of heat curingribatied to the accelerated attack
of calcium hydroxide on the alkali-feldspars at 95. Through this process,
aggregates degrade, and alkali ions are releas#tetpore solution, which can
increase the sulfate uptake by C-S-H. The latezng@tl release of sulfate from C-
S-H and from aggregates can exacerbate the danieg®e @EF, and increase the

ultimate expansion level.

For both ASR and DEF, this research shows the thatysof NIRAS to the presence

of microcracking. It is also shown that while ASRIEDEF are two distinctive expansive

chemical reactions that may happen in cement-baegdrials, their temporal hysteresis

acoustic nonlinearity share similarities such ase@se of temporal acoustic nonlinearity

at later ages, and the partial recovery of the dyo&lastic modulus.

8.2 Recommendations

8.2.1 Recommendations for practice

Based on the results provided in this dissertatiois, recommended to continue

using NaOH as the source of alkali cations in taedard test methods for the evaluation
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of alkali-silica reactivity of aggregates. Althouglotassium seems to be the dominant
alkali cation provided by cement in the field caster given the lower tendency of
potassium-based sols toward agglomeration, moslylikotassium-based sols can cause
less extent of damage compared to their correspgnsibdium-based ones. Therefore,
using NaOH in the standard test methods for ASRe$y a conservative approach for the

screening of aggregates.

It is also shown that the nonlinear impact resoaawoustic spectroscopy (NIRAS)
is an excellent technique to investigate the degjrad of cement-based materials. While
this technique is currently available in AASHTO TR9 [171] for the ASR-affected
concrete prisms, this dissertation brings new imsi¢o the test results, which is important
for the enhanced understanding of the state of ASRthermore, although this study
investigated the evolution of microcracks due tdRASd DEF, given the high sensitivity
of NIRAS to the presence of weak interfaces, resommended to apply NIRAS to other
degradation mechanisms. An area of interest isampg ASTM C666 test method [172],
which evaluates the resistance of concrete to¢helerated freezing and thawing cycles.
The test limits the number of cycles to 300 unldss dynamic elastic modulus of
specimens drops to 60% of its initial values. Inyimg the standard by setting the relative
change in nonlinearity as the criterion for acaggptnixes allows for the lower number of

cycles and makes the test more convenient.

NIRAS does not have the limitations associated \hih standard test methods,
which require a specific proportioning of aggregatgater, and cement, and an exposure
condition for a certain period. As a result, NIR&ASecommended for the quality control

of job mixes. Furthermore, one of the problems wlith current standard test methods for

122



ASR is that either they are fast (16 days) butaggressive as in ASTM C1260, or long
(1-2 year of exposure) but more realistic as in MST1293. This issue originates from
using expansion as the criterion for differentigtimetween potentially reactive versus
nonreactive aggregates. However, as shown in thsedation, prior to the development
of expansive gel, dissolution of aggregates occling. sensitivity of NIRAS to the early
detection of ASR originates from its significantsgivity to the presence of microcracks
caused by dissolution of aggregates and expanisisnecommended to use the absolute
maximum of temporal acoustic nonlinearity for difatiating among potentially reactive
versus nonreactive mixes. For susceptibility to DERs also recommended to perform
NIRAS on mixes exposed to the early-age high-teatpee curing of above 70 °C. The
initial high nonlinearity could be an indicationrfdahe accelerated DEF-associated
expansion. However, there are also limitations wi#rforming NIRAS on the field
structures. Since this test requires a signifidaxmel of excitation energy, the current
application of NIRAS is limited to the lab-producedmples or the cores from field
structures. Furthermore, the results from NIRASnasther linear and nonlinear acoustic
measurements, are sensitive to the environmentalittons including relative humidity
and temperature. Therefore, for the direct comparef acoustic nonlinearity of samples,

it is recommended to expose samples to the sammemental condition prior to the test.

8.2.2 Recommendations for further research

While this dissertation studies different aspe€t8®R and DEF, further studies are
needed to confirm the relationships found here taneixpand the application of current

findings.
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In chapter 5, the SANS measurements were onhopedd on the sols up to the
S/A of 5. Given that th&H NMR results show larger differences between Nakl&-based
gels/precipitates at higher S/A, it is recommenttegerform SANS on alkali-silicate
mixes at higher S/As. In such a case, the restltdti@a-small angle neutron scattering
(USANS) may need to be combined with SANS due ¢oitisreased correlation length of
agglomerates. Furthermore, since the gels produnctek field concrete contain calcium,

further studies on the role of calcium in the ASRes are needed.

In chapter 6 the relationship between expansion eathage measured by
guantitative microstructural analysis using DRIddnysteresis acoustic nonlinearity is
investigated. However, it is important to note ttiegt pattern of ASR damage varies with
different aggregate sources and environmental tondi For example, the accelerated
test conditions used here may produce gel compasitind behaviors, which may or may
not be representative of those found in the figlden for these aggregate sources.
Therefore, further studies on mortars and concretet with aggregates varying in
mineralogy and reactivity, exposed to both accéderand field conditions, is needed to

examine the correlations and trends observed ipteh&.

Chapter 7 only investigates the role of five ceraeantd two types of aggregates in
mortars undergone Kelham early-age high-temperatur@g cycle. As a result, further
applications of NIRAS to various mortar and coneretixes heat cured at different
temperatures are needed to bring new knowledgeeeftect of aggregate type and curing
condition on the initial damage measured by noaliitg, decrease of initial nonlinearity,
time of initiation of expansion and ultimate DEFpexsion of cement-based materials.

Since NIRAS evaluates the state of weak interfaudading ITZ, the effect of aggregates
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varying in morphology on the quality of aggregatesie bonds after the heat curing can be
investigated. For instance, it has been observadetkpansion develops more quickly in
the mixes prepared with quartz aggregates comparedher types of aggregates (i.e.,
limestone aggregates) due to the weaker bond betgesatz aggregates and cement paste
[65]. In addition, the effect of various curing ditmons on the thermal damage (measured
by material nonlinearity) and its effect on the paral nonlinearity during the exposure
period can be further studied. For the specifieaafsalkali-feldspar aggregates, NIRAS
can be further applied for studying alkali reledsem alkali-feldspars at various
temperatures. Numerous studies indicate a substamiount of alkali release from this
type of aggregate at 40 °C [173]. In other word®neby keeping the temperature below
70 °C in mass or precast concrete to avoid DEF atkali release from alkali-feldspars
may contribute to alkali-silica reaction, indicagithe importance of quality control of

aggregates, especially in critical infrastructure.

In addition, further research is needed to betteterstand the mechanisms that

affect the acoustic nonlinearity and propertiesesiction products including:

» Developing physics-based models for the acoustidimearity of cement-based

materials

Despite the growing application of nonlinear acmssto the evaluation of damage in
cement-based materials, most of the studies reratithe observation level. This
dissertation contributed to the body of knowledge donnecting the knowledge of
nonlinear acoustics to that of cement-based méetbowever, a physics-based model

approach for the interpretation of acoustic nordnitg of cement-based materials is still

125



missing. For ASR, a physics-based model can belales® based on the hypothesis
presented in chapter 6. The model, which considees gel-solid coupling at the
microcracks’ asperities, can be also used as doptatfor modeling other chemical

reactions such as DEF.

* Improving the current understanding of friction tgyesis in materials

Although friction hysteresis significantly contritms to the hysteresis acoustic
nonlinearity of materials, it is not well understbdn fact, the most widely used model for
hysteresis nonlinearity has a phenomenological reatwhich ignores the surface
morphology of microcracks. Further research in #inesa is needed to better understand the

amplitude dependent internal friction of materials.

» Investigating the acoustic nonlinearity of highlyninear materials

Although the typical equation used for measurirg hilgsteresis acoustic nonlinearity
of materials shows a linear relationship betweenntbrmalized downward shifts in the
resonance frequency versus amplitude of excitaiti®mnot necessarily the case for highly
nonlinear materials, including cement-based mdsediepending on their damage level. In
fact, for highly nonlinear materials, the relatibigscan be quadratic [174]. Further studies

in this area, especially through modeling, candmsights to this behavior.

« Combining SANS measurements wifsi NMR results

Combining the information from SANS aAtBi NMR allows for studying the structure
of ASR gel at the atomic and molecular scales. ifstance, although SANS provides

information about the correlation length of aggloates and how dense they are, it is not
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sensitive to the heterogeneities at the atomieseal it does not provide knowledge about
the connection of silicate tetrahedrons. This imfation can provide insights into the role
of composition (including lithium and calcium), agi pH, and temperature on the

structural properties of ASR sol and gel.

» Investigating the differences between the naturéafds between calcium and
silicate structures versus those between monovalkali cations and silicates in

ASR sol and gel

Although both monovalent alkali cations and calciaamtribute to the structure of
ASR products, the nature of their bond with sikctdtrahedrons seems to be different. ller
[37] argues that since Na- and K-based alkali-ai#ayels can disintegrate in water, these
cations may have bridged between silicate strustiiewever, C-S-H is stable in water.
As a result better understanding of the differandbe nature of bond (i.e., in sphere versus
out of sphere bonds) contributes to the fundamentderstanding of both ASR sol and

gel, and C-S-H.
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APPENDIX A. MEASURING THE ACOUSTIC NONLINEARITY OF
SMALL SAMPLES: BRIDGING BETWEEN NONLINEAR
ACOUSTIC AND MICROWAVE MATERIALS

CHARACTERIZATION TECHNIQUES

A.1 Overview

This chapter demonstrates the feasibility of peniag NIRAS for evaluating the
alkali-silica reaction damage of samples prepared the S-band frequency range
microwave measurements, the most appropriate freyueange to study cement-based

materials [175].

A.2  Methodology

A.2.1 Materials, sample preparation, and exposunedition

Materials, sample preparation, and exposure camd@ire identical to those of
chapter 3 for samples exposed to ASTM C1260 canditThe only difference is the
sample size. For each aggregate, three cuboid mgataples with the cross-section of
72.0%x34.0 mm, and the thickness 20-30 mm were pedpdhe samples were originally
used for measuring the dielectric properties oftarsrat the S-band frequency range (2.6-
3.95 GHz) at the end of 14-day ASTM C1260 expofeig¢ The variation in the thickness

of cuboid samples does not affect the dielectrapprties of materials.

The acoustic nonlinearity of cuboid samples was suesl approximately four

years after casting. Although samples were kepealed containers at the lab temperature
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(23 £ 1.5 °C) after the exposure period, by theetimh nonlinear acoustic measurements,

they seemed dry. Further details about sample pagpa can be found in ref. [95].

A.2.2 NIRAS measurements

NIRAS measurements were performed as explainedhapter 2, except an
impactor typically used for measuring the dynamastc modulus of concrete applied
impacts (Figure 44). Compared to a hammer useldemiRAS measurements of mortar
bars and concrete prisms, the impactor has a gignify smaller mass, and the impact
energy is substantially smaller, which allows fae tstability of samples during the
experiment. Signals were captured at the sampheguency of 1.25 mega samples per
second with the window of 0.4 seconds. A samplgnoé domain is shown in Figure 45,
while Figure 46 shows the frequency domain respohaesample to multiple impacts, and

the calculated acoustic nonlinearity.
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Figure 44. NIRAS experimental setup for measurirgdcoustic nonlinearity of
microwave samples.
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Figure 46. (a) Frequency domain of a sample’s nespdo the impacts (b) evaluation of
the acoustic nonlinearity of the sample.

A.3 Results and Discussion

The acoustic nonlinearity of microwave samples iggreement with those of mortar
bars measured at the end of ASTM C1260 conditiogu(E 47). Similar to mortar bar
results, Reactive-1 samples show the highest acoustlinearity followed by Reactive-2
and Non-Reactive samples. The significantly lowesustic nonlinearity of microwave
samples than that of mortar bars is attributetvtornain parameters: (a) their significantly
smaller size than mortar bars (b) environmentatidam. Since microwave samples have
a significantly smaller size than mortar bars,het same state of reaction and acoustic
excitation level, the number of weak interfaces @n&ir overall energy dissipation is lower

than mortar bars, which results in the lower adoustnlinearity. The second parameter
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that contributes to the significantly lower acoastonlinearity of microwave samples is
their relative humidity. The microwave samples ledkdry by the time of the experiment,
while the acoustic nonlinearity of mortar bars wasasured immediately after removing
from the NaOH baths. It has been shown that theddwmidity of samples substantially
decreases their acoustic nonlinearity [97,176}dase in the water saturation level of earth
materials causes softening and activates furthetehgsis elastic elements responsible for
the acoustic nonlinearity of a material [176]. Rermore, in the cement-based materials,
the decrease in the humidity can cause supersatui@it pore solution and precipitation
of reaction products in interfaces, which can reduenlinearity [13]. For the case of ASR-
affected cement-based materials, the reductiorupfidiity can increase the gel viscosity
and its elastic modulus. The drop of acoustic madrity due to the decrease in the
moisture content seems to dominate its potentieieese due to the drying shrinkage
microcracking, and the overall nonlinearity dece=af®7]. The third parameter that can
contribute to the lower nonlinearity of microwavengples is the temperature during the
experiment. In contrast to mortar bars, which wested immediately after removing from
the 80 °C NaOH baths, the temperature of microveaveples during the test was identical
to the lab temperature (23 = 1.5 °C). At the sam®abe level, the nonlinearity of ASR-
affected members can increase with temperature].[D&spite the differences between
the acoustic nonlinearity of mortar bars and mia@ee/ samples, the agreement between
those measures suggests the validity of perforfNIRAS on small samples, which allows

for the multiphysics study of cement-based matewal the same sample.

The acoustic nonlinearity of microwave samples alsows higher variability than

mortar bars. This observation is most likely duethe variation in the thickness of
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microwave samples, which affects the diffusion l&&hk ions into the samples and their
damage level. In contrast, the geometry of moréas lare approximately the same, and the
standard deviation of nonlinearity parameter inrstheamples is mainly attributed due to

the non-uniform distribution of ASR reactive sites.

Acoustic nonlinearity (&) of
companion mortar bars measured at

+ Non-Reactive ® Reactive-1 A Reactive-2

the end of ASTM C1260 condition

0 0.2 0.4 0.6
Acoustic nonlinearity of microwave samples (&)

Figure 47. Acoustic nonlinearity of microwave saagVersus that of mortar bars at the
end of ASTM C1260 condition.

A4 Summary

The acoustic nonlinearity of microwave samples areg for the S-band frequency
range measurements is substantially lower, bugreeament with than that of mortar bars
at the end of ASTM C1260 condition. This observati® attributed to the significantly
smaller size of microwave samples, and their loweisture content and temperature than
mortar bars at the time of the experiment. Ovetiail, chapter creates opportunities for the

multiphysics study of materials where NIRAS evabsathe progression of damage, and
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microwave measurements provide information aboet ¢hange in the physical and

chemical properties of the same sample.
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