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Abstract

Issues concerning @chanisms of durability of hydrated cement phases in aggressive
environments were studied. The possibility of using organic compounds in order to modify
the micre and nanostructure dahe calciumssilicatehydrate (CS-H) phases was also
investigated. Pure cemebased hydrated phases were sysitteel and characterized by
several analyticattechniquessuch as Xay diffraction, thermal gravimetric analysis,
Fourier transform infrared sptroscopy and scanning electron microscopy. Compacted
samples of the synthetilcydratedcement phases were also prepared and used for the
assessment of durability and mechanical properties. This doctoral thesis is coraprised
several research chaptersigfh can be categorized into two main parts. The first part
focuses on the development of novel organically modifi€stkC systems. The second part
involves the mechanisms underlying the volume stabilityhafse purasulfoaluminate and

related phases. A ief description of each part is as follsw

- development of novel organically modifiedSE systems:The mechanisms of
interaction of organic compounds with the nanostructure-8fHCsystemavere studied.
A model for thenanostructureof the resulting cmposite systems was proposed. In
addition, the organically modifiedystemswere tested for lengtbhange, calciurion
leaching and diffusion of isopropanal Dynamic mechanical analysis and
microindentation techniques were also used to determine the neadhaerformance.
Evidence of the superior engineering performance of the novel organically modified

C-S-H systems was provided.

- mechanisms of the volume stability sfifoaluminate and related phase¥.olume
stability and change in the microstructuné the synthetic ettringite, monosulfate and
thaumasite was criticallgxamined in deonized water as well as in hiyhconcentrated
gypsum or lime-water. A new dissolutiobased mechanism for the expansion of these
phases was proposed. The volume stgtifitmulticomponent systems comprised of the
C-S-H-based system (prepared in part 1) and thesatsddased hydratkphases was
also investigated. It was suggestibt the systems containing the modified XH
rather than the phase pureStH had better resistance to crack growattd disintegration

originaing from the presence of ettringite or thaumasite.
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Chapter 1

Introduction and Objectives

1.1 Introduction

Concrete is the most widely used material in the constructdumstry. It is estimated that

more than 1 rhof concrete per person is produced annually wailde [1]. Numerous
studies have been carried out, in the last century, to improve the characteristics of concrete
materials. Significant advances have been achieved in the design and implementation of
concrete structureslowever, despite documented progressjsbee of concrete durability

still remains as one of the major challenges for the sustainable engineering s¢ifidhs

The exposure of concrete infrastructure to aggressive solutions, e.g. those containing
chloride and sulfate ions, leads to signifitadamage every yeafl3-18]. Recent
deterioration of the reinforced concrete foundations of two Canadian arctic buildings due to
thaumasite formation is axample. Expansioand premature loss of structural integrity in

the buildings was so severe thate of the columns had to be replaced after ayear

service period17].

Map cracking due to alkasilicareactivity is another issue leading to seridasage to the
concrete structure®, 6, 9] The cyclic freezing and thawing of water may alsaiitem
large expansions that lead to deterioration of concrete structures through icteckalg.
The frost damage problem has been aggravated by the usecoigiealts that results in
the progressive scaling of concrete surfgdgdt is estimated that deterioration of concrete
results in billions of dollars of repair costs to the North American infrastruidte
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Hydrated Portland cementthe principal binder in concreteplays an important role in
most of the durability relatk problems. Calcium Silicate Hydrate-8&H), the primary
binding phase in cemergaste is a major contributor to the important properties of
hardened concrete such as strength, volume stability, and durgfilitysecondary phases,

e.g sulfoaluminatephases, can also have a significant role in determining the durability of
concrete structure1-28]. A clear understanding dhe mechanisms responsible for the
durability of the hydration products and the development of new construction materials
with improved durability is, therefore, strategic for enhancing the selifeécef concrete

structures.

1.2 Objectives

The current doctoral thesis was designedexplore new methods for enhancing the
durability and sustainability of cemebased materials. Two pmpaches were considered;
the developmenof novel organically modified &-H systems with enhanced durability,
and the investigation of the mechanisms underlying durability and volume stability of
secondary hydrated cement phases, espeaalfgaluminae and related phases, in the
aggressive solutionSeveral studies have been conductirating the past few years, on the
development of organically modified-&H systems and the assessment of the physico
chemical behavior of these systems -f&). In spite of the numerous studies, the
mechanisms of interaction of organic compounds wi¢hrthnostructure of S-H systems

are not clearly understood. In addition, a comprehensive assessimiet engineering
performance of the resulting-&H systems is still lacking. The ultimate goal of using
organic compounds for the modification ofS2H systems is to improve the durability and
mechanical properties of the &£H-based materials. Selected organic compounds with this
potential can be used as chemical admixtures in cebzessd construction materials. It is
argued that this can contribute the construction of more sustainable concrete
infrastructure. The first part of this research (chapters 4 to 11) was designed to contribute

towards the attainment of this goal.

The mechanisnof volume stability of thesulfoaluminate and related phaseshs focus of

the second part of this doctoral research (chapters 12 to 15)vdtliknown that presence
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of the calcium sulfoaluminate phases (ettringite andnonosulfatg in concrete can
contribute to expansion and cracking of concrete elements. Thargrimechanism of
these expansions, however, heeen the subject of considerable debate for more than 40
years. The second part tifis research comprises a substantial contribution towards the
resolution of this debate. The mechanishexpansion of pursynthetic thaumasite, which

is structurally similatto ettringite, was also investigated in this research for the first time.
The efficiency of the modification of S-H with organic compounds in improving the
volumestability of multicomponent samples camsed ofboth theC-S-H-basedsystems
andthese secondary hydrated cemehases was sb studied in the last chapt&pecific

objectives for each chapter are stated as follows:

Chapter 2. To critically examine published information and identify any

controversial issues relevatat the mechanisms of interaction of organic compounds
with the nanostructure of -GH as well as those underlying the durability and

engineering performance of hytd cemenphases,

Chapter 3. To selectappropriate experimentééchniquedor the study of the key

problems identified in chapter 2,

Chapter 4. To investigate the mechanisms of interaction of nitrobenzoic acid isomers
with the micre and nanestructure ® C-S-H systems and to propose a model for the

nanostructure of <-H/nitrobenzoic acid composite systems,

Chapter 5. To study the durability and mechanical properties «8-B/nitrobenzoic

acid compositsystems synthesized in chapter 4,

Chapter 6. To explore the characteristics and engineering performance of
C-S-H/aminobenzoic acid composite systems and compare them with those obtained

for the GS-H/nitrobenzoic acid composite systems investigated in chapters 4 and 5,

Chapter 7. To examine the ch@ge in the mechanical performance o5¢H systems
modified with nitre or aminebenzoic acid isomers under dynamic loading at

elevated temperatures,

Chapter 8. To study the fatigue behaviour of the phase pure and organically

modified GS-H systems,



1. Introduction and Objectives

Chapter 9. To study the influence of selected organic polynard compounds on
the nanostructure and engineering performance $#Csystem,

Chapter 10. To investigate the volumstability of GS-H/polyaniline composites
(prepared using an 4situ polymerizatn technique) in potentially aggressive salt

solutions,

Chapter 11. To investigate possible mechanisms contributing to the mechanical

stability of GS-H/polyaniline composite systenas elevated tempatures

Chapter 12. To propose a new mechanism underlying the expansion of calcium

sulfoaluminate phases,

Chapter 13.To explore the possible damage to the microstructure of ettringite due to

drying with the solvenrexchange technique,

Chapter 14. To explore the possible dage to the microstructure ofionosulfate

due to drying with the solver@xchange technique,

Chapter 15. To investigate the mechanisms of expansion of thaumasite in aqueous
solutions and compare these mechanisms with those proposed for ettringite.olt is als
intended to investigate the mechanisms of expansfomulticomponent systems
composed of ettringite or thaumasite with the&sEl-based systems, and determine
the efficiency of the use of organically modifiedSXH systems rather the phase pure

C-S-H sygem in reducing the expansions,

Chapter 16. To provide a summary of the research achievements and a list of

recommendations for future study.

1.3 Overview

The current doctoral thesis is composed ofchépters. Eaclehapter has the format of a
researchpaper and includes an abstract, introduction, experimental program, results and
discussion, concluding remarks and references. Chapters 4 to 11 focus on the development,
characterization and durability assessment of novel organically modifigdH Gystens.

The nature of the interactions of various orgatbenpoundswith the micro- and nane
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structure of ES-H systemswas investigated. The efficiency of the organically modified
C-S-H systems for improved durability and sustainability of cerased materla was

also assessed. Chapters 12 to 15 include the synthesis of pure selected secondary hydrated
phases (ettringitemonosulfateand thaumasite), anexamination of a noveiechanism

underlyingtheir expansion in aqueous solutions.
An overview of chapter?2 to 15 is provided:

Chapter 2. The literature review includes a bridéscriptionof the microstructure and
characteristics o€alciumSilicateHydrate (GS-H) systems, organicalgnodified GS-H-
systemsand the secondary phases in cement pasierole of each phase as it relates to the
durability of concrete structurés also provided

Chapter 3. The application of various experimental techniques in cement scisnce
describedThe techniquedor the synthesis of pure cemdrdased hydrated phasase also

provided.

Chapter 4. The mechanisms of interaction of nitrobenzoic acid isomers with the
nanostructure of &&-H systems were investigated in this chapteiS-B systems with
various concentrations of nitrobenzoic acid isomers ggrghesized usg a pozzolanic
reaction technique. The resulting composite systems were characterized byrdge X
diffraction, thermal gravimetric analysis, Fourier transform infrared spectroscopy and
scanning electron microscopy techniques. BET nitrogen surface a&surements were
also obtained. A model for the nanostructure of th&-I@/nitrobenzoic acid systems was

proposed.

Chapter 5. The durability and mechanical performance of th&-B/nitrobenzoic acid

systems prepared in chapter 4 were studied in this chapter. Compacted porous bodies of the
C-S-H/nitrobenzoic acid systems with a porosity of about 30% were prepared, and data
from the lengthichange measurements and calcium ion leaching in aggressive aqueous salt
solutions was obtained. Masbangeof the compacted sampleiie to the diffusion of
isopropanointo thar porousstructurewasalsomeasuredin addition the microindentation
technigue was used to assess the creep modulus and the hardness of the samples. Evidence
was provided on the contribution of the nitrobenzoic acid isomers tdutability and

mechanical performance of theSeH-based composite systs.

5
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Chapter 6. C-S-H/aminobenzoic systems were synthesized and characterized byrdlye X
diffraction and Fourier transform infrared spectroscopy. BET nitrogen surface area
measurements were also made. The lenbtinge of the compacted samples in LiCl and
MgSQOy, solutions, their masshange insopropanolas well as their microindentation creep
measurements were determined. It was shown ttatGS-H systems modified with

aminobenzoic acid had improved volume stability and microindentation creep modulus.

Chapter 7. Dynamic mechanicalhermal analysis (DMTA) was employed to assess the
dynamic mechanical stability of the €H systems modified with nitroor aminebenzoic

acid isomers upon heating. Evidence was provided on the structural role of nitrobenzoic
acid isomers in these composite systems. The role of aminobembisomershowever,

was not as significant.

Chapter 8. Fatigue behaviour of thehase pure G-H and CGS-H systems modified with
nitrobenzoic acid isomers was studied by the dynamicharecal analysis (DMA)
technique. The effect of the Ca/Si ratio and hydration time of the phase f#hi¢ Was
also considered. Tharganicallymodified GS-H systems and those with lower Ca/Si ratios
or increased hydration time had higher resistance angsh of their storage modulus and
fracture under repetitive loading.

Chapter 9. Possible intercalationf organic polymersn the interlayer region of G-H
systemsas reported by Matsuyama and You§-B2] indicated thathese polymers likely

have potential to improve the engineeripgrformance. Accordingly, three different
polymers (polyvinyl alcohol, polyacrylic acid and polymethylmethacrylate) were selected
for the preparation of the -6&H-based composite systems. Thelume stability and
mechanical propertiesexe assessed. Several other organic compounds with the potential
application for use as chemical admixtures were also selected. No significant evidence of
the interaction of the organic polymers/compounds withrthnostructure of -G-H was
obtained except for that incorporating the higher concentration of an organosilane
compound. In most cases, the resultgygtems had poor volume stability/mechanical

properties.
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Chapter 10. The GS-H/polyaniline nanocomposiewere synthesized for the first time by
Alizadehet al.[41] using an irsitu polymerization techniquén this chapter, the volume
stability of thesenanocomposites was assessed/arious aggressive salt solutionishe
damage tahe microstructure othe samples was also assessed using various analytical
techniques. It was suggested that the&-B/polyaniline nanocomposites had superior
volume stability in the test solutions. The improvement was more pronounced for the
samples with a higher Ca/Si ratibtbe host CS-H.

Chapter 11. The mechanisms underlying the megiical stabilityof C-S-H/polyaniline
nanocomposites were discussed in this chapgtee preliminary testesults had been
reported by Alizadeh in 2009 [44]. Additional discussions relevarthéo mechanisms
underlying the stability of these nanocomposites at elevated temperatures were provided in

the current study.

Chapter 12 The mechanisms of expansionsoffoaluminate phases in cement paste have
been debatable for more than 40 years. im¢hapter, pure ettringite amaonosulfatevere
synthesized and compacted into porous samples. The lehgtiye of these samples in de
ionized water as well as in aqueous solutions saturated with lime or gypsum was
determined. A dissolution mechanism ve&aggested for the lengtthange measurements.
Evidence of the changes in the pHthe solutions and changes occurring in the crystalline
structure and morphology of the samples was provided in support of a proposed dissolution

mechanism.

Chapter 13 Drying of pure ettringite samples using the solverthange technique was
investigated in this chapter. Three different alcabeded solvents (methanol, ethanol and
isopropanol) were selectedhd mechanism oflehydrationof ettringite and anyossible
interaction between the organic solvents ah@ microstructure ofettringite were
investigated using various analytical techniques. Evidence was obtained on the damaging

effect of methanol. These effects were, however, limited for the isopropanol.

Chapter 14. A similar study to that in chapter 13 was performed on pooeosulfate
containing 12 moles of hydrate water AB) in order to elucidatthe mechanism of

drying of this phase further understandts microstructureand explore anypossible
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interaction betwen the organic solvents and the microstructurenohosulfate It was
suggested that dehydration of AFAfA to AFm10 occurs readily in any of the organic
solvents. In addition, application of isopropanol for a limited time had the leamstgitag

effect compared to that caused by methanol or ethanol.

Chapter 15. Several investigations have bganblished with a focus on the mechanisms of
formation of thaumasite in cemelndsed systems. The published investigations on the
mechanisms of expaion of thaumasite are, however, very limited. Pure thaumasite was
synthesized in this chapter and lenglfange measurements were made Hodeed water

and in aqueous solutions containing a high concentration of gypsum or lime. Possible
mechanisms athe expansions wemdiscussed based orcamparison with those suggested

in chapter 12 for the expansion of ettringite. In addition, multicomponent compacted
samples comprised of 10% of ettringite or thaumasite and 90% HMasedsystems

were preparedand lengthchange measurements obtained. The efficiency of the
modification of the €S-H system with nitrobenzoic acid in reducing the expanswas

also considered. It was suggested that the proposed dissolution mechanism plays a
significant role in thelengthchanges observed. Modification of-$H with the
nitrobenzoic acid isomers was also effective in increasing the sdifeicef the

multicomponent systems in the test solutions.
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Chapter 2

Overview of Hydrated Cement Phases

Severalhydrated phases are formed during the reaction of cement with vikadammary
of researctprogresson the characteristics amhgineering performance tiese phases is
provided in this chapter. The focus as those ofthe calcium silicate hydrate (S-H)
phases, €5-H-based nanocompositas well as thealciumsulfoaluminate phaselevant
to the objectives of the current Hi® A more specific literature review will be provided in

the introduction section @achof thefollowing chapters.

2.1 Calcium-silicate-hydrate (C-S-H)

Portland cemenhormally contains fourmajor phasestricalcium silicate (@S), dicalcium
silicate (GS), tricalcium aluminate ($\) and tetracalcium aluminoferrite (C,AF).Y A
variety of hydrates are formed whérese phases react with water. Calcisiticate-hydrate
(C-S-H) is the primaryhydrate phase It occupies up to about 60%y volumeof the
hydration products in hydrated cement paste, iand major contributor tonost of its
principal propertiessuch as strength, volume stability, ahdability[1]. C-S-H in hydrated
cement pastés known to havean amorphous or a poorly crystalline structure. Its exact
compositionand microstructurés, however,uncertain and variabl& he hyphensindicate

that nospecificstoichiometry is implied

! Mineralogical notatiog of C, S, A andF are often usedin cement chemistryfor CaO, SiQ, Al,O; and
Fe0,, respectively.
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2.11 Characteristics of C-S-H

Various descriptionscan be usedor the characterization &@-S-H systems as a material.

The primary ones that are relevant to this research are prawitied section

Ca/Siratio

The molar ratio of CaO to SyjCa/Siratio) is a principal parameter in the characterization
of C-S-H. It is possible to calculate ti&a/Siratio of the CS-H by determining thamount
of calcium hydroxide[2] and unreacted materiala the hydrated cement pastsing
analytical methods such as thedngravimetric analysis oguantitative Xray diffracion.
The Ca/Siratio in calcium silicate hydrates usually covers a range from 0.7 {&]2.0he
C-S-H formed due to the hydration o6& and GS in the hydrated cement pasiermally
has an average a@boutl.7 [4]. The formation of €S-H with low Ca/Siratio is also
possible when théwydrated GS is decalcified, e.goy leachingof the calcium in either
de-ionizedwater or ammonium nitratgb, 6]. Examples ofSEM micrograph of synthetic
C-S-H (usingthe precipitation techniqueyith Ca/Siratio of 0.8and 1.5 argresented in
Figure2-1.

500nm

Figure 21- SEM micrograph ofyntheticC-S-H with Ca/Si= 0.8 (left) and 1.5 (right)

Taylor categorized &-H systemsasC-S-H (1) and GS-H (lI) for Ca/Siratios below and
above 1.5[7-9]. Many otherstudies however,distinguished various differences for the
phase transition that occurs at t@@/Siratio of 1.0 within the composition range of

C-S-H (I) [10-17]. The nost significant changes in the structure e&El with decreasing

14
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the Ca/Siratio are the longer silicate chains and the increase in the distance between the
layers of GS-H, i.e. X-ray basakpacing[18]. The nitrogen BET surface area of the
syntheticC-S-H alsoincreases noticeably when tla/Si< 1.0. These characteristics have

been shown to affect the physicbemical behavior of <G-H [17].

Aging effects (e.g. silicate polymerizatioand the degree of hydration in hardene® C
pastearedependenbn the Ca/Siratio of GS-H systemg19]. Richardson and Grovg¢49]
reported that he Ca/Si ratio of GS paste measuredby the transmission electron
microscopy (TEM)analysiswas1.71+ 0.05, 1.774 0.20, 1.74+ 0.13 and 1.7% 0.05after

1 month, 3 montf) 3.5 yeas and 26years, respectively.

State of water in €S-H systems

Water is a key ingredient ibement pasteA minimum water content is required for the
completion of the hydration reacti®nof Portland cement. It also provides the
microstructural stability of the hydrated phases after the setting of cement Paste.
presence of water in the pore structure, howesersually considered asconcern for the
durability of concretestructures It facilitates the movement of aggressive ions into the
concrete.The freezingof water into icecrystalsis also known to cause disruptive volume
changesThe role of wateand its naturén hydrated cement paste is complex and has been
controversial fo decades

The classification of the state of water in cement paste is generally based on the location
where it is held and, the nature of its bonding with the solid strudfiamous techniques

such as nuclear magnetic resonance (NMR), dynamic mechamabjsis (DMA) and
helium inflow techniques have been used to differentiate the afolgater in various
structural locations the cement paste aatsoin thesyntheticC-S-H systemg17, 20-22].
Although several investigations have attempted to sep#na various forms of water, the

dividing line betweerthem isnotcompletelyclear[23, 24].

It has been suggestég Pellencet al [25] that the CS-H lamellae are held tegher by an
electrostatic force.The interlamellar space islso filled with quastimmobile water
molecules andthe calcium ions that are bonded to theSd layer by partially covalent

bonds.In addition tothe water vapor in the pores, it is suggedtgdRamachandran et
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al. [26] that water can exist in various forms e.g. capillaater (in voids larger than 5 nm),
adsorbed water (held by hydrogen bonds on the surface of the hydrated particles) and
interlayer waterThe discussion andlebate about the lattéwater that is associated with

the nanostructer of GS-H and is strongl held) still continues[27-29]. A recent
investigationby Alizadeh[17] has providedadditionalevidencs on thestructuralrole of

the interlayer watern the nanostructurand on theengineering performancef C-S-H
systems.Alizadeh et al [30] suggested that water molecules in the interlayer region of
C-S-H systemsact as restraisin the silicatestructure and contribute tsomeof the elastic

propertienf C-S-H.

Silicate polymerization

The silicate tetrahedraf the GS-H structure ardlanked on both sides of the @asheets
(See section 2.2). Theycan be present in the form of dimers, dreierketten or a chain of
dreierkettenSilicate polymerization, i.¢he mean length dfilicatechains is usually used

to describe the connectivityf silicate chains in the G-H systemsThe polymerization of
silicate chains is often determinéy the *SiNMR technique.The chemical shift of a
silicon atom which is bonded to n bridging oxygéN, is generallyused inthe technique

for the interpretationof the resultsin the absence of Qthe mea silicate chaidengthis

normally calculatedrbm the /Q" intensity ratioas following[31]:

meansilicate dain-length = 2(1 + Q%/Q") (2-1)

Polymerization of €S-H is significantly affected by its composition@k/Siratio. Chen et
al. [3]] suggested thahe silicatechainlength increases significantly from 2.6 to @uits

as theCa/Siratio decreases from about 1.44 t92in synthetic €S-H systems

It has been wwmgested thatncorporation of supplementary cementitious materials in
hydrated cement paste resul the formation of secondary-&H with a relatively low
Cal/Siratio (about 1.0[7, 32]. The degree of silicate polymerization is likely to be higher in
thistype of GS-H. This results irdifferent characteristicsf the C-S-H formed[33] which

may also account for some of the enhanced durability aspects of the concrete using

pozzolanic materials.
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Doladoet al.[34] also investigated the "Qlistributiors versus the time evolutiofor the
C-S-H systems withCa/Si= 0.7, 1, 1.4 and 2 using a molecular dynammodeling
approachThese researchers suggested that the numbeP ep&gieswas reducel more
slowly in the GS-H systems with higheCa/Siratio.

Silicate polymerization is also affected by the humidity and temperature. F8eHGn
moist cured cement paste samples coethunrtually all dimers, whereas pastes cured at
the low relative humidity conditiondRH < 10%) hal a greater degree of polymerization
[35]. This effectwasnot noticeablein aged sample®kada et al[36] also suggested that
C-S-H samples prepared at temperatures above 120 °C are highly polymerizedad&all
ratios ranging from 0.3 to 2.Richarden and Grove$19] suggested thathé degree of
hydration also affeed the mean chaiength. They reported that 40%-hydratedCsS
pastesample hd a silicate mean chailength of about 20. This value was increasd
linearly to about 2.5 at 85% aathout5.0 at 100% hydration.

Dehydration of GS-H systems is also known to affect their degree of polymerization.
Alizadeh[17] examined thé°Si NMR spectra of the synthetic-&H with Ca/Siratio of

0.8 and 1.2 upon dehydration. He suggested that @' @atio of the samplesvas
significantly increased when their mdess exceeded 5%. The formation of newvsQes
during dehydration is schematically presented in Figu2e Yu and Kirkpatrick[37] also
studied the effect of elevated temperaturesoup000 C on synthetic €-H systems Q°

and even & chemical shifts were observed in various samples after heat treatment at
250 C.

Ca-0 \
backbone new Q?

\

Interlayer

1.48 nm

096 ™

Silicon tetrahedron

Figure 22- Formation of new &sites in the €5-H structure from the initial Esites upn the removal of the
interlayer watef17]
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Wieker et al.[38], for the first time applied*Si NMR to study the structure of various
tobermorite& Most of the samples were prepared at high temperatures and by the
dehydration of other form of tobermorite. Their resultsndicated a high degree of
polymerization with the presence of gite even at th€a/Siratio of 1.0.The observed ©

sites were attributed to the bridging tetrahedra connected between the layers by hydrogen
bonds.Theseresultswere expectedbecause of the effect of heat treatment oninbheease

of degree of silicatgpolymerization. The decrease in timensity of Q* (end groups)

contributed to the condensation of the single chdirestodehydration.

Relationship of CS-H with more highly ordered phases

Many naturally occurring crystalline calciutalumino) silicate hydrates are of interesd
cement chemists either because they are formed hydrothermally, as in deepspiinwell
autoclaved or hepressed materials, or because their structures are very useful in modeling
the considerablyvariable and uncertain structure GfS-H systems in cement pagig9].
Taylor[8, 40] suggested, n t h e e, thatthg shdrt@ngedodes structure of €S-H

can be related to the structure of crystalline compounds with a siticabe repeat distance

of 0.73 nm in one directionfThe cr yst al structure of Maddr
b-wollastonite)was also determinedby Dornber@r-Schiff et al. at thesametime period

[41]. It was found thab-wollastonite hagnfinite chains of Si@ repeating at the intervals

of three tetrahedreeferred to aglreierkettenRepeating intervals fohe CaO polyhedra

are 0.365 nm falf of that for the silicate chain)considering the type of the silicate
drei erkett eds-Ollayen kVatgr enoldcudes anth ealci®raicalso fill the

space between these layers.

Among various calcium silicate hydrates, 1.4 nm toberm{@i¢&Hgy approx.)and jennite
(CoSsHp), which can be formed at temperatures below XD0appear to provida much
closer structural relationshipp the GS-H gel in hydrated Portland cemeBoth of these
minerals have a layered structuide layersare derived from thoséen CH by substantial
distortions of the G® layer and replacement of some or all of the hydroxyl ions by

silicate. Thee aretwo peaks in the XRD pattern of-&H in the region of @ nm and near

% The structure of tobermorite éiscussed in the following section.
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0.18 nm which correspond to important repeat distancestia CaO parts of these

structures and also of CH].

The crystalstructureof 1.4 nm tobermorite was resolvdéxy Bonaccorsiet al. [42]. A
schematicpresentation of d@obermorite layer isshown in Figure2-3. As shown in the
figure, the crystal structure of 1.4 nm tobermorite consist€arfiplex layers with the
chemical composition 0fCa;SigO16(OH),(H20)4]%. It has acentral CaO sheetwith
silicate chains on both sides, whiale kinked with a periodicity of three tetrahedra; these
chains arecalled dreierketten, or wollastonilike chains.The silicate chains théielong to
adjacent layershowever,are not condensed into double chaissin1.1 nm tobermorite

They are shifted by b/2 with respect to one another; the layeralgrdéurther apartwith

the extra interlayer space occupied H¥O molecules and G4 ions. Jennite is another
crystalline calcium silicate hydrate that has dreierkette silicate chains, but it has a much

higher Ca/Si ratio than tobermorifetailsof the structure of jennitare describedn [39].

\ﬂfﬁk&fﬁmgl&i@%ﬁ

2 N7 2 Nd o Wl

2\ Y/ N\ m =
Wéﬁ\l AL\AV'\I mﬂm 1&%

(c:alcium \ l \ l ', 4 ‘ ~ P

s B

Silicon Oxygen
Figure 23- Schematic diagraraf dreierkette chains present in 1.4 nm tobermofites directly connected
silicate tetrahedron is called pair@®) and the silicate tetrahedron connecting two paired tetrahedra is called a
bridging (B) tetrahedronlit should be noted that the two sets of chains in the central part of the figure are not
linked. They are offset from one another by[I34].
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2. Overview of Hydrated Cement Phases

2.1.2 C-S-H models

The proposed model®r C-S-H can becategorizednto two main categories structure
based modelandcompositionrbased modelsThe former mainlydescribs the structureof
the GS-H systems,and the latter mainlydeak with the chemicalcomposition ofthese
systems Some of the features of the most important moitke¢ésach categorgredescribed
in the following section

Structure-based models

A model for thepoorly crystalline structure of hardened Portland cement paste was
proposedby Powersand Brownyardn 1946 This model, known aB-B model[43], was
developed primarily based on masshange measurements aarying humidity and
temperature. ltvasintendedto clarify the role of water within the structure of the cement
paste.Based orthis mode] watercould be present in two formgevaporablé and thon
evaporablé . E v a p o rwashefered toas water lost under -dirying conditions i.e.

over the vapopressure of dry ice a9 °C while norevaporable water wdbke remaining
water thatcould be removed by heating up to 1000 °C. The evaporable water was also

categorizedhsb gel water &6 and o6capillary waterd.

The RB model was almost generally acceptedilup¢ldman and Seredaroposedtheir
model in 196§44]. This modelwas furtherclarifiedin 1970 in a comparison with previous
models[45]. The FeldmanSereda (FS) model wasdevelopedbased omitrogensurface
area and porosity measurements, and isothermsmiass, length and modulus of
elasticitychange atifferent humidity conditions Evidenceof a layered model for G-H
gel was provided It was also suggested thathe water in the interlayer regiohad a
structural role and the adsorptiofdesorption curve forhe water in this statevas
irreversible.The schematic picture of the&H in the FS model is presented in Figued
[45].Fel dmands | ater investigati <hgebatvationse di f f
humidity conditions provided more clear evidence of the layered nature of$id Gel
[46]. A recent study by Alizadefil7] on the nanostructure and mechanical prigerof
C-S-H systemdurthersupportghe layered structure of-6&H, and the structural role of the

interlayer water
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2. Overview of Hydrated Cement Phases
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Figure 24- FeldmanSereda model for thdracture of GS-H in hardened Portland cement pg<&

The P-B and theF-S models have hadnany followers over the yea: These models
however, have also been the source of many discussions and depéies0]. Some
nanostructural models for the-&H in hydrated Portland cement have been recently
developed. Thg however, are not capable of describing all th8-E features, especially
the nature and the role of the interlayer wg2&29, 51-53].

Compositionrbased models

The compositiorbased models forS-H have been developed to describe riecular
structureof C-S-H (i.e. the silicate anions, their arrangement and other molecular bonds in
the GS-H structurg. Thesemodelswereproposed based of-ray diffraction, microscopic

and spectroscopic methods and rarely were concerned with nudhm@operties.

The first dreikettebased model for G-H was proposed by Bernal et al. in 19%2]. It
wassuggestedn this modelthat thehydratedCsS containedsimilar productgo the GS-H

formed in dilute suspensiomhich had a layered fibrousstructure associated with 1ntn
tobermorite.Taylor and Howisori55] suggested that thgenerally accepte@a/Siratio of

0.83 for tobermorite could be increadedy t he r emov al of some of
and replaced by interlayer €adons[13, 31, 56-62]. A few other studies proposed that the
C-S-H ha a structure related to that of jennj&b]. In jennite, half of the oxygen atoms

from the central G® part of the €S-H layer are shared with OH groups, whereas in
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2. Overview of Hydrated Cement Phases

tobermorite all the oxygen atoms are shared with the infinite parallel rows of silicate

chains.

Taylor [63] suggestedhatthe C-S-H in cement pasthada disordered layer structure and
was a mixture of structures of both 1@m tobermorite and jennit€l/J model) This
provided anexplaration forthe high Ca/Siratio of C-S-H in cement paste (1.7 to 2.0). It
was shown thadimeric 1.4nm tobermorite and jennite type structures cprddpectively,
have aCa/Siratio of about 1.25 and 2.25 at early agesaddition theratio of water to
calcium of the €S-H at 11%relative humidity RH) wasin the rangesuggestedy the
models Richardson and Grovg¢49] furtherexplained the generalized model incorporating
the features of the tobermorijennite compositiorfT/J) or the tobermoritdd s ol i d s ol ut
calcium hydroxide (T/CH)It was predictedthat the very old €-H entirely consistd of
jennitelike units The initial carbonationof C-S-H in cement paste, however, resulted in
the loss of calcium from the J unit, and leaving-&8 with entirely T-like units. Recent
investigations by Pourbeik et aé4] provided further evidence in support of thel model
for the structure of synthetic-S-H and that in cement paste.i3hesearch was based on
the mechanical performanocaf synthetic tokrmorite jennite and other GS-H-based

systems rather than the physichemistry of these systems.

Cong and Kirkpatrickinvestigatedthe nanostructuref C-S-H prepared by two different
methods hydration ofb-C,S, and theaqueous reaction of silica fume and calcium oxide
[59, 60, 65]. The?°Si NMR spectroscopy was conductedtba C-S-H samples withCa/Si
ratios of 0.6 t0l.54 The resultprovided more evidence ahe presence of GaH and
Si-OH bonds in the €&-H. Thefrequency of these bonds, howewdgpenédon theCa/Si
ratio. These researcheggoposed a 1.4m defecttobermorite structure for-S-H in which
some of the bridging tetrahedra are misgjRgure 2-5). The chains are shorand they
may tilt, rotate or be didaced along the-bxis.
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Figure 25- Defecttobermorite model for €-H [58]

2.1.3 Preparation of C-S-H

The C-S-H in the hydrated Portland cement is mainly fornfrexn the hydration of €S or
b-C,S accoding to theEquations2-2 and2-3. It, however, incorporates various elements.
The reaction productan bedecalcified with ammonium nitrate in order to achiel@ost
pure GS-H [31]. This type of CS-H usually has an avera@a/Siratio of about 1.7.

2(3Ca0.SiQ) +6H,0- 3Ca0.2SiQ.3H,0 +3Ca(OH), (2-2)
2(2Ca0.SiQ) +4H,0- 3Ca0.2SiQ.3H,0+Ca(OH), (2-3)

Synthetic GS-H can beobtainedusing pozzolanic reaction or precipitatidechniques
Pozzolanic reaction method includiee mixing of lime and silica in excess wathkr the
precipitationmethod, a calcium saffmost commonly calcium nitratéy mixed with a
soluble silicatesalt (e.g. sadium silicatg. The GS-H precipitate is then, filtered and

washed with thdime-water.

2.1.4 Mechanical properties of GS-H

Mechanical propertiee.g. modulus of elasticitgnd creep have been rarely investigated
on synthetic or phase pure&H. The lack of experimental evidence for the mechanical
performance of €&-H is partially due to the fact thahe materials are prepared in the

powder form which is not a suitable state faysihengineering investigations.
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2. Overview of Hydrated Cement Phases

The mechanical propertied C-S-H with variousCa/Siratios were exploredby Beaudoin
and Feldman[66]. It was shown that the intrinsic modulus of elasticityofulus of
elastigty at zeroporosity,Eq) waslikely to beindependent fothe Ca/Siratio andthe degree
of polymerization.The mechnical properties of the GH in cement paste were also
investigatedby a naneindentation techniqueising an atomic force microscogaFM)
instrument[67]. It was suggested that two types ofSGH exised in hydrated Portland
cement low density and higlilensityC-S-H which hal a volume fraction of 30 and 70%,
respectively[68]. It was alsoproposedthat the intrinsic elasticity of the €S-H systems

would bedecreaseduringadecalcificationprocess

Plassard et a[58] also determined the elastic modulof GS-H with variousCa/Siratios
prepared on the surface of a calcite crystal in sodium silicate solution aisiAg-M
technique. It was shown that the elastic modulus inctdeasigher C& valueswith an
inflection point at the concentration of about 8 minadhich could correspond to &€a/Si
ratio of 1.1[69].

Alizadeh[17] investigated the mechanical properties e5€l systemswith variousCa/Si
ratios at different humidity conditions and temgtaresusing dynamic mechanical thermal
analysis (DMTA) techniquelt was shownthat themechanical properties of-&H were
dependent on it€a/Siratio. The storageno d u | uadd the(ClS-61 pystems decreased and
thar internal friction (tand) values increased by increasing th@a/Si ratio of the
specimens A unique multistage change in the stiffness anternal friction of C-S-H
systems similar to cemempiaste was observed as samples were conditioned to moisture
contents laver than11% RH. It was suggested thathe adsorbed and interlayer water
moleculescontribute significantly to the dynamimechanical properties of-&H. Those

in the interlayeregion ackdas restraints to thalicate structurelt was also suggested that
mechanisms such awllapse of tk GS-H structure, crosnking of silicate sites and the
interaction of dehydrated interlayer calcium ions with the silicstteicture possibly

contributelt o t he var i atdatweariosisdiyingstages and t an

The elastic propertie®f C-S-H systemshave also ben estimated bythe dynamic
molecular modelingand free energy minimization techniqy&9). It has beersuggested
based on the models of Hamidl] and Merlino[72] for tobermorite systemshat tre
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2. Overview of Hydrated Cement Phases

average Youn@ snodulusvaluescouldincrease from 63.5 to 89 GPa consistent with the
increase inCa/Siratio from 0.83 to D. This is contrary to the experimental values
obtained by Alizadelfil7]. Manzeno et al[73], however also investigated the mechanical
properties of crystalline &-H systems using lattice dynamic simulations. They suggested
that both shear modulus (G) amdiastic modulus (E) values decrease (although very

scattered) when th@a/Siratio increases.

The sairce of the cohesion forces irEH systemdhas not been clearly determined. et
is likely that, d#hough van der Waals and capillary forces partially contributehéo
cohesion of such materialg4], the major factor that keeps the layers stabselts from

the ionecovalent properties of chemical bonds in the interlaggron Calcium ions and

water molecules are strongly localizedhis situatior{70].

215 Durability of C -S-H

It is known that CS-H plays a significant role in durability dfydrated cement pastt.
occupiesa highvolume percentagef the paste, ands involved in mostof the durability
issues oftementbased materialdt is, for examplea primary phaseassociated wittihe
alkali-silica reactionsLime-leaching fronthe C-S-H systems or magnesiumiteractionsn
these systemis also considered as important durability associated ig&)e There arg
however,very few investigations performesh the durability of synthetic goshasepure
C-S-H. These are important falucidating the &y factors responsible for titirability of

hardened cement paste

2.2 C-S-H-based nanocomposites

Development of advancembnstruction materials with enhancegchanicapropertiesand
durability hasalwaysbeen of interest to theonstruction engineers amdaterial scientists.

The generatlass of nanocomposite materi@iss, consequently, bearfastgrowing area

of researchAmongst all the potential nanocomposite precursors, those based on clay and
layered silicates have been raowidely investigategossibly because the starting clay
materials arereadily available and also because their intercalation chemistry has been

25



2. Overview of Hydrated Cement Phases

extensivelystudied[76-78]. Noticeable improvemestin the properties o€lay materials,
especially their rastance to swelling, have been achieved due to the incorporation of
organic moleculepr9-81]. Enhancedperformance oforganically modifiedcementbased
nanocompositedas also been reported [25]. The number of investigationsn these
nanocompositeshowever,is very limited. In this section, he polyme/layered silicate
nanocompositesvhich arepromising in cement sciencarefirst reviewed Then,some of

therelatedcharacteristicef C-S-H-basedhanocompositearepresented.

2.2.1Polymer/layered silicate nanocomposites

Theincorporation of layered silicates into polymer matrices has krewn for more than
50years[82]. The interest inclay-based nanocomposites materials, howebecame
highlightedafter publication of areportby a researcihgroupin Toyotacorporationon the

formation of Nylon6/Montmorillonite in 1990[83]. Since then, tis new class of

composite materialbas been extensively developed and characterj8deB7]. The intent

of these investigationsas to improve the properties of polyméesg.modulus of elasticity
and strength by the formation of a nanocomposité layered silicate structurevas

generally usedh these investigationd/ontmorillonite a member of themectite group of
clays wasthe most commonlysedliayered silicateHectorite and saponite weaédso other
popular choice§76].

Structure of nanocomposites

Any physicalmixture of a polymer and a layered silicate material does not necessarily form
a nanocomposité/Vhen the polymeris unable to intercalate the silicate sheets, a phase
separated composite is oltad whose properties are in the similar range agratitional
microcomposite$85, 89. A schematic presentation of these microcompositetiown in
Figure 2-6(a). It has been observed thabor physical attraction of organic and inorganic
phases in addition to thparticle agglomeration may result in the pawoechanical

properties of these microcomposif89].
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Beyond tle traditional microcomposites,two forms of the polymer/layered silicate
composites can be achievel@pending on the nature of the component used and the
preparation methogFigure2-6(b) and2-6(c)) [85]:

a. Intercalated nanocompositthe extendedpolymerchainis inserted in the interlayer
region without destrying the layered crystal structure of the silicaiéne result
therefore,is a well orderedmultilayer structure of alternating polymeric and
inorganic layers with a repeat distance between themhis type canform a
flocculated nanocomposite when the hydroxylated extlgge interaction of silicate

layers occurs.

b. Exfoliated (or delaminated)nanocompositethe silicate layers are separataad
individually dispersedin the continuouspolymer matrix. The averagdistance

between the layers depends on the polyroetent

Layered silica /&’b \_/\‘j
Polymer
I
) —
L]
L
I
L]

(a) (b) (c)

Figure 26- Possible composite materidtsmed bythe interaction of polymer and layered silict
traditionalmicrocomposite, (b) intercalated nanocompaqsital (c) exfoliated nanocomposités].
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Synthesis of nanocomposites
There are four principal methodsr preparing polymer/layeredilicate nanocomposites
depending on the starting materials and processing techTigues, 90]:

a. In-situ intercalative polymerization It was the firstmethod used to synthesize
polymerclay nanocomposites based on polyamidén this method, e layered
silicate is initially swollen in the monomer solvefithe monomers are intercalated
into the galleries of layered silicat€he plymerizationreactionis, then initiated

either by heat, radiation ¢ine use of amitiator.

b. Intercalation of polymer from the solutiohe layered silicate is initially swelh
in the solvent. The polymer,ithen added tahe solution, and intercalatestween
the silicate layersThe solven is, finally, removed by either vaporization or by

precipitation.

c. Melt intercalation The layered silicate iblendedwith the moltenpolymer. If the
materials are compatible, the polymer canter into the interlayer of silicate

structure and form intercalated or exfoliated nanocomposites.

d. Template synthesis (sgel technology)The layered silicates are formed witlan
agueous solutiorrontaining the polymer and the silicate building blodRaring
this process the polymer aids the nucleation and growth of the inorgdrost
crystals and gets trapped within the layers as ginew. This method isvidely used
for the synthesisof layered doublehydroxide (LDH)-based nanocomposit¢9l,
92], but it is not very common in the synthesis of layered silicate nanocomposites.
A reason possibly is thahe synthesis of clay minerals generally requires high
temperéures which deompose the polymers. Another problem is also the

aggregation tendency of the growing silicate layers.

Characterization of nanocomposites

The characterizatiorof the nanocomposite and the extent of interaction can be stogied
various techniquesX-Ray Diffraction (XRD), Nuclear Magnetic Resonance(NMR)
spectroscopyFourier Transforminfrared (FTIR) spectroscopy afdgtansmissiorElectron

Microscopy (TEM) are among most practically applied methods in this regardhe
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intercalated specimens, there iualy an increase in thenterlayer spacdhat can be
detected by XR)17].

The possibility of chemical bonding between the polymer and the layered silicate structure
are usually investigated by NMR and FTIR. ThEC, ?°Si and’H atoms have been of
interes in NMR studies of polymer/layered silicate nanocomposj@y. The FTIR
techniquealso providesrniformationon the type of chemical bondSEM also allows a
qualitativeunderstanding of the internal structurethe nanocompositeand can directly
provide information in real space, in a localized areanporphology and defect structures

[94, 95].

2.2.2C-S-H/polymer nanocomposites

The main idas for the synthesis of polymer modifiednocomposites have beernginally
developed in clay sciend®5]. Similar applications in cement scienaee relatively new
and stilllimited. The first intercalated G-H systems weréevelopedoy Matsuyama and
Young in 1999[96-99]. These researchers used a range of anionic, cationic and neutral
polymers such aspoly(acrylic acid), poly(methacrylic acid), poly@&inyl benzyl
trimethylammonium chloride) and poly(vinyl alcohol) for the modification of th&-&
systems. It was suggested that the polymers intercalated into the interlayer regiSriHof C
depending on th€a/Si ratio. Intercalation ofanionic polymers was more pronounced in
C-S-H systems with highe€a/Siratios (especiallfCa/Si > 1.3). For the cationic polymers,
however, the intercalation was favored wh€a/'Si < 1.0. The intercalation was also
dependent on the type and the amount of polymer égedhcrease of about 1.5 nm in the
interlayer spacing was achievemt example inthe intercalation opoly(methacrylic acid)
(0.36 g/g of calcium nitratesal)) in theC-S-H systemmade from the double precipitation of
the mentionectalcium salt andodium silicate nanohydrate sattlutionwith Ca/Siratio of

1.3 Considerableexpansion of the basapacing ofthe C-S-H system(about 1 nm)was
also observed due to the inteat&n of poly(acrylic acid)with the concentration of
0.31g/g of calcium nitrate sainh a GS-H system withCa/Si= 1.3. The change in the
basalspacing of CS-H systems due to the poly(vinyl alcohol) intercalation, however, was

not significant[97]. The method used for the synthesis ofSdH-based nanocomposites
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also affects the intercalatioof polymer in the €S-H structure Larger expansion of the
basalspacing of ES-H systems was observed when the precipitation method is used for the

synthesis compad tousingthe pozzolanic reaction techniq(i@9].

There is not a general agreememnt the possibility of achieving an intercalatedSE
structure.Popova et al[10(0 and Merlin et al[101], in separate studiesxamined the
possibility of theformation of intercalatedC-S-H/polymer nanocomposites using various
types of polymersTheir resultsdid not show any significanthange in thanterlayer
spacing asletectecby XRD technique **Si NMR did not show any change in the silicate
polymerizationeitha. It was suggested that @mesocompositeis formed during this
interactionin which the polymer interacts with the stacking 651 lamellag and isalso

adsorbed on the surface of the spgbetweemiC-S-H stacks.

Mojumdar and Rakihowever,synthesizedand characterized -&-H/poly(vinyl alcohol)
and GS-H/poly(acwylic acid) nanocompositassing the precipitation methgd02-104. An
increase of about 0.20 nwas observeth the interlayer spacing as well as broadening of
this peak in XRDpaterns of the nanocomposites suggesting deeelopment of both
intercalated and exfoliated nanocomposite materiala. recent imestigation, Alizadeh et
al. [109 also successfully synthesis€dS-H/polyaniline nanocomposites usitfge in-situ
techniqueThe C-S-H host systems ha@a/Siratio of 0.8 and 1.2. Treeweresynthesized

usingthe pozzolanic reaction method.

Another type ofC-S-H/polymer nanocomposite has been successfully developeently

by Minet et al.[106 and Franceschirgt al.[107]. Organic group®f these nanocomposites
were covalently attached to the inorganic part e6-B via Si-C bondsas shown in
Figure2-7. Modified polymers were used containing silane functions that could be
incorporated in the silicate chain of theStH. The basalspacing increaskdue to the
occurrence of theseovalent bondsn the interlayer regionThe increase in the basal

spacingwaslinearly correlated with the length of the alkyl ch&ih@g].
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Figure 27- Microstructuralmodel for the covalent bondé&i#S-H/polymernanocomposite suggesting the
linkage of organotriethoxysilane to the end chaif) @d middle chain (€) silicate sites. This created new
silicate siteseferred to ag* and T, respectively106]

2.2.3Durability and mechanical properties of C-S-H-based nanocomposites

It has been suggestbg Pellenq et al[25] that the modulus of elasticity of-&H can be
increased by as much as-200% when organically modifiedA recent study, however,
indicated thathe elastic modulus (as measured using an indentation technique) decreased
in the polymer modified €&-H nanocomposite possibly due to the lower packiagsity

[109]. Thisstudy, however, does not compare the engineering girepeat similar porosity

levels

It is noted that rost published investigations on the-%H-based nanocompositege
associated withthe synthesis technique and chemical characterizaifothesematerials

Only fewinvestigationshave been reported on the durability and mechanical properties of
thesenovel systemsAs the final aim othe development of these systeis to apply them

in the construction industralink between the chemistry of organicaltyodified materials

and their engineering performanceneeded.
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2.3 Secondary hydratedcementphases

Various hydrated phases are formed when Portland cement reacts with Qehtarm
silicate hydrates (€S-H), formed due tothe hydration of €S or GS, are theprimary
phass, as previously mentione&everal other hydrates, however, are also formed which
can play important roles in the mechanical properties and durability of cémssd
systems.These phasemiainly include calcium hydroxide andhe sulfoaluminatephases
Their microstructure and role ithe durability of cemenbased materialarediscussed in

this section.

2.3.1 Calcium hydroxide

Calcium hydroxide (CH)s one of the hydrated phasis Portland cement pastédt is
formed during lhe hydration othe silicate phases, armmtcupies about 20% to 25% of the
solid volume in the hardened cement pastehas a hexagongrism morphology, and
usually forms large crystalg’5]. CH is known to have a layered structuas shown in
Figure2-8. The calcium atoms arectahedrallycoordinated.The oxygen atomare also

coordinatedetrahedrally. The interlayer forces are weath negligible hydrogen bonding

S~ Oxygen
Plan
atom

Elevation

Figure 28- Structure of a single layer of Ca(OH)A hydrogen atom, not shown, completes the tetrahedral

coordination of eacbxygenatom(7, 110].
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Calcium hydroxide is readily soluble in water aisdvery susceptible to hydrolysend
leaching When mostof the CH has been leached out, l#eaching from other
cementitious componenexposes them to decompositidhthis process still continues, it
leaves behind silica and alumina gels with little or no stren§i®]. According to
Terzaghi[111], the strength of concrete thahad lost about a fourth afs original lime
cortent was about onehalf of the original one In addition to the deterioration of
mechanical performance, theachate usually interact with C@present in the air, and
form calcium carbonate on the surface. Thss undesirablefrom an aestheticpoint of
view [79]. It is also suggested that lirkeaching from hydrated cement paste may cause
expansionThe mechanismgnderlying this expansioare discusseih [112, 113].

2.3.2 Sulfoaluminate phases

Two commonforms of calciunsulfoaluminatephases present in the hydrated cement paste
include ettringite (3Ca0.Aj03.3CaSQ.32H,0) and monosulfate (3CaOA;.CaSQ.
12H,0). These phasesare importantas they influence theurability of cemenbased
materials in sulfate environment$he detailed structure of these phases is discussed

afterwards.

Ettringite

Ettringite (3Ca0.AJ03.3CaSQ.32H,0) is usually formeddue to the hydration of
aluminate phaseduring the earlyages ohydration of Portland cemefif]. Its formationis

a key facto in the setting process of the cement paste. Ettringibgvever,normally
converts to monosulfate as the cement hydration contifiie$. Ettringite is known to
have a column and chantide structure in which the columns have the empirical chemical
formula of [CaAl(OH)e.12H,0]%*, andthe SQ* anions and water molecules occupy the
intervening channelgd 15]. The crystalline structure of ettringite is presented in Fig:9e
As it is shown inthe figure, each of the columns in te#ringitestructure is a chain of Al
and Ca polyhydra (one of Al and three of C&)is estimated that about twaut of the
32water moleculesf ettringiteare located in the intercolumnar spat2water molecules

are locatedn the main ajees,and12 in the additionabpcesof the trigonal prisma of Ca
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polyhedra The remainingsix water moleculegin the form of hydroxyl groug) are also
linked between th€a and Alpolyhedral[115-117].

Figure 29- Crystallinestructureof ettringite[114]

Several methods have been proposedhe literaturefor the synthesis of ettringitéAn
efficient method developed btruble and Browrj118] includes reacting stoichiometric
amounts of aluminum sulfat@lx(SQy)s) solution and 10% sugar solution of calcium oxide
(Ca0).The XRD pattern ofyntheticettringite ispresentedn Figure2-10. The main peak
at9.73 Acorrespond tothe intercolumnar spade theettringitestructure. Ettringite is also
known to have a reglle shaped morphology as shown in Fighl. It is, howevernoted
that he size ofneedless dependent ofhe synthesis procedusnd the properties of the
reactant materials
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Figure 210- XRD pattern of synthetic ettringite

Figure 211- SEM micrograph of synthetic ettringite
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Monosulfate

During the hydration of Portland cemengttringite eventually transforms into the
monosulfate hydrate phaseMonosulfate (3Ca0O.AbO3;.CaSQ.12H,0) has a lamellar
crystalline structure. Its main layers are compaseiCaAl(OH)¢*, andthe SQ* anions
and water molecules are located between the |gg€/8]. Monosulfate phases can be
synthesized either by reactifgsgA and ettringite or by reactingz& and gypsum as
reported in the literaturgl20]. Synthesis of monosulfate, isowever,very difficult and
sensitive to the synthesis time, temperature, filteramgd drying methods Several
precursorare thus,needed to succeed in achieving pure monosulfateffective method
of synthesis of maosulfate was proposed by Kuze[l121]. It includes reacting the
stoichiometricamounts ofricalcium aluminate (¢A) and calcium sulate (CaS@2H;0) in

excess water, and heating at 180for four days.

An XRD pattern of synthetic monosulfate with 12 molecules of water (AE2) is
presented in Figur@-12. The main basapacing at8.93 A is, however,varied in
monosulfate phases with yamg numbes of water moleculesThe basakpacing of
monosulfate with 16 water molecules (AFr8) is reported to be located at 1@ 3which
is reduced to 9.5, 8.93, 8.15 and 7A%or monosulfate phases with 14, 12, 10 &dater
molecules, respectivelf7, 122]. Monosulfateis also known toform platey hexagonal

crystals under the ideal crystallization conditions as shown in Fglige
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Intensity, arbitrary units

d i spacing (&)

Figure 212- XRD pattern of synthetic monosulfadFm-12)

Figure 213- SEM micrograph of synthetic monosulfate
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Thaumasite

Thaumasiteis a form of calciumsilicatesulfatecarbonate hydrate phase with the
approximate formula 0f3Ca0.SiQ.CO,.SO;.15H,0 which has close crystallographic

similarities to ettringitg123]. The Si is in place of Al in the columns, and carbonate ions in
place of water molecules in the intercolumn regidore details of the crystalline structure

of thaumasite are discussed by Edge and TayR:.

Thaumasitecan be formedn cement pastas a result of reaction between sulfate ions and
the C-S-H systemsin the presence of carbonate iofi5]. It has been observed that
temperatures below5 C, particularly between 0 and &, are more favorable for the
formation of thaumasite[126]. It is possibly due to the higher solubility of calcium

carbonatetlower temperatures.

Synthesis of pure thaumasiteshzeenattemptedby several researchef{d18, 127-130].
Only a few of them, howeveryere able tosuccessfullypreparepure thaumasiteAn
efficient method is described BlancoVarela et al[129]. This method includes mixing
two sugary solutions; a calcium oxide solution, and a solution ofisodalts of silicate,
sulfate and carbonate with ngtoichiometric concentrations. Thesulting mixture is,
then, kept at low temperatures (about 5 °C) for several weeksrito the thaumasite
crystals The XRD pattern of synthetic thaumasiis presented in Figure-14. As
discussed, it resembles that of ettringite (Fig#0). Thaumasitecan also form long

needleshape ¢ystals as are presented in Fig@r#5.
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Figure 214- XRD patern of synthetichaumasite

2.00um

Figure 215 SEM micrograplof syntheticthaumasite
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Other phases may also form duritite hydration of Portland cement. These phases,
however,are present iminoramouns in thehardened Portlancement pasterheyare not

included in this investigation.

2.3.3 Role of sulfoaluminate phases inthe durability of cement-based systems

Sulfoauminate phases in the Portland cement paatel their potential foproducing
expansioraredirectly linked tothe durabilityproblemsof concrete structuras the sulfate
rich environmentsThe formation of ettringite imigh-concentrated sulfatenvironments
has been widely accepted agramarycause of expansion referred to as sulfate afthglk

134]. Monosulfate can react with sulfate ioms the presence of CGaand moistureand
form ettringiteaccording tdhe following equation:

4Ca0.ALQ,.SQ 124 O+2C4 +SP +24H-O 6CaQ,A,O .3832H O (2-4)

The anisotropic growth of ettringite crystalghenbelieved to bexpansiveThe ettringite
formedcan fill the pore®r come into contact with pore boundarieshe hardened cement
paste.When the pores are filled, formation of additional ettringite will cause additional

tensile stress to the cemdrased structure amdsults in its crackinfl25 135-137].

There is, however,no general agreement on the theories of expansion of ettringite.
Mehta[138-14(Q, reported that the expansion of ettringite does not necessarily occur in the
presence of high sulfate concentrations. He attributed the expansion of ettringite crystals of
colloidal dimensions to the imbibition of liquid water. The obsdrggpansion in this case
could be considerably greater than the expansions duehgoettringite formation

itself [139]. Other proposed mechanisms include the expansion of ettringite associated with
the osmotic forces, similar to those responsible forsthelling of the clay particlegl41].

Further understanding of the mechanisms of expansion is esseniiapiaving the

durability of concrete infrasiicture

Investigations on thaumasite formation are more recent and much fewer than tllose on
ettringite and monosulfatehases. Although the first studies on tleterioratiorof cement
based materialsn sulfate environmentgo back t01892 [142], the first thaumasite

formation was reported in 1966 two sanitary sewepipes in the USA. However, it was
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not until 1998 that thaumasite formation began receisiggificantattention, when it was
found that the buried elements of a thiygar old highway bridge in the UK had been

damaged as a result ifaumasite sulfatetiack[143]. The investigations on the phase pure

thaumasite is also very limited due to the difficulty in synthesising this plitass,.

therefoe, valuable to stly the microstructure of phagmire thaumasite, and to provide

information of its behavioun various environmental conditions.

2.4Key questions

Numerous investigations have been published on the durability of cémsed

construction materials. There are, however, several uncertainties regarding the primary

causs underlying the durabilitproblemsas well as the possibility of the development of

novel construction materials with enhanced durability. A brief summary of the problems

that are not fully resolved yet are as folow

1-

What are the mechanisms of interaction of organic compouitdgive micre and

nanostructure of €S-H system8

What are the key parameters affecting the possibility of the interaction of organic

compounds with the nanostructure 6B5¢H systems?

Is the modification of €S-H nanostructure with organic compoundseefive in

improving the durabilittandmechanical properties the C-S-H-based systems?

What are the primary mechanismsinderlying the expansion afulfoaluminate

phases in cement paste?

Are the mechanisms of expansion of thaumasite and the damage due to these

expansions similar to those associated with the expansion of ettringite?

Is improving the nanostructure of&H effective in reducing the damage due to the

presence of ettringite or thaumasite in concsétacture®

These questions are among the important isshésh areaddressed in this doctoral thesis.

Details of the exp@mental procedure designed to provide insight into the mechanisms of
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damage relevant to the durability of cembated phases and novel mitigation techniques
will be presented in the following chapters.
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Chapter 3

Experimental Program

The experimental techniques in tistudy of cemenbased materials are now well
establishedSome of the techniquassed for the characterization, atitk assessment of
durability and engineering performance of hydrated cement plaasekescribed in this
chapter It should be noted thatach of these techniques has awn benefits and
limitations A combination of these techniqyebkerefore should beemployed in order to
provide greater confidence in the conclusions made about the structure and behavior of the
cementitious materialsThe details of synthesis of cemdrasel phases, humidity
conditioning andpreparation of the compacted sampdes also presented in this chapter.
More specific details of the experiments for each part of the thesis are explained in the

relevant chapters.

3.1Experimental techniques

A descriptionof the most common experimental technics used in this research for the study
of cementbased systems is presented in this section. These techniques are catedorized in
two parts: those used for theharacterizationand those used for the assessment of

durability and engineering perfoance.
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3.1.1Characterization techniques
X-ray Diffraction

The X-ray diffraction (XRD)techniqueis one of the mostommonlyused methods in
cement chemistryAs each crystal has a uniquery patternthe XRD technique is an
effective toolfor the characterization of crystalline materiale a crystallinestructure,
various atoms are located in a repeating owdleich results in the formation of similar
atomc planesThe distance between these plane®isrred to asl-spacing.X-ray beams
give constructive intedrerce when they hitdifferent parallel layersThe diffracted beams

can be detected if they are in phase. This
nl =2dsing (3-1)
in whichl is the wavelength of the-Kay (e.g.about0.15 nm forcoppe}, d is the distance

between the atomic planesis the angldetween théncidencebeam and the normal to the

reflecting lattice planeandn is an integecalled order of reflectiofFigure3-1).

Figure 31- Diffractionof X-r ay s expresset by Braggbs | aw

In order to identify the compounds of a sample, the powder diffrapatternis recorded
using a diffractometerThese data are, then, compared with the standard line patterns
available for various compounds in the powder diffraction file (Pddtabase. This file is
updated annually by the international center for diffraction data (ICDDprdntice, the
appearancef the three most intense characteristic lines from the PDF line pattern is

sufficient to indicate the existence of a crystalline phase nmagerial However, a prior
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knowledge of the class of the investigated materials and #michl analysis data is of
significant valug1].

Thermal analysis

A chemicalcompoundmay be decomposed @xperience a phase transition when it is
subjected to heatingBulk water, for exampleis gradually lostat temperatures up to
100°C. Calcium hydroxide isalso decomposed at about 40@°The thermal analysis
technique determinegde physical or chemicathangs of a compoundue to the thermal
treatmentas a function oftemperaturelt may be conducted by measurementtioé
decrease ithe mass othecompoundduring heating or by the estimationtbe heathat is
adsorbedor generated through andothermicor exothermicchange of thecompound
These measurements aeferred to ashermal gravimetric analysis (TGA) and differential
thermal analysis (DTA), respectivelRifferential massloss measurements can be used to
estimate the amount of each chemical compoMatious types of materials can also be

identified based on the heat flow during titg/sicochemical changes

Scanningelectron microscopy

The Scanning Electron Microscopy (SEM) technique is useidvestigate the morphology
and surface characterization of matertalscapturingimagesat the micro or nano scala
this technique, a focused beam of electrons strikesutface of the material.he surface
interactions result in the emission of secondary and backscattered electrons as well as
X-rays and other responsebhe electronsare collected and converted @ image of the
surface. Any compound,as long as it i€lectrically conductive can be examinetly this
technique The contrast formed by the collecteléctronsoriginates from the difference in
surface topography and composition. Batlicondary electronéSE) and backscattered
electrongdBSE) modes providemaging facility The SE modés dominatedy topographic
contrast, whereas the BSE moainly detectsatomic densitywhich helps differentiate
regions rich in a specific atonit. is also possible t@ollect the X-rays emitted from the

surface. This techgue which is referred tas energy dispersive-May spectroscopy (EDX)
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enableselemenal analysis and the detectimf different atoms in the compoun&8DX

imagingfacilitatesestimation othe distribution of various elements in tt@mpound

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) a powerful technique forthe
identification ofthe chemical bonds of moleculdshasdifferentapplications in the areas

of determination of molecular structure and idecaifion of chemical components of a
mixture of either organic or inorganimateriab. This technique can be applié¢dr the
investigation of materials in the solid, liquid, or gaseastste The principle ofthis
technique is that olecularbonds vibrate tavariousfrequencies depending on the type of
atoms and bondsThe adsorption of the energy dhe infrared portion of the
electromagnetic spectruby a molecular bond can change the vibration state of a chemical
bond from groundtate (lowest frequency® an exited state The energy required for this
transition is unique for each bond arnldus can be used for thielentification of various

bonds inthemolecules.

Nitrogen surface area

The surface area of cemdmsed compounds can be estimafienin the nitrogen gas
sorption isothernbased on the Brunauer, Emmett and Teller (BET) theory. It is assumed
that the surface of the porous material is like an array of adsorption sites, and each site is
capable of adsorbing one or more molecular layers. Thieemaitical form of this theory is
as follows[2, 3]
p _ 1 C 1p (3-2)
X(p- B) %C X%CQ

where p is the existing vapor pressurg, is the pressure of saturated vapox, is the
quantity of vapor adsorbed at vapor pressurex, is the monolayer capacity of adsorbate

per unit quantity of solid, an€ is a constant related to the heat of adsorption. The BET

equation Eq.3-2) shows that thesurfacearea of the adsorbent should be equal to the
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summation of the area covered by all the molecules required to fill the first layer of the
adsorbentThe surfae area of the solid cathereforepe evaluated by:

S= M (3_3)
M

where N is the number of molecules in a gramolecular weight 6.022 16°), M is the

molecular weight of the adsorbed gasd A, is the surface area covered by a single

adsorbed moleculel6.2¢ 10*® cn? per molecule of nitroger(R, 3]. Eq.3-3 can also be
used in the volumetric form. In this forn¥ is expressed in volume per volume of

adsorbate, ant¥l is themolecular volume of the adsorbed gas which is equal to 22.414 | in

the standartemperature and pressure conditiagn50 Cand P =1 atm).

3.1.2 Engineering performance techniques
Dynamic mechanical analysis (DMA)

Dynamic Mechanical Analysis (DMAIs widely used in polymer sciente recordelastc
modulus and damping or melting poirdspolymers[4]. It has alsdbeen used in cement
science in order tprovideinformationon thestates of water in hydrated cement ph&se

7], andin the synthetic €5-H systemg8]. The DMA techniquenvolvesthe analysi®f the
response o& specimemnderan cscillating force.lt can also combinthe information with
temperature response which is referred to as Dynamic Mechanical Thermal Analysis
(DMTA).

Applying an oscillating stressn a viscoelastic specimétiat is still in the elastic region)
results inan oscillatingstrain responsein that specimerwhich lags with stress byn
anglet. The tan U0, which is referred oftheas i n-

applied stres$9]. Consider a sinusoidal load that is applied on a sample in the form of
S =S, Sin(ut) (3-4)

where 0 is t hgisshe maxisuam stess andis theangularfrequency of
the oscillation.If the stress remains withithe elastic region othe material, the strain

response wilklsobe in a sinusoidal forrwhich can be expressed as
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e=e., sin(wt- d) (3-5)
where U is t h@axisst rtahen maxitmume stt,rain and
angle(Figure3-2).

QT'IaX ___________ e
Smax [~ 777 s
t
/- d(2ph)
1/f

Figure 32- Phasedifferencebetween the stress and strain in a viscoelastic materigctetjto sinusoidal
oscillation

The storage moduludsj) and the loss moduludHi) of the specimen are, then, calculated

based on the maximurstress §may, Maximum strain (gnay and thephase difference
angle(d) [4]:

E'= (S 1ax/ Erax) COSA

E"= (S jnax/ Enax) SINA (3-6)

The storage modulus an indicationof the elasticityof material Loss modulusalso
known as the viscous modujugetermineghe loss of energy due to internal frictiand

motions. The complex modulug | is defined as
E =Ej+iEj (3-7)

The tangent of the phase an¢lé a n  teleredt@ds damping anglés an indicator of
how efficiently the material losesnergydue to molecularrearrangements and internal
friction. It can be calculated bjquation3-8. | t i s k nowaf a sam@ets t an

independent oits geometry.

tand=¢€'/e=E"/E' (3-8)
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Microindentation

The microindentatiortechnique has been successfully used to assess the creep rate and the
hardness ofmonophasiccementbased systemdn this techniquea load (P) is applied
through a probe to the surface ad@ecimenand isincreasedo its maximum valugPmay).

This maximum load is heldn the specimefor a given period of timeThis resultsn the
penetration of the probe tip to the surface of the specimen. The specimethenlibe
unloaded. The amount of the applied load, thegbration depth (h) with a maximum value

of (hmay and the timeare recorded during this tesh schematic of the load versus
penetration depth obtained by tmeicroindentationtechnique on a synthetic -&H

specimen is presented in Figur8.3

Prgg €= 7= m oo

loading

AN

load (P)

~

unloading

penetration depth (h)

Figure3-3- Load versus penetration depth determined by the microindentation technique

Several suggestions have been proposed to determine the mechanical performance of the
testspecimen based on these parameidistoindentation crep modulus as suggested by
Vandammeand Ulm [LO] and indentation hardness are used in the current skhdycreep
modulus is inversely related to the creep of the specimensdtcglatedby the following

procedure
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Thecreepis determinedy curve fiting of the indentatiordepth versus time curvemder
loading by equationDh(t) = x, In(x,t +1) + x;t + x,. The creep modulugC) is, then

)1/2.

calculated fromC =P, /(2a,X) where a, = (ac/p a, is the projectedarea of

contact between the indenter proded the indenter surface. I8 determined using the
Oliver and Pharr methodl1l] as a function of the maximunindentation depth

(Dh(t) =24.5h%, +kht +K,N2 +k '+ +kh?® where k, is a conganf. The

indentation hardnesslJ is alsoobtained byH = P/a. .

Length-change measurements

The Tuckermanextensometehas been successfully used to measure the lahgthge of
cementbasedsystemsunder various external on interrstlmuli [12-14]. It hasvery good
accuracy I microstrain), andherefore can be used for the lengttange measurements of
small specimens. A schematic picture of this extensometer is shown in BigurEhe
sample (numbet in the figure) is put on a holder (5), and is held against the knife edges (2
and 3) by a light spring (4). The optical system consists of two mirrors: a fixed one (6) and
a titing one (7). The latter is othe face of a rocking lozenge. The wholeetup is
supported by a stan@). The tilting of the mirror isorrelatedto the lengthchange of the

sample andis monitored usingraautacollimator (Figure3-5).

Figure 34- Tuckermarextensometefl3]
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Figure 35- Relationship of autocollimator and an extensomjgtsy

Masschange inisopropanol

It was previously suggested that diffusionisiipropanoin saturated cement paste samples
can be successfully used to evaluate resistance of the samfiieschloride diffusion [1}6

An experimental satip was designed in the current study to evaluate the rate of diffusion
of isopropanol in the compacted gales of the €S-H-based systems. This was based on
the masshange measurements of the compacted samples following the immersion in the
isopropanol. The test sap isschematicallypresented in Figure-8. A small stainless steel
basket was attached tobalance by steel wires, and immersed in 450 ml of anhydrous
isopropanol(Reagent grade, Fischer Scientifi#).compacted sample (32 mm in diameter
and 1 mm thickness) wadaced in the basket at the depth of 20 mm from the free surface

of the isopropanolsolution, andits masschange was monitored until a plateau was
achievedabout 2 hours).
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balance
/

data recorder

¥

Figure 36- Schematic of the setp used for thésopropanotiffusion measurements

3.2 Materials

Individual hydratedcemertbased phases were synthesized and characterized prior to being
used for the assessmermtsdurability and mechanical propertiebhe synthesis method,
humidity conditioning and the compaction technique are describethe following
sectionsReagent grade chemicals as received by the producers were used for the synthesis

as well as for the preparation of the test solutions.

3.2.1 Synthesis of pure phases
C-S-H-based systems

Phase pure G-H (Ca/Si = 1.5) wassynthesized usindié pozzolanic reaction technique. It
includedthe reaction of stoichiometric amountg calcium oxide ancolloidal silica in
excess water (water/solidass & 10) for 21 days. Cal cium

calcium carbonate (reagent grade, Fisher Scientific) at°@@or 24 hours. Reactive
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colloidal silica (CAB-O—SIL®, grade M5) was also provided byCabot @rporation

Powders of calcium oxide ancblloidal silica were first drymixed in a high density
polyethylene (HDPE) bottle. Dienized outgassed watewas, then, added to the solid
mixture to initiate the pozzolanic reaction. Téa@ution wasagitated fo 21 days at room
temperature (about 24 °C). It was, then, filtered and dried under vacuum footosr The
geklike product was conditioned in sealed desiccators at the relative humidity of 11% (over
saturatedlithium chloride solution) for 40 days. Tl equilibrium of the samples was
confirmed by the thermal analysis and mlxssmeasurement#\ similar method was used

to synthesize therganically modifiedC-S-H systems.The organic compoundwere,
however,added to the mixing water. The organic connpd used included-23- and 4
nitrobenzoic acid, 3and 4aminobenzoic acid, octadecylamirmmxalic acid, malonic acid,
adipic acid lauric acid, aminolauric acid, stearic aci@8aminopropyltriethoxysilane,
vinyltrimethoxysilane polyvinyl alcohol, polyacrylic acid and polymethylmethacrylake.

wide range of concentration of the organic compounds was used. These included from 0.01
mol. to 0.0 mol. of the organic per molof calcium of the host G-H. The greatest
interactionfor mostthe organic compourscand GS-H was achieved for therganic/Ca =
0.01.Additional details of eacbrganically modified €S-H system will be provided in the

relevant chapter.

In addition to the organically modified -&H-based systems mentioned osb,
C-S-H/polyanilinenanocomposites were used in this study for the assessment of durability.
These nanocompositesvere used asynthesized by Alizadeh et ahrough an insitu
polymerization techniqueA detailed procedure of this technique was prodithy these
researchersl[/]. A summaryof it is as follows:The GS-H/aniline systen(Ca/Si ratio of

0.8 and 1.2yvas prepared using a pozzolanic reaction technidue ahiline monomewas
pre-dissolved in themixing water. The mixture was hydrated 80 days It was then
filtered and dried to get the powder. TGeS-H/aniline powder waghenmixed in water.
Ammonium persulfatevas added to ias the initiator for the polymerization reactidrne
solution was stirred for three days at room temperatfline. final material was washed
filtered, and then vacuwaried. All the powders were kept in desiccators at the relative

humidity of 11% to be equilibrated lme#E& conducting the experiments.
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Secondary hydrated cement phases

Monosulfate - Monosulfate was ysithesized by a method proposed by KuHf]. It
consisted of reacting stoichiometric amountstrafalcium aluminate (6A) and gypsum
(CasSQ.2H,0) in an excess amount of water a hydrothermal pressure vessehe GA

clinker used was obtained from the CTL graikokie, IL). It was ground, and passed
through a 150mm sieve (#100) before being used for the synthesis. Reagent grade gypsum
supplied by the Caledon Laboratories Ltd. was used. The mixturgfofa@d gypsum
solution washeated in an oven at 150 °C for four dayke pressurevessel was, then,
removed from the oven, and the excess water was dischargetkatteingequilibrium at

room temperature The remaining solid was placed in a desiccator and dried aver

saturated lithium cloride solution, at 11% relative humidity, for 24 h

Ettringite - Ettringite was synthesized by a method described by Struble and Hd®yn

which consisted of reacting stoichiometric amounts of aluminum sulfaitg SOy)3)

solution and calcium oxide (CaO) solutiorhe 98% aluminum sulfate hydratésupplied

by Aldrich chemical companyyas useds one of the starting material$e calcium oxide

was also obtained by calcining reagent grade calcium carbonate at 900 °@ for Phe
aluminum sulfatesolution was prepared bte-ionizedwater, and the calcium oxide solution

was prepared in a 10% sucrose solution. The two solutions were then mixed, and stirred for
60 hat room temperaturd he resulting mixturevas filtered andiriedin a vacuum drying

cell at room temperaturfer 24 h.

Thaumasite- Thaumasite wasynthesizedy a method developed by Blarvarela et al.

[20]. Two sugary solutions (10% by mass) were prepared in this method: Solution 1 which
contained calciunoxide (CaO), and solution 2 which contained sodium salts of silicate,
sulfate and carbonate (p&O;, NaSO, and NaCQ;). The salt concentrations for each
solution are summarized in Tal8el. Both solutions were kept at 5 °C for 5 h. They were,
then, mixel, and the mixture was stored at 5 °C for 3 months. The mixture was, then,
washed withde-ionizedwater and filtered. The filtered material was kept in a desiccator at
11% RH to be equilibrated.
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Table3-1- Salt concentration for the synthesis of thaumd&itg

Solution 1 Solution 2
Reagent CaO N&SiO; Na,SO, N&CO;
Mass (9) 5.05 1.83 7.1 1.59
Volume/solvent] 250 mi{water+ 25 gsucrosg 250 mif{water + 25 ggucrosg

3.2.2Humidity conditions

All the powders were conditioned at a relative humidity of 11% to reach equilibrium prior
to the testlt is knownthat there is, theoretically, only a monolayer of adsorbed water on
the surface of the<S-H particles at the 11% RH in addition to the interlayater [L3].

3.2.3 Characterization of pure phases

All the synthetic pure phases were characterized using the XRD;O0®2, SEMEDX
and FTIR techniques described in secohl. The specific testetailsfor eachtechnique

will be provided in the relevant chapters.

3.2.4Preparation of the compacted samples

A rigid body of the powdered material is required for the volume stability and dynamic
mechanical analysis experiments. In this study, powders were compactecah maild
consisting of a cylinder and two closely fittipistons (Figured-7). Two types of moulds

were used depending on the requirements for each experiment; a circular mold was used for
the lengthichangeand masshangemeasurements, and the roundectangle for the DMA
experiments. The crosection of the prepared samples is shown in Figt8e
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(a) (b)

Figure 37- Compaction mouldised- (a) circularand (b) rounded rectangle type

12.8 mm
M)
_/

| 76.0 mm

Y

')

- 32.0mm -

Figure 38- Crosssection of the compacted samples: (a) circular and (b) rounded rectangle type
(thickness was about 0.9 to 1.2 mm)

In order to prepare the compacted samples, the mould is mounted vertically, and the
powder is phced in the cylinder by tamping with the edge of a spatula against the top edge
of the cylinder. It is very important to have a flat surface for the powder to achieve a
uniform thickness throughout the compactathple The top piston isthen placed in the
cylinder and the assembly is mounted in a compression machine. The pressure is increased
gradually to theequiredvalug maintainedat that valudor about10 s and then iseleased

The compaad samplés finally removed by pressing otlte pistons.

The compaction procedure in this study was performed on the powders conditioned at

11%RH. The powders were very fine passg through a 150mm (# 100) sieveThe
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pressure of the compression machine was adjusted to reach a porosity of &bdort B
compacted €S-H-based systems. This porosity level vgdected as a typical hydrated
Portland cementpaste sample (w/c=0.40) has a porosity of 280% [17]. As the
meclanical properties and durability of porous materials are dependent optresity
values [8], the porosity of the compacted samples was determined using the helium
porosimetry methodl'he cetailsof the helium porosimetry techniqaee described later.

The secondary hydrated phasese compacted to reach a porosity of ab®@¥1This was
selected so that the samplesuld havea greateresistance to disintegration during the

length.change measurements in the test solutions.

Helium porosimetry

A helium pycnometewas used for the helium porosimetry measureméntstal of about
five compacted circular samples were put in pyenometer Helium gas was allowed to
flow into the test cellAll small pores othe specimenwereinstantly filled withthe helium
gas, and the solid volume of specimens could be measured basedgas ttaws and the
assumption of an ideal gas. The porosity of the sanwathen estimated knowing the
solid volumeand the apparent volumA. schematic of the helium porosimetry equipment

is presented in Figur@9.

. . A
Differential pressure W///////////////%\\

indicator
Purge Reference piston
valve
I
o (o] :
1] | |
0 Coupling 2 :3 : 1
valve I

Measuring piston

— T T T

Sample d, Zero V,(cm?®) Starting
cup tare number

w

Figure 39- A schematic of théaeliumpycnometef21]
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Chapter 4

Interaction of 2-, 3- and 4-Nitrobenzoic Acid with the Structure

of Calcium-Silicate-Hydrate Systens

Possible mteraction of nitrobenzoic acid with the structure of calcgilcatehydrate
(C-S-H) wascritically investigatedn this chapterPhase pure-&-H and GS-H with 2-, 3-

or 4-nitrobenozic acid (0.01 and 0.02 mol. per mol. of Ca) were synthesized, and
characterized by the -Kay diffraction, thermal analysis, obrier transform infrared
spectroscopy and scanning electron microscope techniques. Nitrogen adsorp
measurements were also performed to estimate the surface area of the gamplisl. for

the nanostructure of -S-H/nitrobenzoic acid systems was proposedl #pes of
nitrobenzoicacid with thelower concentration of nitrobenzoic aaikere able tdill the
defects on the surface of theSH layers, block access to the space between the stacked
C-S-H layers, and possibly partiallyntercalate the layered structurehe GS-H-based
samples prepared with different types of nitrobenzoic acid compolndggver, had
different characteristic he interaction of organic and inorganic phases was limited in the
systemsincorporatingthe higher conentration of nitrobenzoic acid. Accumulation of
nitrobenzoic acid on thsurfaceor at the edgef the GS-H layers or between the stacked

C-S-H layersoccurred in these systems.

4.1 Introduction

Performanceenhancemenvf cementbased materials is desired in order to produce more

sustainable concrete construction. Madtthe studies have focused on the Calcium
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Silicate-Hydrate (GS-H) as it is the predominate phase and influences many of the
properties of cement paste. The modification of th&-I&@ nanostructure using organic
compounds was first suggested by Matsuyama and Young in 1999 These researchers
investigated the influence of several anionic, cationic and-iovin polymers, and
suggested the possibility of the intercalation of selected organic compounds in the
interlayer region of €&5-H. It was observed that the intercalation of polymers in t#&HC
interlayer region is dependent on the type and concentration of the polymers as well as the
Ca/Si ratio of the host SH. The formation of organically modified -&H
nanocomposites was also reported by Mojumdar and RakK], [Blizadeh et al. [8] and
Pdisseret al. [910].

After morethana decade of investigation on the interaction of organic compounds with the
nanostructure of &-H, the natureof these interactions is still debatable. Although earlier
reports provided evidence on the intercalatibpalymers in the interlayer region of&H

[1-4], separate studies Hyopova et al. 1] and Merlin et al. 12] indicated that the
interlayer region of €S-H is unlikely to be altered by thpolymers investigated. The
polymer was, however, adsorbed igréficant amounts on the surface or in the void space

l eft by Il amell ae O6stackso6 [ 12] . smbllisired t et
organotrialkoxysilane moleculesnight be intercalated in the -GH layers Phase
separation however,would occurfor the largesized organicompoundsFranceschini et

al. [15] also suggested that only polymers witialkoxysilane groups are able to be
incorporatedn noticeable amounts ithe C-S-H structure These polymers could form a
specific linkage with the Btate chain in €S-H. They, however, would nanodify the
interlayer region. In additionPelisseret al. [9] reported thatpoly-(diallyldimethyk
ammonium chloridegould partially intercalate the-&H interlayer region. The remainder

of thisorganiccomound was ads or boeidifthe woid space leffitg/ the f a c e ¢

C-S-H particle® .

Mostinvestigationson the formation of €5-H-based nanocomposites were conducted with
the use of relatively large moleculsized organic compounds. The reports on the
application of smalbized molecules for these purposase very limited and not
comprehensive. Matsuyanaand Young [1] suggested that small organic molec(des.

glycerol, propanediol, ethylene glycol, succinic aaidimaleic acidwere not intercalated
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in the interlayer region of G-H. The results by Minet et al. [13], however, provided
evidence of the intercalation siallsizedorganic moleculegvhich have drialkoxysilane

functional group

The focus of the curremhapteris on the possible intezdon of nitrobenzoic acid with the
micro- and nanostructure of-G-H. Nitrobenzoic acid has a small molecular size, and was
successfully intercalated into the nanostructure of layered double hydr¢k@le# was
also previously suggestéidat nitrobenaic acidcaninfluence the hydratiokineticsof C3S

[17]. The nature of theanteraction of these organics with the structure e&-8 is,
however, still unknownC-S-H systems modified with various concentration29f3- and
4-nitrobenzoic acidvere symhesized and characterized in tleisapter The next chapter

will focus on the assessmentdafrability and engineering performancetioése systems.

4.2 Experimental program
4.2.1 Materials

Phase pure G-H and GS-H/nitrobenzoicacid systems with Ca/Sil.5 was synthesized
using the pozzolanic reaction technique as describelgiaipter 3.The effect of either of 2

3- and 4nitrobenzoic acid (reagent grade, supplied by Sigdaich) was investigated.

The concentration of nitrobenzoic acid was 0.010 moles or 0.020 moles per mole of Ca.
Two additional mixtures with 0.015 moles and 0.030as®f 4nitrobenzoic acid per mole

of Ca were also prepared and used in a few experiments.

4.2.2 Characterization techniques

All the sampleswere tested by the XRO'GA, FTIR and SEM techniques. The nitrogen
adsorption measurement was also conducteduard for the surface area determination.

The detailed test methods are as follows:

XRD - The X-ray diffraction patternof the samples &as acquired using a Scintag XDS
2000 diffractometer (Cur adi at i on) 4e A< 250d r <l sgeee pfida 0. 03 e
5 second count interval was usedigtectthechanges in the basapacing (g, peak.
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TGA - ATA InstrumentSDT Q600was used for the thermal analystdout 20 mg of the

sample was heated frothe ambient temperaturéabout 24°C) to 1000°C at arate of

10°C/min under the flow of nitrogen gas (10l/min). The derivative mas$oss was
obtainedusing Universal Analysis 2000 software.

FTIR T Fine powders were mixedith potassium bromideand compactednto a diskof
10 mm diameter using a 10 tdoad FTIR spectra were collected on Tensor 27
spectrometer in direct transmission mode between 4000 and 4b@&anh FTIR spectrum
represeregdthe average 050 scansat 4 cmt' resolution.Air was used as a background for

themeasurements.

SEM 1 SEM images were collected using a Hitachd&800 Field Emission Scanning
Electron Microscope. The surface structure images were acquired using a beam current of
10 mA at 3.2 x 13°J (2 kV) at the working distance of 4 mm.

Nitrogen adsorption - A QuantachromenstrumentNOVA 2200e surface areand pore
size analyzemwas used for the nitrogen adsorption measuremdiits samples were
vacuum dried atl10 C for three hoursprior to starting the measuremeni&hen, the

nitrogen BET (BrunaueEmmettTeller) surfae areawasperformed on each sample.

4.3 Results and discussion
4.3.1X-ray diffraction

The GSH/NBA samples prepared with either-,23 or 4-nitrobenzoic acid
(NBA/Ca=0.01) had a similar basapacing (eb2) of 1.17 nm (Figuret-1). Although this
d-spacing was slightly higher than that observed for the phase pBid (€ho,=1.10 nm),

it was much lower than what was expected for the intercalated nanocomposites considering
an average value of about 0.61 nm for the thickness of nitrobenzoic algduteo It is,
however, possible that the nitrobenzoic acid molecules were oriented parallel to the CaO
layers in the nanostructure of&H. In this case, an increase of less than 0.10 nm in the
dooz Of the samples could be expected. In addition, it makmthat silicate tetrahedra are

mainly in the form of dimers in the structure ofS£H with Ca/Si = 1.5. The nitrobenzoic
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acid molecules could possibly fill the gaps between the silicate tetrahedra dimers resulting
in a lower increase in theygd of the esulting samples. An additionaisppacing of about

1.13 nm was also detected in the XRD pattern of the sample incorporatitrglnzoic

acid with the NBA/Ca of 0.01. It is possible that this sample was composed of two different
phases; an intercalatedhgse forming a nanocomposite and a phase in which {&d¢1C
layers were just slightly altered by the presence of thagr8benzoic acid. The interaction

of organic and inorganic phases in the latter, however, is less than that in the former.

Intensity, arbitrary unit

CSH/2NB.01

CSH/3NB.01

CSH/4NB.01

T T T T T
22 20 18 18 14 13 12 " 10 9 8 7 ]

d — spacing (A)

Figure 41- XRD pattern of the phase pureSeH and GS-H/NBA (NBA/Ca=0.01)

The basabkpacing (gho) of the samples with NBA/Ca ratio of 0.02 was lower than that for
the samples with NBA/Ca ratio of 0.01 (Figut€). This could be an indication of less
interaction of the organic and inorganic phases in the samples with higher amounts of
nitrobenzoic acid. Preparation of two additional samples with 4ANBA/Ca ratios of 0.015 and
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0.03 provided more information of how ethdy, value of the samples incorporating
4-nitrobenzoic acid would be eventually reduced by the gradual increase in the
concentration of the nitrobenzoic acid. Thep,dof the GS-H/4ANBA sample with
4ANBA/Ca=0.03 was ultimately almost identical to thdtthe phase pure -G-H. It is
suggested based on the XRD patterns that partial intercalation of the nitrobenzoic acid was
likely achieved in the samples with NBA/G&.01. Higher concentrations of nitrobenzoic
acid, however, prevented the intercalationtltd organics. In this case, the nitrobenzoic
acid may have altered trelgeof the GS-H layers resulting in a slight increase in the

basalspacing of the sample.
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Figure 42- basalspacing (gv;) of the phase pure-6-H andthe GS-H/NBA sampleswith various
concentrations of nitrobenzoic acid

It is also noted that the intensity of the XRD peaks was very similar in the phase pure
C-SH and the EGS-H/NBA samples regardless of the type and concentration of
nitrobenzoic acid. N evidence bthe significant change in any crystallinity of the samples
due to the incorporation of the nitrobenzoic acid was obtained.
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4.3.2Thermal gravimetric analysis

The phase pure-S-H and the ES-H/NBA samples were heated up to 1000 °C, and the
massloss curves and their derivative were analyzed. It was observed that the removal of
water from the samples with nitrobenzoic acid (NBA/Ca = 0.01) occurred at relatively
higher temperatures compared to that in the phase pt8eH.CThe location of the
maximum peak corresponding to the gradual removal of water from the structu®ldf C
based samples is presented in Figdt@. It was observed that the peak location was
increased from about 90 °C in the phase pw®HK to about 99 °C in the G-H/NBA
samples with NBA/Ca = 0.01, regardless of the type of nitrobenzoic acid. This possibly
occurred because the nitrobenzoic acid molecules may have blocked the interlayer region
and the space between the stacked layers®HC The peak, however, shifted laio its
original location in the €&S-H/NBA samples with NBA/Ca = 0.02. This is consistent with

the XRD results, and is an indication of limited interaction of nitrobenzoic acid molecules
with the nanostructure of-G-H, and possible phase separation du¢he relatively high

amount of organics.
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Figure 43- Temperature of occurrence for the maximum dehydration peak of thelosasterivative curve
due to the heating of the phase pur&-8 and the €S-H/NBA samples
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The massloss percentage of the phase pur&-8 and the ES-H/NBA samples was also
estimated by the TGA, and no significant difference was observed. This does not support
the suggestion by Merlin et al. [12] that the slight increase in the-bpaaing of te

organeC-S-H samples could be due to a higher interlamellar hydration degree.

In addition, about 2.0% of unreacted lime was detected by the TGA in either the phase pure
C-SH or the GS-H/NBA samples. The presence of unreacted lime is common in the
synthetic CS-H with Ca/Si ratios of 1.54 and higher [18]. No significant evidence of the
presence of higher amounts of unreacted lime was, however, observed in the samples
incorporating nitrobenzoic acid. It is, therefore, suggested that higher conoestrat
nitrobenzoic acid possibly only resulted in the organic/inorganic phase separation, and did

not interfere with the pozzolanic reaction.

4.3.3Fourier transform infrared spectroscopy

The FTIR spectra of the phase puré&sEl and the €ES-H/NBA sampeks are presented in
Figure 4-4. The peaks at the frequencies of about 820 amd 988 crit in the FTIR
spectra of the phase pureSeH are assigned to the-8i stretching of ®and J tetrahedra,
respectively [18]. The peak at 820 ¢mvas reduced in intsity, and appeared as a
shoulder at about 821 ¢hin the sample with -hitrobenzoic acid (NBA/Ca = 0.01) due to
the interaction of the -Bitrobenzoic acid molecule with the *Qetrahedra in the
nanostructure of the host&H. The band at the frequencf about 988 cnt also shifted

to 989 cm. The change in the location of these peaks in the sample incorporating
3-nitrobenzoic acid (NBA/Ca = 0.01) was small. Two additional peaks, however, were
detected at the frequencies of 729 and 1363. cthese peak respectively, correspond to
the symmetric out of plane wagging and symmetric stretching ofilN@e 3nitrobenzoic

acid [19]. This is in conformity with the XRD pattern of Figukd which suggests the
formation of a phase with a limited interactiohasganic and inorganic in addition to the
nanocomposite phase in the sample withitBobenzoic acid (NBA/Ca = 0.01). The
location of the peaks corresponding to theDSstretching of @and G was altered, and
shifted to the frequencies of about 826 tamd 985 crit due to the interaction with the
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4-nitrobenzoic acid (NBA/Ca = 0.01). No evidence of the presence of unreacted organic
was detected in this sample.

AkA/\ -
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Figure 44- FTIR spectra of the phase pureStH and theC-S-H/NBA samples with various concentrations
of nitrobenzoic acid

The location of the peaks corresponding to theDSstretching of ® and G in the
C-S-H/NBA samples with NBA/Ca = 0.02 was very similar to that in the phase p&&iC
likely due to theimited interaction of the organic and inorganic phases in these samples.
The only exception was the shift of the peak at 988" amthe phase pure-&H to
959cmtin the sample with -hitrobenzoic acid (NBA/Ca = 0.02). The relative intensity of
the F/Q" peak was also lower in the samples witho 3-nitrobenzoic acid (NBA/Ca =
0.02) compared to the phase purSE and other €S-H/NBA samples. It is, therefore,
suggested that the silicate tetrahedra are more in the form of dimers in the samples
incorpaating higher amounts of 2r 3-nitrobenzoic acid. Additional peaks also appeared
in the FTIR spectra of the-&H/NBA samples with NBA/Ca = 0.02 likely due to the
presence of unreacted organics. The peak at the frequencies of 8482&mand 825 crh

in the spectra of the samples incorporating3, and 4nitrobenzoic acid corresponds to
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the symmetric out of plane wagging of NT'he peaks at 1369 ¢m1352 and 1349 cth
are assigned to the symmetric stretching of,Ndd those at 1535 ¢hm 1539 ad
1575cm* refer to the asymmetric stretching of N 2-, 3 and 4nitrobenzoic acid,

respectively.

4.3.3Scanning electron microscopy

The SEM micrographs of the phase pur&s-@ as well as €S-H/NBA samples with
NBA/Ca = 0.01 are presented in Figdr®. No significant change in the morphology of the
samples was observed due to the incorporation of nitrobenzoic acid. The morphology of the
samples with NBA/Ca = 0.02 was also very similar. However, traces of unreacted organics
were detected by the Engrdispersive Xray technique (EDX) on the sample with
4-nitrobenzoic acid (NBA/Ca = 0.02). This is an indication of the separation of organic and

inorganic phases in this sample.

Figure 45- SEM micrographs of the phase puré&S@® and the GS-H/NBA samples with NBA/Ca = 0.01
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4.3.4Surface area

The surface areaeasurement$or the GS-H/NBA samples with NBA/Ca& 0.01 was
considerably lower than that for the phase pw®I& (Figure4-6). It was suggested based

on thesignificant difference in the surface area of these phases that the nitrobenzoic acid
molecules were able to adsorb on the exterior surface of #8d4CQayers and fill the
surface defects in the structure 6fScH. As the nitrogen molecules are unablgpémetrate

the interlayer region of <G-H [20], no conclusion could be made on the possible presence
of nitrobenzoic acid in the interior surface of the layers based on the nitrogen adsorption
measurementThe difference in the surface area of the phases gi&-H and the
C-S-H/NBA samples with NBA/Ca& 0.01 was more pronounced for the sample
incorporating the -hitrobenzoic acid compared to those withd 3-nitrobenzoic acid.

This may be due to the symmetry in the location of the nitro and carbogytaip in the
structure of 4nitrobenzoic acid. The-ditrobenzoic acidsomer therefore, has a higher
potential to cover the surface defects and to block the spaces between the st&ided C

layers compared to-2nd 3nitrobenzoic acidsomers

80

X2NBA
O3NBA
0 ©4NBA
_ X
2 o
r:lé 60 - o
o
&
S 50t
g
€
=]
® a0 | X
(o]
30 - <
20 il 1 1
0 0.01 0.02 0.03 0.04
NBA/Ca

Figure4-6- BET surface area of the phase pur&-@ and the ES-H/NBA samples with various
concentrations of nitrobenzoic acid
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The surface area detected by the nitrogen adsorption were lower for the samplesowith 2
3-nitrobenzot acid (NBA/Ca=0.02) compared to those for the samples with
NBA/Ca=0.01 (Figure4-6). The sample with itrobenzoic acid (NBA/Ca = 0.02),
however, had a higher surface area compared to the sample with lower concentration of
nitrobenzoic acid. It is lkely due to the organic/inorganic phase separation in the sample
with higher concentration of-ditrobenzoic acid as also evidenced by the SEM/EDX
examination. It appears, based on these results and those obtained by the other techniques,
that the interaavn of 2 and 3 nitrobenzoic acid with the nanostructure 65@4 would be

limited when the NBA/Ca = 0.02. These organics, however, are still able to interact with
C-S-H at the micrdevel. Organic/inorganic phase separation, however, occurred at both

themicro- and nanescale for the sample withditrobenzoic acid (NBA/Ca = 0.02).

4.3.5A model for the C-S-H/NBA system

A schematic representation of the possible interaction of nitrobenzoic acid with the
structure of ES-H is suggested in Figuré-7. The FeldmarSereda model [20] was used

for the nanostructure of -&H. It is suggested, based on the results of various
characterization techniques of this study, that the nitrobenzoic acid molecule with the
concentration of NBA/C& 0.01 is able tanteract with the structure of-6&H in five

different ways. These include:

1- intercalation in the interlayer region where the silicate tetrahedra is missing in the
layered structure of G-H,

2- intercalation in the interlayer region so that the orientatioihe benzene group is
parallel to the layers,

3- adsorbed on the exterior surface of the layers,

4- adsorbed at thedge of thdayers, and

5- adsorbed between the stacke&El layers.

The numbers in the above list also correspond to the locations in the meskhted in
Figure4-7(a).

The adsorption of nitrobenzoic acid tre exterior surface of the layers, at thégeof the
layers and between the stackedSEl layers is still possible when NBA/Ga0.02.
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However, the interaction of the organic and inorganic phase is limited, and accumulation of
the organic phase possibly occurs (see Figuffh)).

Physcially
adsorbed WA

Nitrobenzoic

Physcially
adsorbed water ©
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[@]®)
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Figure 477 Schematic representation of theScH/NBA system, (a) NBA/Ca = 01 (b) NBA/Ca = 0.02.
Numbers in (a) refer to the location of NBA molecules. The location of the accumulation of NBA molecules
is indicated in (b).

4.4 Conclusions

The influence of 2 3- and 4nitrobenzoic acid on the structure of£H was investigated.
Evidence was obtained that nitrobenzoic acid with the concentration of NBA/Ca = 0.01 was
able to fill/modify the defects on the exterior surface of th&- & layers, block the spaces
between the stacked-&H layers, and possibly partially intercalate th&erlayer region.
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This resulted in a slight increase in the bagalcing of the resulting materials, and
improved their resistance to dehydration. Tihteraction of nitrobenzoic acid with the
C-S-H structure is reduced, and the organic/inorganic pbegaration occurs when higher
concentrations of nitrobenzoic acid are used. It was also observed thanith@bénzoic

acid (NBA/Ca=0.01) was the most effective of the organic molecules investigated to
interact with the €S-H structure. Phase separatidiowever, was more likely to occur in
the composite material when the concentration of tmi&rdbenzoic acid was relatively
high.

References

1. H. Matsuyama and J. F. Yourfiintercalation ofpolymers incalciumsilicate hydrate: A
new synthetic approach tobiocomposites® Chemistry of Materials1l, pp. 1619,
1999.

2. H. Matsuyama and J. F. YoungiSynthesis of calcium silicate hydrate/polymer

complexes: Partd,Journal of Materials Researcth4, pp. 33798388, 1999.

3. H. Matsuyama and J. F. YoungiSynthesis of calcium silicate hydrate/polymer

complexes: Part b Journal of Materials Research4, pp. 3388396, 1999.

4. H. Matsuyama and J. F. YoungThe formation of ES-H/polymer complexes by
hydration of reactiveb-dicalcium silicate) Concrete Sence and Engineerind., pp.
66-75, 1999.

5. S. C. Mojumdar and L. RakfPreparation and properties of calcium silicate hydrate
poly(vinyl Alcohol) nanocomposites materiais,Journal of Thermal Analysis and
Calorimetry, 82, pp. 8995, 2005.

6. S. C. Mojumdar and L. RakiiPreparation, thermal. spectral and microscopic studies of
calcium silicate hydratpoly(acrylic acid) nanocomposites materialslournal of
Thermal Analysis and Calorimetr§5, pp. 99105, 2006.

7. S. C. Mojumdar and L. RakiiSynthesis, thermal and structural characterization of
nanocomposites for potential applications in construaiidournal of Thermal Analysis
and Calorimetry 86, pp. 651657, 2006.

86



4. Interaction of NBA with the Structure of&H

8. R. Alizadeh, J. Beaudoin, L. Raki and V. Terskik@;S-H/polyaniline nanocmposites
prepared by irsitu polymerizatiorg Journal of Materials Sciencd6(2), pp. 460467,
2011.

9. F. Pelisser, P. J. Gleiz and A. Mikowski:ffect of poly(diallyldimethylammonium
chloride) on nanostructure and mechanical properties of calcium silgateateo
Materials Science and Engineering,; 22726), pp. 10451049, 2010.

10. F. Pelisser, P. J. Gleiz and M. Peterson,
complexes MBRACON Structures and Materials Journd(5), 2011, pp. 69308.

11 Popova, G. Geoffroy, MF. RenouGonnord, P. Faucon and E. Gartri@nteractions
betweerpolymericdispersants andalciumsilicate hydrates) Journal of the American
Ceramic Society83(10), pp. 25562560, 2000.

12. F. Merlin, H. Lombois, S. Joly, N. LequeuX-L. Halary and H. VanDamme,
fCementpolymer and claypolymer nane and meseaomposites: spotting the
difference Journal of Materials Chemistryl2, p. 33083315, 2002.

13. J. Minet, S. Abramson, B. Bresson, A. Franceschini, H. Van Damme and N. Lequeux,
fiOrganic calcium silicate hydrate hybrids: a new approach to cement based

nanocompositeg Journal of Materials Chemistryl6, pp. 13791383, 2006.

14. J. Minet, S. Abramson, B. Bresson, C. Sanchez, V. Montouillout and N. Lequeux,
fiNew layered calcium organtisate hybrids with covalently linked organic
functionalities) Chemistry of Materialsl6, pp. 39558962, 2004.

15. A. Franceschini, S. Abramson, V. Mancini, B. Bresson, C. Chassenieux and N.
Lequeux, fiNew covalent bonded polymeaicium silicate hydrate cgoosites)
Journal of Materials Chemistry.7, pp. 913922, 2007.

16. L. Raki, J.J . Beaudoin and L. Mi t c hlikel naterialst L ay e r
nanocomposites for use in concret€ement and Concrete Resear@4, pp.l1717
1724 2004

17. V. S. Ramachandran, J. . Beaudoin and R. M. Parol i, AT
aminobenzoic acids on the hydration of tricalcium silicate: a conduction calorimetric
s t u dhermochimica Actal90(2) pp. 325333 1991.

87



4. Interaction of NBA with the Structure of&H

18. P. Yu, R. J. Kirkpatrick, B. Poe, Ric Mi | | an, and X. caioomm g,
slicate hydrate (GS-H): Near, mid-, andfarinfrared spectroscopy dournal of the
American Ceramic Societ82(3) pp. 742748 1999.

o
(0]

19. M. Samsonowi cZ, , R Regwils&ackand W. talLewand
and theoretical IR, Raman, NMR spectra & 3Z and 4hitrobenzoic acids 0
International Journal of Quantum Chemistd07(2),pp. 480494, 2007.

20. R. F. Feldman and P. Sered@& new model for hydratedPortland cement and its
practicalimplicationsg Engineering Journal53(8-9), pp. 5359, 1970.

88



Chapter 5

Durability and MechanicalProperties of C-S-H/Nitrobenzoic

Acid CompositeSystems

The influence of nitrobenzomcid on the nanostructure of calcisificate hydrate (CS-H)
systems was investigated in the previous chapter. The focus of this chapter is on the
assessment of durability and mechanical performance of tBeHMitrobenzoic acid
composite systems. Diffent nitrobenzoic acidsomersin various concentrations were
studied. The €E&S-H-based preparations were compacted into porous bodies. Their
dimensional stability and the leaching of calcium ions in aqueous salt solutions containing
Mg**, Li*, CI or SQ* ions were evaluated. The resistance of the compacted samples to the
diffusion of isopropanolwas also obtained by the madsange measurements. The
microindentation technique was used also to measure the creep modulus and the hardness
of the samples. Evahce was obtained that nitrobenzoic acid has the potential to
significantly improve the durability and mechanical properties of #&HCsystems. This
improvement, however, only occurred in the systems with the lower concentration of
nitrobenzoic acid. Té systems with higher concentration of nitrobenzoic acid had poor
durability and mechanical properties likely due to the limited interaction of the organic and

inorganic phases in these systems.

5.1 Introduction

Calciumsilicatehydrate (CS-H) is the pimary binding phase in hydrated Portland

cement. It has been modeled as a laysikchte structure [1] witlsimilarities to that in
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smectite claysEnhancement of the properties ofSdH is of practical interest as it has a
direct influence on the perfmance of cemertased materials. The use ofganic
compounds tanodify the nanostructuref C-S-H was proposed by Matsuyama and Young

in 1999 [25]. Although the formation of orgamemectite clay nanocomposites was
previously wellestablished [@.0], it was the first time that a study on the possibility of the
formation of GS-H/polymer nanocomposites was reported. Expansion of the-§paeing

of C-S-H was observed, and assigned to the intercalation of selected polymers in the
interlayer space of &-H. Not all the polymers, however, were able to intercalate
depending on their type (anionic, cationic or fi@mic) and molecular size as well as on the
Ca/Si ratio of the host-G-H.

The possibility of interaction of organic compounds with the nanostruofu®S-H has

been the subject of several investigations during the past few yeai$][1Merlin et

al.[12] suggested that intercalation of polymers in th&-B interlayer space is very
difficult to achieve. They argued that a considerable amountlgigo, however, can be
adsorbed in the voids between the stacked layers®HQesulting in the formation of a
Ame-sompositeo Sy st em -camposite esystemt Tlen mechanicala n o
performance of the mesmmposite systems formed, however, was regorted. The
interaction oforganotrialkoxysilanemolecules with €S-H was also studied by several
researchers [235]. The nature of the chemical bonds and the nanostructure of the resulting
material were critically investigated. An assessment of théneedng performance of

these systems, however, was not covered.

In spite of the significant role of mechanical properties and durability-8fHCon the
servicelife of concrete structures, investigations with the focus on these engineering
aspects of th€-S-H/organic systems are very limiteBellenget al.[17] suggestedhe
modulus of elasticity of €&-H can be increased by as much a$64td 100% when
organically modified Pelisseret al, however, reported that the elastic modulus decreased
in the organically modified €S-H nanocomposite [18]The porosity of the samples,
however, was not controlled in this study. It has been previously observed that the

engineering properties are porosity depengitgjt
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The man objective of this chaptés to assess the mechanical performance and durability of
C-S-H/nitrobenzoic acid (€&-H/NBA) nanaomposite systems. Synthesis and
characterization of these systems wegported in chapters 3 and A model for the
nanostructure of G-H/NBA.O1 systems @-S-H/NBA with NBA/Ca=0.01) and the
C-SH/NBA.02 systems (€&-H/NBA with NBA/Ca=0.02) was suggested. The
nitrobenzoic acid, based on this model, can interact with the nanostructur&-bf i@
different ways. These include the intercalation in therlayer space of &-H as well as

the adsorption on the surface of the layerthatedges of the layers or between the stacked
layers of GS-H. The interaction of organic and inorganic phases #3-KYNBA.O2
systems, however, is very limited. Local acclmtion of organics on the surface of the
C-S-H layers, at the layer edges or between the stacked layérS-of is expected in these

systems.

Porous bodies of the samples were prepared by the compaction technique in the current
study and their lengtbhange in the concentrated solutions of magnesium chloride
(MgCl,), magnesium sulfate (MgSP and lithium chloride (LiCl solutions were
monitored. The concentration of calcium ions leached out of the samples during the
immersion in the LiCl and Mg@lsolutions was measured and compared with the length
change measurements. Diffusionisbpropanolinto the porous structure of the samples

was also evaluated. The creep modulus and the hardness of the samples were determined

using the microindentation technique.

5.2 Experimental program
5.2.1 Materials

Phase pure &H and CSH/NBA systemsC@/Si = 1.5 were synthesized using the
pozzolanic reaction techniquescribed in chapter. Either of2-, 3- or 4-nitrobenzoic acid
isomers(reagent grade, Sigmdrich) with the concentration of 0.0&r 0.02mol. per
mol. of Cawas premixed with wateito prepare the G-H/NBA systems.
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5.2.2Experiments

Powders of the phasepure C-SH and CGS-H/NBA.O1 (GSH with 0.01 mol. of
nitrobenzoic acid per mol. of Ca) systemere compacted into porous bodies in the form

of circular discs (32 mm in diameter x 1 mm thick). The compaction presssradjusted

to obtain a porosity ofbout 30%for all the samplesas determinedising a Beckman
helium pycnometeto measure the solid itome [20, 21]. The powders of €S-H/NBA.02
(C-S-H with 0.02 mol of nitrobenzoic acid per mobf Ca) systems were compacted with a
similar load to the €S-H/NBA.01 systems. A porosity df5%-18% was determined for the
C-S-H/NBA.02 compacted samplessing the helium pycnometemethod All the
compacted samples were conditioned at the 11% relative humidity for an additional two

weeks to reach equilibrium. The details of the tests performed are as follows:

Length-change measurement

Rectangular psms (5 mmx 25 mm x 1 mm) were cut from the compacted discs and
mounted on modified Tuckerman extensomefse® chapter 3)These were, then, placed

in small vessels containinghe test solutions so that the specimens were completely
immersed Aqueous solutions df1igCl,, MgSQ, and LiCl with a concentration of 15 mg/l
were used as the test solutidme ratio of the solid to the solution was 1 g of solid per 50
ml of the solution. The whole sap was placed in sealed desiccators containing the same
salt solution asthe test solution tgreventany change in thesolution level dueto

evaporationThe lengthchange of the samples in each soluti@s measuredp to 7 days

Calcium ion concentration

Small prisms of the compacted samples were cutimnaersed in 20 mbf the LiCl or

MgCI, solution (15 g/lI). The solution was continuously stirred using a magnetic stirrer
(Fisher Scientific) with the speed of 250 rpm. The ratio of the sample mass to the solution
volume was the same as that used in the lecigiimge measaments (1g of solid per

50 ml of the solutiof. The concentration of the calcium ions released into the solution was
recordedusing aMetrohm Titrando titration instrument during the first 30 min after the

immersion. The measuremeratiier 30 min were natitilized due to gossible deposibf
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calcite in the test solution. The calcium leaching in Mg®8@s not measured because of

the rapid precipitation of gypsum.

Diffusion of isopropanol

The diffusion of isopropanol into the compacted samples was evaluated by the
measurement of the maskange of the compacted samples following immersion in the
isopropanal A schematic of the test sep is presented in Figur@6. A small stainless

steel basket was attached to aabak by steel wires, and immersed in 450 ml of anhydrous
isopropanolReagent grade, Fischer Scientific). The compacted circular sa(@glesm in
diameter x 1 mm thickgonditioned to 11% relative humidity were placed in the basket at
the depth of 20 mnrém the free surface of theopropanokolution (so that about 100 ml

of theisopropanolcovered the samples). The massmnge of the samples isopropanol

was monitored until a plateau was achieaedbout 2 hours. It was previously suggested
that diffusion ofisopropanoin saturated cement paste samples can be successfully used to

evaluate resistance of the samples to the chloride diffusin [2

Microindentation measurements

The microindentation tests were performed usin@ @M Instrumentsindentaton Tester.
Measurementsvere conducted using Berkovich indentemhich has the same projected
areato-depth ratio as a Vickers indent The whole apparatus is houseth an
environmental chamber. Circular compacted samples equilibrated at the relative humidity

of 11% were used for the microindentation measurements.

A total of 25 indentsvere obtaine@n each sampld.he indentation depth (h) was recorded
as a functiorof time at the maximum load ofN for a 600 sdwell period. The loading rate
was 2 N/min. Thecreep was determindaly curve fitting of the indentatiordepth versus

time curves duringhe loading periodby the following equation:
Dh(t) = x, In(x,t +1) + Xt + X,

Thecreep modulus, C, waken calculated from:

93



5. Durability and Mechanical Properties of-&H/NBA Systems

C =P/ (22,%)

)1/ 2

where P, is the maximum load and,, = (ac/p . @, is theprojectedarea of contact

between the indenter prol@d the indenter surface.i$t determined using th@liver and
Pharr method as a function of the maximundentation depthZ3]. The creep modulus
parameter was first introduced Bjandammeand Ulm [21]. Higher values of creep

modulus of materials correspond to lower values cragpunder loading. In additiorhe

indentation hardnes$l] wasobtained fronthe softwaréoyH = P/a,. .

5.3Results
5.3.1C-S-H/NBA.O1 systems
Length-change in aggressive test solutions

The kengthchangevaluesof the phase pure-G-H andC-S-H/NBA.01 systemsafter 1 day

and 7 daysf immersion inLiCl, MgCl,, andMgSQ, solutions are presented in big5-1.

It was observed that the lengthange of the G-H/NBA.O1 systems in all the test
solutions was significantly lower than that of tpéase pure <-H after 1 day of
immersion For example, the 1 day lengthange values of the-&H with 2-, 3- and 4
nitrobenzoic acid (NBA/Ca = 0.01) was, respectively, about 18%, 20% and 40% lower than
that of the phase pure-&H in the LiCl solution.The GS-H system with 4nitrobenzoic

acid exhibited the lowe$ength-change values compared to those wilor23-nitrobenzoic

acid.
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Figure 51- Length-change of the phase pureScH and the ES-H/NBA.O1 systems after 1 d and 7 d of
immersion in (a) LiCl, (b) MgGl and (c) MgS@solutions

Not all types of the nitrobenzoic acid were effective in limiting the lexbtinge of the
systems during the loAgrm exposure to the test satuts. The lengtithange of the
C-S-H system with 2nitrobenzoic acid was similar to that of the phase puf@HCafter

7 days of immersion in MgGlsolution. The lengttthange values of this sample were even
higher than that of the phase pur&SE after 7days of immersion in MgS(>olution The
length-change values of the systems withhiBobenozic acid were lower than those of
phase pure &GH in all the test solutions after 7 days. TheS®& system with
4-nitrobenzoic acid had even lower values of lgmgth-change. The -day lengthchange

of the GS-H/4NBA.01 sample was lower than that of the phase pu®HCin LiCl, MgCl,
and MgSQ solutions by 20%, 10% and 24%, respectively.

Calciumleaching due to the immersion of theSH-based systems in the apus

solutions is possibly an important mechanism underlying their expansion. Penetration of
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water and ionic species available in the test solution into the pore structure of the
compacted samples is also a major cause of expansion. It is suggesteel titadllenzoic

acid possibly filled the gaps (due to missing bridging silicate tetrahedra), and also blocked
entry into the stacked layers of&H. This mechanism could possibly limit the calcium
leaching from the €&S-H layers as well as the penetratidnwater and ionic species into

the pore structure of the-&H-based systems resulting in the lower lengthnge of the
samples incorporating nitrobenzoic acid during the immersion in the test solutions. It is also
suggested that the-mitrobenzoic acid as the most effective among other types
nitrobenzoic acid possibly becausé the opposite side locations tfie nitro and the
carboxylic groups in its structure. These functional groups are located beside each other in
the structure of the-Bitrobenzoicacid molecule. This may have resulted in the lower
efficiency of the 2nitrobenzoic acid in reducing the lengthange values during the long

term immersion in the test solutions.

Calcium ion concentration

The concentration of calcium ions leackmd of the GS-H-based systems due to the
immersion in the LiCl and Mg@lsolutions after 30 min is presented in Figbf2. These
values were compared with the lengtange measurements during the similar immersion
conditions. It was suggested that, in geneta samples which experienced higher values
of calcium leaching in a test soluti@iso had higher values of lengtthange although
there was not a direct correlation between the calcium leaching and the-dbeagtie
measurements. The concentration alfcwm ion leachedut due to the immersion of the
C-S-H system with 2Znitrobenzoic acid (NBA/Ca = 0.01) was similar to that leaebetd
due to the immersion of the phase pur&-&. The leaching of calcium ions occurred due
to the immersion of the -&H systems with 3 or 4-nitrobenzoic acid, however, was
considerably lower. It is possible that these nitrobenzoic iaoimiersblocked the escape
boundaries of the calcium ions in the structure <8-8. This could be due to the presence
of the nitrobenzoic @d in the interlayer space or between the stacked layersSsiHGn
these systems. They both could limit the amount of calcium ions leache the

solution.
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Figure 52- Concentration of calciunons and lengtithange of the phase pureStH and the €S-H/NBA.O1
systems after 30 min of immersion in (a) LiCl, and (b) Mgg@llutions

Mass-change inisopropanol

The masshange of the &G-H-basedsystens following the immersion insopropanolis
presented in FigurB-3. In general, two distinct stages were observed in the-ohasge

curves of the samples: stage |, where the samples exhibited a significanibenease due

to the diffusion ofisopropanolinto their pore structure, and stagenvhere the mass was
gradually reduced due to the solwexthange in the pore structure of the samples and the
partial removal of the interlayer water by tisepropanal The quantity of thésopropanol
diffused in the €S-H systems with 3or 4 nitroberzoic acid (NBA/Ca = 0.01) in both
stages was lower than that diffused in the phase pi8¢iClt is, therefore, suggested that

the size and connectivity of the pores in the structure of these systems are such that less
pores are accessible to tieopropaol. In addition, a lower amount of water can be
removed from the interlayer space of th&E1/3NBA.O1 and CS-H/4NBA.O1 systems by

the isopropanal These two are a result of the blockage of the pores and entry locations of
the GS-H layers by the nitrobezoic acid compound. In addition, it is likely that theaBd
4-nitrobenzoicacid isomersare able to fill some of the defects in the layered structure of
C-S-H. These defects could act as the escape points of the interlayer water to the larger

pores. Inaddition, it was observed that then#robenzoic acid was more effective than the

3nitrobenzoic acid i n Aisea3H to ghe diftusion bfh e p o

isopropanal
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Figure 53- Masschange of €S-H/NBA.0O1 systems iilsopropanoin comparison with that of ¢hphase pure
C-S-H. (a) GS-H/2NBA.01, (b)C-S-H/3NBA.01 and (c)C-S-H/4NBA.01

The 2nitrobenzoic aid was effective in reducing the diffusiomsopropanoin the GS-H-

baed systemduring the first minutegollowing the immersion. More pores, however,
became accessibte the isopropanoby increasing the immersion ting® that the mass of

the GSH/2NBA.O1 sample was very similar to that of the phase pu&HCafter about
45min of immersion (Figure5-3(a)). This is consistent with the results of the length
change measurements presented in Figute It was shownthat the CS-H/2NBA.O1
samples hadower values ofengthchangecompared to those of the phase pur&-B

after 1 day of immersion in the test solutions. These samples, however, had similar or

higher values of lengtbhangethan the phase pure&H when the immersion time was
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increased to7 days. Thiscould bedue toa rearrangement of the-rdtrobenzoic acid
moleculesin the structure of &-H/2NBA.O1 systemduring the increasegeriod of

immersion of the sample in the alcoloolthe aqueous tesblution.

Microindentation

Creep modulusind hardnesdata forthe phase pure-S-H and C-S-H/NBA.O1 systems
are presented in Figuredb The creepthat varies inversely with creep modulus)tbé
C-S-H/NBA.01 systemsvas generallyower than thaof the phase pure-S-H. The sample
with 4-nitrobenzoic acid (NBA/Ca = 0.01) had the lowest creepas#t been suggestéuat
the creep of CS-H-based materialswolvesthe sliding of the €5-H layersagainst each
other[25]. The interactionof nitrobenzoic acidvith C-S-H couldfii nt er | eSeHk O
layers, and limit their slidingThiswould result in lower values of creep rate of the samples
with nitrobenzoic acid. Thepposite location of thearboxylate and nitro grospn the
4-nitrobenozic acid motale may contribute to #éhincreaseceffect of the 4-nitrobenozic
acid inlimiting thesliding of the CS-H layers and reducing the credfne hardness of the
C-S-H/4ANBA.01 sample was also considerably higher than that opliase pure G-H
possiblydue to the samenechanism The hardness of the-&H/2NBA.01 sample was
low. This may bedue to the rearrangement of thenifobenzoic acid under lorgrm

loading resulhg in a higher ultimate indentatioralue

100 600
H Creep Modulus

mHardness

Creep Modulus (GPa)
Hardness (MPa)

CSH CSH/2NBA.01  CSH/3NBA.01  CSH/4NBA.O1

Figure 54- Creep modulus and hardness of the phase pi&#i@nd the €S-H/NBA.01 systems
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5.3.2C-S-H/NBA.02 systems
Length-change in aggressive test solutions

The lengthchangeresultsof thephase pure &G-H and the €S-H/NBA.02 systems in LiCl

and MgSQ solutions are presented in Figure-5. The incorporation of a higher
concentration of nitrobenzoic acid was not effective in reducing the lehgiinge of the
C-S-H-based systems. Especially in the Mg30lution, the lengtithange of the samples
with nitrobenzoic acid (NBA/Ca = 0.02) was considerably higher than those for the phase
pure GS-H. It was previously suggested that the nitrobenzoic acid compound in the
C-S-H/NBA.02 systems has limited interaction with the nanostructure-8fH;Z and is
mainly accumulated on the surface of the layers or between the stacked laye&Hof C
The leaching of nitrobenzoic acid in the test solution or other possible reaction of this
compound with the solution may have resulted in the significant expansion of the
C-S-H/NBA.02 systems.

4.0 4.0

(a) (b)

30

20

10

length-change in LiCl, %
length-change in MgSQO,, %

0.0 .
CSH CSH/2NBA.02 CSH/3NBA.02 CSH/4NBA.02 CSH CSH/2NBA.02 CSH/3NBA.02 CSH/4NBA.02

Figure 55- Length-change of the phase pureScH and the €S-H/NBA.O2 systems after 1 chd 7 d of
immersion in (a) LiCl angb) MgSQ, solutions

Calcium ion concentration

The concentratin of calcium ions leacheaut of the CS-H/NBA.02 systems due to the
immersion in LIClI was very similar to that of the phase pur&-I€ (Figure 5-6). The
higher concentration of nitrobenzoic acid was, therefore, not effective in reducing the
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calciumleaching from the &-H-based systems. This may also be due to the limited

interaction of organic and inorganic phases instinecture of the €5-H/NBA.02 systems.

80 0.40

B Ca2* Concentration
m | ength-change

concentration, %
Length-change, %

Cai-r

CSH CSH/2NBA.02 CSH/3NBA.02 CSH/4NBA.02

Figure 56- Concentration of calcium ions and lengthange of the phase pureSEH and the €S-H/NBA.02
systems after 30 min of immersion in LiCl solution

Mass-change inisopropanol

The masshange values of the-&H/NBA.02 systems ifisopropanolvere lower than that

of the phase pure-G-H. Especially the masshanges were relatively small during the
second stage of the measurements. This likely occurred due to the blockage of the entries of
the GS-H layers by the nitrobenzoic acid in the sturetof the CS-H/NBA.02 systems.

The masshange measureents are in conformity witlthe helium pycnometer results

indicating a reduced pore volume of theSE/NBA.02 systems.
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Figure 57- Masschange of €S-H/NBA.02 systems iilsopropanoin comparison with that of ¢hphase pure
C-S-H. (a) GS-H/2NBA.02, (b)C-S-H/3NBA.02 and (c)C-S-H/ANBA.02

Microindentation

The creep modulus and hardness of @GR8-H/NBA.02 systems were considerably lower

than those of the phase pureSEH (Figure 5-8). Poor mechanical performance of these
samples could also be explained by the separation of organic and inorganic phases. In
addition, it was previously suggesteaiskd on the analysis of FTIR spectra that the silicate

chains contain more dimers in the structure €3-B/NBA.02 systemgsee chapter 4)his
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could result in a lower resistance of the silicate sheets to sliding in these systems under the
loading conditon.

100 600
H Creep Modulus

Q0 | mHardness

-1 500
80 -
4 400

4 300

Hardness (MPa)

-4 200

Creep Modulus (GPa)

4 100

CSH CSH/2NBA.02  CSH/3NBA.02  CSH/4NBA.02

Figure 58- Creep modulus and hardness of the phase pi84iGnd the €S-H/NBA.02 systems

5.4 Concluding remarks

Durability and mechanical performance ofSH/NBA systems with two different
concentrations of nitrobeoic acid (NBA/Ca = 0.01 and 0.02) were investigated. The
nitrobenzoic acid with the lower concentration contributed to a significant improvement of
the durability and mechanical performance of th& B systems. New evidence of the
interaction of nitroberoic acid with the nanostructure of&H (partial intercalation as

well as surface adsorption) in these systems was consistent with the results of previous
studies. The &-H/NBA.02 systems, however, had poor durability and mechanical
performance. This edd also be explained by the previous model proposed for the
nanostructure of these systems. It was suggested that in this model the organic and
inorganic phases have limited interaction in the structure of t8eHONBA.02 systems,

and nitrobenzoic acid atecules are mainly accumulated at the surfddbeoGS-H layers,

at the edgef the layers or between the stacked layers-8fi.
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Chapter 6

Characteristics and Engineering Performance of

C-S-H/Aminobenzoic AcidCompositeSystems

Calciumsilicatehydrate/aminobenzoic acid {&H/ABA) composite systems were
synthesized andcharacterized for the first time. Each of@ 4-aminobenzoic acid with a
concentration of 0.01 mol. per mol. of Ca was added to tBeHJpreparations during their
hydration. The €S-H/ABA systems were filtered and dried after three weeks. These were,
then, characterized by -My diffraction, Fourier transform infrared spectroscopy and
nitrogen adsorption analysis. Porous bodies were also prepared fr&/ABA
compacted powders and used for the lemflinge and masdhange measurements in
different test solutions. In addition, the microindentation technique was used to determine
the creep modulus and hardness of the compacted samples. It is suggestedGiat the
H/ABA systems had improved durability and enhanced mechanical properties compared to
the phase pure &-H reference materials. The influence of theaB8d 4aminobenozic acid

on durability factors was similar. The-8H/3ABA, however, had superior mechanical

performance.

6.1 Introduction

Calciumsilicatehydrate (CS-H) is the primary binding phase in the hydrated Portland
cement. The improvement of properties 65¢ is of significant interest as it can directly

influence the performance of cemdratsed construction materials. Modificati of the
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nanostructure of &-H by organic compounds is likely to be a promising approach to
achieve this goal Fb]. Several organic compounds have been previously used successfully
to modify/improve the nanostructure of smectic clay®]6The use oftltese organics for

the modification of the €&-H structure has potential based on the similarities between the

layered structure of &-H and that of the smectic clays [1Q].

Several studies have been conducted during the past two decades with anfabes
physicachemistry of the €5-H/organic systems. In spite of this work, the nature of the
various types of interaction of organic compounds with the structure-®HGs still
unclear. It was suggested by Matsuyama and Yowgj {that certain polyrars are able to
intercalate the interlayer region of&H systems prepared by the precipitation technique.
More recent investigations, however, provided evidence that the intercalation of organic
compounds in the layered structure o5& is much more diicult than that in smectic
clays. It was suggested by Merk al.[12] that this could be due to the higher charge of
the layers in the G-H structure and the localization of the charge on the surface of the
layers in the structure of-&H as opposedo the distribution of the charge within the
layers as ishe case for smectidays.These two reasons could make the intercalation very
difficult to achieve. It was, however, observed that a significant amount of the organics
could be adsorbed in theasked layers of &&-H. In addition, it was suggested by Miredt

al. [13, 14] that trialkoxysilane compounds were able to form covalent bonds with silicate
tetrahedra in the structure of$H. The formation of these bonds was more probable when
these orgaic compounds had a smaller size. A comprehensive investigation of the
characteristics of covalefwonded polymeC-S-H composites was also provided by
Franceschiniet al. [15]. A study of the engineering performance of these composite

systems, however, #ill lacking.

It was suggestedn chapter 4that different isomers of nitrobenzoic acid could be
successfully used to interact with the nanostructure-8fHC Significant improvement of

the durability and mechanical performance of th&-B-based systas was observed due

to the incorporation of nitrobenzoic acid with the concentration of 0.01 mol. per mol. of Ca
of the GS-H (see chapter 5Aminobenzoic acid (ABA) has a similar molecular size and
structure to the nitrobenzoic acid (NBA). However, th@reo group is electropositivend

an activating groupf the aromatic ring. This is opposite to the electronegative properties
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of the nitro group resulting in deactivation of the aromatic ring in the nitrobenzoic acid
molecule 16, 17. It has been suggest that the acidity of the aminobenzoic acid isomers,
increases in the order of 3ABA4ABA > 2ABA [17]. The acidity of the nitrobenzoic acid
isomers, however, imeases in the opposite order (2NBAINBA > 3NBA) [16].

The main objective of this study ie explore the influence of aminobenzoic acid on the
microstructure and engineering propestief GS-H systems. The &G-H/3ABA and

C-S-H/4ABA systems were syntBeed using a pozzolanic reaction technique. Their
characteristics and engineering performanege compared with those obtained for the

phase pure G-H.

6.2 Experimental program
6.2.1Materials

Phase pure G-H, C-S-H/3ABA and GS-H/4ABA systems Ca/Si = 1.5) weresynthesized
using the pozzolanic reaction technigdescribed in chapter. ZEither of 3- or 4-
amimobenzoic acid (reagent grade, Sigidrich) with the concentration of 0.0hol. per
mol. of Ca (in the GS-H) was premixed with the water to prepare the G-H/ABA
systemsThe GS-H/3ABA and GS-H/4ABA systems had a pinkish and yellowisblor,
respectively, which was different from the white color of the phase p&¢iC

6.2.2Experiments

All the C-S-H-based systems were characterized usiagyXdiffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) and nitrogen adsorptioalysis. Circular
compacted samples of the powder were also prepared with a porosity of about 30%
determined using the helium pycnometer technid Lengthchange of the compacted
samples in MgS@and LIiCI solutions (15 g/l) was measured up to 7 ddy® mass
change of the samplesisopropanolvas also determined as an estimation of the resistance

of the samples to the diffusion of aggressive ions. The microindentation technique was also
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used to measure the creep modulus and hardness of the calrgsnes. Details of the

experiments are as following:

XRD - The X-ray diffraction patternof the C-S-H-based systemwas acquired using a
Scintag XDS 2000 diffractometer (Cykadiation).The test was performed in2adanging

de < Bedithadteps ze of 0 seBoBdecouatnintervad defecthechanges in
the basakpacing (go2) peak.

FTIR i FTIR spectra of thgowderswere collectechetweend000 and 400 crhusing a
Thermo scientific NicoletE E&®HBTRRspectuat r ume
represented the average3&scansat 4 cm' resolution. Air was used as a background for

the measurements.

Nitrogen adsorption - The nitrogen adsorption measurements were obtained using a
Quantachrome instrumeNOVA 2200e surface areand pore size analyzeFhe samples
were vacuum dried dt10 C for three hoursprior to starting the test3hen, the nitrogen

BET (BrunauetEmmettTeller) surface areanalysis waperformed on each sample.

Diffusion of isopropanol - The diffusion ofisopropanolinto the compacted sampless
evaluated by the measurement of the reissige of the samples following immersion in

the isopropanal Each compacted circular sample preconditioned to 11% relative humidity
was placed in amall stainless steel basketnd immersed in450 ml of anhydrous
isopropanol(Reagent grade, Fischer Scientifi@)oout 100 ml of thasopropanolcovered

the samplesThe setup was attached to a balance and a data recorder to measure the mass
change ofthe samples for two hours after the immersioiffuBion of isopropanolin
saturated cement paste samples previously used successfullyegaluatethe resistance

of the samples to thdiffusion ofchlorideion [19].

Length-change measurement§ Prisms(5 mm x 25 mm x 1 mm) were cut from the
compacted discs and mounted on modified Tuckerman extensometers. Strains were
determined with an accuracy of 1 microstraif,[21]. These were, then, placed in small
vessels containing the test solutions so thatsieecimens were completely immersed.

Aqueous solutions of MgS(and LiCl with a concentration of 15 g/l were used as the test
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solution. The ratio of the mass of solid to the volume of solution was 1 g of solid per 50 ml
of the solution. The vessels wereag@td in sealed desiccators containing the same salt
solution as the test solution to avoid evaporation. The lectgahge of the samples in each

solution was measured up to 7 days.

Microindentation measurements- The microindentation tests were performed using a
CSM Instruments Indentation TestérBerkovich indentewas used for the measurements

The whole apparatus is housed in an environmental chamber. Circular compacted samples
equilibrated ata relative humidty of 11% were used for the microindentation

measurements.

A total of 25 indents were obtained on each sample. The indentation depts(recorded
as a function of timé€t) at the maximum load of 1 N for a 600 s dwell period. The loading

rate was 2 Nhin. The creep was determined by curve fitting of the indentakémth
versus time curves during the loading perisging Dh(t) = X, In(X,t +1) + Xt + X,. The

creep modulusC, wasthen calculated froi@ = P, /(2a,%) where P, is the maximum

load anda, =(a./p)"?. &, is the projected area of contact between the indenter probe and
the indenter surface. It is determined using the Oliver and Pharr method as a function of the
maximum indentation deptl22]. In addition, the indentation hardness) (was obtained

from the software bl = P/a. .

6.3 Results
6.3.1 XRD

The XRD patterns of the phase pureSE and GS-H/ABA systems are presented in
Figure 6-1. The do, basalspacing increased from 1.10 nm in the phase pu8HCto
1.13nm and 1.17 nm in the -&H/3ABA and GS-H/4ABA systems, respectively. An
additional small peak was also observed at about 1.18 nm in the XRD pattern of the
C-S-H/3ABA system. It was likly due to the occurrence of a second configuration of the
3-aminobenzoic acid molat in the structure of SH/3ABA system. The small

increment in the basapacing might have been due to the adsorption of the aminobenzoic
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acid at the entry locations t¢iie GS-H layers. Partial intercalation of the aminobenzoic
acid was also possible because of the small size of this compound and also the relatively
large number of defect locations in the structure ¢8-B with Ca/Si ratio of 1.5. The
aminobenzoic acidould also be adsorbed between the stacked layersSdfl @ithout any
significant change in the basspacing. It is also noted that locations of the, thasal

spacing of the €&&-H/3ABA and GS-H/4ABA systems were similar to those observed for

the GS-H/3NBA and GS-H/4ANBA systems, respectively, reportedcimapter 4 This could

be expected due to the similar size and structure of the aminobenzoic acid and the

nitrobenzoic acid compounds.

Intensity, arbitrary unit

C-S-H/3ABA

C-S-H/4ABA

LIGLALIGL  B B L i T T T T T T T T T T
22 20 18 16 14 13 12 11 10 9 8 7 6

di spacing (A)

Figure 61- XRD patterns of the phagure CS-H and the €S-H/ABA systems

6.3.2FTIR

The FTIR spectra of the-6H/ABA systems were generally similar to that of the phase
pure GS-H (Figure6-2). The peaks at the wavelengths of 820*and 988 cnt in the
structure of GS-H are assignedtthe SiO stretchingof Q' and @, respectively [3]. The
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locations of these peaks were shifted slightly to the lower wavelengths (816Garoeh
983cm™) in the systems witt3- or 4-aminobenozic acid. In addition, the ratio of/Q
peaksare slightly larger in the &H/ABA systems compared to that in the phase pure
CSH.

The peak at about 3645 ©nis sharper in the FTIR spectra ofSEH/ABA systems
compared to thain the spectra of thghase pure G-H. This peakis assigned tahe
relatively weak hydrogebonded interlayer water molecules3[2The higher intensity of
this peak in the spectra of theSEH/ABA systems could be due to some weak hydrogen
bonding of the aminobenzoic acid with the structure of the heStHC The peak at
1595cm’ in the FTIR spectra of G-H/4ABA can be due to thesymmetric inplane
deformationsof NH, in the structure of aminobenozic acid [4. The peaks at the
wavelengths of about 460 &mand 890cm™ likely correspond to carbonates3]2 The
higher intensity of these peaks in the FTIR spectra of the phase e Was expected
due to the higher surface area of the phase pu&HCcompared to the S-H/ABA

systems (see section33.

C-S-HIZABA

Absorbance (arbitrary units)

C-5-H4ABA

400 900 1400 1900 2400 2900 3400 3900
wavenumber (cm-)

Figure 62- FTIR spectra of the phase purezH and the ES-H/ABA systems
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6.3.3Nitrogen adsorption analysis

The BET nitrogen surface area of the phase pu&HCand the €S-H/ABA systemsis
presented in Figuré-3. The surface area values of th&sEl systems incorporating &nd
4-aminobenozic acid were very similar (35.6/gnand 34.5 rfig for the GS-H/3NBA and
C-S-H/ANBA system, respectively). These values were significantly lower thah t
measured for the phase pureSE& (69.0 m?g). The significantly lower values of the
surface area of the -6&H/ABA systems provide evidence of the adsorption of the
aminobenzoic acid on the exterior surface of th&-& layers, and the blockage of there
structure of the €&-H by this organic compound. It is also noted that the surface area
values of the €&-H/ABA systems were smaller than that previously reported for the
C-S-H/3NBA (61.2 nf/g) and &rger than that for the-S-H/4NBA system (32.0 fig).

80

70 -

60 -

50 -

40 |

Surface area (m%g)

30 -

20 -

C-8-H C-S-H/3ABA C-S-H/4ABA

Figure 63- BET nitrogen surface area of the phasee CS-H and the €S-H/ABA systems

6.3.4Diffusion of isopropanol

The masshange of the &-H-based systems due to the immersion inisiopropanolis
shown in Figures-4. The increase in the mass of theésEi-based systems during the first
10 min after the immersion is due to the filling of the large pores bistipgopanal The
massreduction followed could be due to the exchange of water withstgopanoland
the removal of the interlayer water. The mekange valueef the GS-H/3ABA and GS

H/4ABA systems were very similar, and significantly lower than that of the phase pure C
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S-H. This could be due to filling of some defect locations in the pore steuiof GS-H by
the 3 and 4aminobenzoic acid. Fewer pores were, therefore, accessibleismpinepanol
in the GS-H/3ABA and CS-H/4ABA systems.

0.2

0.18 |- C-S-H
A

0.16 |-

C-S-H/4ABA C-S-HIBABA

01 -
008

008

mass-change in isopropyl alcohol (g)

0.04

002

0 0.2 0.4 06 0.8 1 12 14
“time (Vh)

Figure 64- Masschange of the phase purexH and the €S-H/ABA systems i isopropanol

6.3.5L ength-changein the test solutions

The lengh-change values of the-SH/3ABA and CS-H/4ABA systems in the test
solutions were very similar, and significantly lower than those for the phase poitd C
(Figure 6-5). In the MgSQ soluion, for example, the lengithange values of the-&H
systems with either of the- ®r 4-aminobenzoic acid were lower than those for the phase
pure GS-H by 28% and 36% after 1 day and 7 days of immersion, respectively. It has been
suggested that leacty of calcium ions from the structure ofSH accompanied by the
penetration of water and ionic species are the primary mechanisms of the expansion of the
C-S-H-based systems in the aqueous solutiGee chapter 5)The two isomers of
aminobenzoic acidikely filled the defect locations and blocked some of the pores in the
structure of ES-H. These could have limited both the mechanisms responsible for the
expansions. In addition, the lghgchange values of the-&H/3ABA and GS-H/4ABA
systems were smial than those of €5-H/3NBA and larger than &-H/4ANBA systems.
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Figure 65- Lengthchange of the phase pureScH and the €S-H/ABA systems in (a) LiCl and (b) MgSO
solutions

6.3.6Microindentation measurements

The creep modulus and the hardness of #&HIABA systems were compared with those
of the phase pure-G-H in Figures6-6 and6-7. It was observed thahé creep modulus of
the GS-H/3ABA system (80.8 GPa) was considerably higher than those of the
C-S-H/4ABA (68.8 GPa) which in turn was higher than that for the phase pi8aiC
(63.4GPa). The same trend was observed for the hardness of these systems. It has been
suggested that the sliding of the silicate sheets in the nanostructw®-dfi€the primay
mechanism responsible for the creep oS5€ systems [2]. The use of the -3and
4-aminobenzoic acid likely limited the sliding of theSH sheets resulting in a lower
creep rate (higher creep modulus)tieé systemsThe dipole moment and acidity ofeth
3-aminobenzoic acid are higher than those of tkeemihobenozic acid [4. This likely
resulted in an increased effect of tharBinobenozic acid in blocking of the &H sheets

to sliding against each other under loadiihgvas previously observdad chapter Sthat the
creep modulus of the-S-H systems with 4nitrobenzoicacid was higher than that for the
C-S-H systems with ditroberzoic acid This was also likely due to the highdipole

momentsand acidity of the4- nitrobenzoicacid compared thoser 3- nitrobenzoicacid
[16].
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Figure 66- Creep Modulus of the phase pureS@H and the €S-H/ABA systems
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Figure 67- Hardnes®f the phase pure-G-H and the €S-H/ABA systems

6.4 Concluding remarks

The effect of 3and 4aminobenzoic acid on the microstructure, durability and mechanical
performance of €5-H systems was investigated. Evidence was obtained that these isomers
of aminobenzoic acid were able to modify the microstructure -&H; mainly by the
adsorption on the surface of the layers and blockage of the stacked laye&Hhfa@Gd

entry locations to the interlayer region. In addition, the aminobenzoic acid compounds
likely formed some weak hydrogen bonding with the structurthe@fhost CS-H. It was

determined using nitrogen adsorptiomeasurements that the-SH/3ABA and
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C-S-H/4ABA systems had lower values of the surface area compared to those of the phase
pure GS-H. The durability parameters and microindentation measurenveats also
improved in the €5-H/3ABA and GS-H/4ABA systems.
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Chapter 7

Dynamic Mechanical Thermal Analysis of

Organically Modified Calcium-Silicate-Hydrate Systems

The characteristics and engineering performance of calsilicatehydrate (GCS-H)
systems modified with nitrobenzoic acid (NBA) or aminobenzoic acid (ABA) were studied
in the previous chapters. Evidence of the improved volume stabilitpbility and véues

of microindentation creep modulus of theSH/NBA and GS-H/ABA systems was
reported. The main objective of this chapter is to evaluate the performance of the
C-S-H/NBA and GS-H/ABA systems under dynamic loading at elevated temperatures.
Dynamic mechanical thermal analysis measurements, at temperatures from 26 to 300 °C
and frequencies ranging from 0.25 to 2.5 Hz were obtaomethe phase pure-&H as

well as the ES-H/NBA and GS-H/ABA systems. It is suggested that all the isomers of
nitrobenzdec acid can improve the storage modulus of th& B systems both at room
temperature and at the elevated temperatufee. 3aminobenzoicacid also slightly
improves the performance of theSH systems upon heating. The improving effect of
4-aminobenzoi@cid, however, isot assignificantat higher temperatures

7.1 Introduction

Enhancement of the engineering properties of cakgilicatehydrate (CS-H) systemss
of practical interest as it has a direct influence on the performance of concretalmater
The use of organic compounds to modify the structure-8fHCappears to have potential.

The organics have long been used for the modification of smectite clays. Euggested
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by Matsuyama and Young 3] that is it possible to interact organicsittw the
nanostructure of &-H systems.These results, however, were not validated by those
obtainedater (seePopovaet al. [4]and Merlinet al.[5]). In spite of the numerous studies,
the mechanisms of interaction of organics with the structure-8fHCare still not fully

understood.

The ultimate goal of the formation of-G-H-based composite systems is to improve the
engineering performance of these systems with the objective of increasing the-Ifexvice
of concrete structures. The investigationgtomengineering properties of theEH-based
composite systems are very limited in the literatlirbas beersuggestedyy Pellencet al.
that the organically modified -S-H systems can have increases in their modulus of
elasticity values of about 40% to 100% compared to those for phase {hiké [6]. A
decrease in the modulus of elasticity o5& systems due to the interaction with arga
polymers, however, was reported Bglisseret al.[7]. Khoshnazaeet al.[8] also studied
the dynamic mechanical thermal analysis e5E/polyaniline composite systems with
Ca/Si ratios of 0.8 and 1.2. It was suggested that the storage moduluseo$ybeems was
improved at temperatures ranging from room temperature up to aboudC.5WNo

improvement was, however, observed at higher temperatures.

It was recently suggested by Khoshnazial.[9] that different nitrobenzoic acid isomers

have the ptential to improve the micro and nanostructure e5-8. This effect, however,

is dependent on the type and the concentration of nitrobenzoic acid isomers. The
C-S-H/INBA systems had also improved engineering performance and durability [10]. It
was also ob=rved that aminobenzoic acid isomers can interact with the structur&ef.C

The effect of the 3 and 4aminobenzoic acid lies between those of the aBd
4-nitrobenoaic acid [11]. This chapter was designed to investigate the performance of the
C-S-H/NBA and GS-H/ABA systems under dynamic loading coupled with heatifige
C-S-H-based systems were synthesized and tested by the dynamic mechanical thermal
analysis technique at various temperatures and frequencies. The change in the storage

mo d u | u s infefaal fyictican (taohd) was thercompared for the differestystems.
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7.2 Experimental program

The phase pure -G-H and GS-H-based composite systems (with Ca/Si = 1.5) were
synthesizedusing the pozzolanic reaction technique described in chapter Zr Eith
nitrobenzoic acid (2 3- or 4 isomer) or aminobenzoic acid-(®r 4- isomer) with a
concentration of 0.01 mol. per mol. of Ca was added to the mixing water to prepare the
C-S-H/NBA and GS-H/ABA systems. All the preparations were conditioned atlative
humidity of 11% to reach equilibrium prior to testing. The powders were, then, compacted
into circular discs with a porosity of about 30% using the compaction technique described
in chapter 3. Prisms with a dimension of 32 mi3 mmx 1 mm were tbn obtained by
cutting the compacted samples. Rheometrics RSA 11l instrument with a thrpeint
bending feature was used to obtain ttypamic mechanical response of g@mnplesAll

the tests were performed using a st@ontrolled method. The maximum strain was set at
0.01%. An initial static load of 10 g was applied on the samples to ensure the contact
between the upper fixture of the instrument and the surface of the samplighout
dynamic loadingThe temperature was increadeoim 26 to 300 °C at a rate of °C/min.

Tests were carried out at frequencies of 0.1, 0.25, 1.0ai25 The st or age mo

and internal friction (taul) of samplesvere recorded aach tenperature and frequency.

7.3 Results and Discussion

7.3.1 GS-H/NBA systems

The gener al trend of the EO6 curves was not
| oad frequency. The EO6 values obtained at t
than those obtained at the | ower -BEHanquenci ¢

C-S-H/NBA systems at two frequencies of 0.1 and 2.5 Hz are presented in Figlliaasd7
7-2, as examples. The data obtained at the lowest test frequency (0.1lgdahigatively

discussed in this chapter.

123



7. DMTA of Organically ModifiedC-SH Systems
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Figure 71- Storage modulus of the phase pur&€ and GS-H/NBA systems versus temperature at the
frequency of 0.1 Hz
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Figure 72- Storage modulus of the phase pur&€ and GS-H/NBA systems versus temperatatethe
frequency oR.5Hz

The initial ES8H/NBAasystems were highér hhan th@t of the phase pure
C-S-H by about 36%, 53% and 55% for the systems incorporatirigy 2nd 4nitrobenzoic
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7. DMTA of Organically ModifiedC-SH Systems

acid, respectively (Figure-¥ ) . The EO v adSH-based ystems slightly t h e
increased by increasing the temperature from 26 °C to 28 °C. The increase ofthe B | u e s
was significantly higher forthe GS-H/2NBA and CGS-H/3NBA systems (-10%)
compared to that observed for the phase pw®HC (~2%). This increment was not
significant for the €S-H/4ANBA system (less than 1%).

The EO val ues dygimareasing thel tengperaudeufrarh RP8y°C to about
60AC. The reduct i on -BH-basehsgsteldin thisssdmpezasure cahge t h e
is known to occur due to the removal of the interlayer water from the nanostructure of
C-SH [12]. The decrease imte EO6 values was geSRHNBAI |l Yy hi
systems compared to that observed for the phase p@&4¢1.Clt is possible that the
nitrobenzoic acid isomers had formed hydrogen bonding with the structur&-ef.These

bonds could break down due toet heating of the samples to about 60 °C. This likely
resulted in higher decrease of the EO6 value
C-S-H/NBA systems, however, remained higher than that of the phase f#i¢ & all the

t emper at uvalees werelshghtly iledovered for all theStH-based systems upon

heating beyond 60 °C. This likely occurred due to the decrease of the spacing between the
silicate sheets and possible crisging of the silicate tetrahedra [12]. The increase of the

E6 values was bet ween 0SHbasedbsystems NoMigraficahto r  d i
difference was observed between the phase puseHCand CS-H/NBA systems at this

stage of drying.

The tand curves for the phase pure&H and CGS-H/NBA systems werelso generally
similar at all the test frequencies. The peaks of thedtanrves, however, were better
defined at the lower frequencies as are shown in FiguBandl 74. This is in conformity
with the results previously reported by Alizadethal.[12]. The first peak of the tadicurve

of the phase pure-G-H at a frequency of 0.1 Hz occurred at about 54 °C. This peak
slightly shifted to higher temperatures (~ 60 °C) for th&-B/NBA systems. It was
expected as this peak is assigned to the removéleonterlayer water in the structure of
the GS-H-based systems. The results of thermal ignatric analysis in a previoustudy

by the authors [9] also suggest that the removal of the interlayer wateiSa¢f/SBA

systems occurs at slightly higher temperas compared to that in the phase pw&-Ig.
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This peak was sharper in-8H/3NBA and CS-H/4ANBA systems corresponding to a
E6 of t hesdowntowo

some hydrogen bonding between the nitraméc acid isomers and the &H structure in

| arger decrease in the

addition to the removal of thaterlayer water.

tan (3)

Figure 73- tand curves versus temperature the phase pugeHCand GS-H/NBA systems at the frequency

tan (8)

Figure 74- tand curves versus temperature the phase pugeHCand GS-H/NBA systems at the frequency
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The hump at about 100 °C waetter defined in the -GH/2NBA and CS-H/3NBA
systems (Figure7-3). The peaks at the temperatures above 120 °C were, however,
significantly diminidied in intensity in the <&-H/2NBA and GS-H/4NBA systems. All
these provide evidence on the structural role of nitrobenzoic acid isomers in the

C-S-H/NBA composite system

7.3.2 GS-H/ABA systems

The gener al t r e dalirves Yersus temperatire veere gimilaraandifferent
test frequencies. The only difference was
tand peaks were sharper at the lower frequencssiilar to those observed for the

C-SH/ NBA systems. The EO values VveSHsands t e mp
C-S-H/ABA systems at a frequency of 0.1 Hz are presented in Fighre 7 The i ni t i &
values 6 the GS-H/3ABA and GS-H/4ABA were higherthan that of the phase pure

C-S-H by about 35% and 45%, respectivelyh e i n c r e aaues thatfocctrreoy E 0
increasing the temperature from 26 28 °C was also observed for theSEH/ABA
systemsThe rate of the dduetodeatingefrono 28 tot6h évagE 6 v al
higher for the €S-H/3ABA and GS-H/4ABA systemsT he EO& v al-BHH3\BAf or t h
system were still higher than those of the phase pt#edHby 18% at the end of thisage

of drying. Forthe ESSH/4ABA sy st em, hauesdwppedto abdutdsd Bwer

than those of the phasepurés&éd. The EO of this system was
reached the level of the phase pur&S-8 at about 80 °C. This value remainabinost

constant to the end of the test (300.°C)

The tan d curves for the phase pureS&H and GS-H/ABA systems at a frequency of
0.1Hz are presented in Figure6/ The peaks of the tashcurves were generally sharper in
the GS-H/ABA systems than those for the phase pur&-E at the temperatures up to
100A C . This corresponds to the hi-GHWABA decr e

systems in this temperature range.
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Figure #5- Storage modulus of the phase pur&-€ and GS-H/ABA systems versus temperature at the
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Figure 76- tand of the phase pure-S-H and GS-H/ABA systems versus temperature at the
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7.4 Conclusions

The d/namic mechanical response of the phase pu$HCas well as the G-H/NBA and

C-S-H/ABA composite systems were investigated at elevategbéeature (up to 306C)

and frequencies ranging from 0.1 to 2.5 Hz. The general response ofS3hé¢-lased

systems is not significantly affected by the change of the frequency in the range

investigated. It is also suggested that nitrobenzoiciaoidershave sometructural role in

the GS-H/NBA systems. The storage modulus of th&E/NBA systems remained higher

than that of the phase pureSH throughout the whole heating process. The initial peak of

the tand curve was sharper in this range, andlgly shifted to higher temperatures. The

aminobenzoic acid isomers also generally improved the storage modulus ofSthe C

based systems. These compounds were not, however, as effective as the corresponding

nitrobenzoic acid isomers.
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Chapter 8

Fatigue Behaviour of Phase PureC-S-H and
C-S-H/Nitrobenzoic Acid Composite Systems

The main objective of this chapter is to investigate the performande-®H-based
systems under repetitive loading. A thymmnt bending setip employing a strain
controlled condition was used for the fatigue analysis. The phase p&él @nd
C-S-H/nitrobenzoic acid systems with a Ca/Si ratio of 1.5 were subjected tasvdoad
conditions. Comparisons were made basedherchange of their storage modulus values
and the number of cycles required for fracture. In addition, the phase ¢ €/stems

with various Ca/Si ratios (0.8, 1.2 and 1.5) and hydration time (froge thveeks to 48
months) were prepared and tested for their dynamic response under repetitive loading. It is
suggested that the-&H/NBA systems have higher fatigue resistance than the phase pure
C-S-H with a similar Ca/Si ratio and hydration time. In dobdt, increasing the silicate
chain length by lowering thealSi ratio (e.g. in the €S-H system with Ca/Si = 0)&nd by
increasing hydration time, likely plays a significant role in improving the fatigue resistance
of the phase pure-S-H systems.

8.1 Introduction

Most concretdanfrastructure is subjected to repetitive loading during its setifeeeThe
study of the fatigue mechanisms of concrete and development of novel dmmedt
materials with increased fatiglige is, therefore, of practical tarest. The general

performance of concrete under repetitive loading has long been studied. A few mechanisms
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for the cracking and failure of concrete elements due to fatigue have also been proposed [1
3]. There are, however, still several uncertaintieshow to estimate and improve the
fatiguelife of concrete materials due to the complex nature of the development and

propagation of cracks.

The investigations of the fatigue performance of pure hydrated cgyhasés can provide

the insight required to wierstand the mechesms underlying their behaviorhey can lead

to development of novel cemelised materials with improved fatigue behaviour. In spite
of the valuable results that can be provided, investigations in this field are still lacking in

the literature.

Calciumsilicatehydrate (CS-H) is the primary binding phase in the hydrated Portland
cement, and is responsible for most engineering properties of cement paste. Improvement
of the fatigue performance of-&H has, therefore, the potential tciease the servidde

of cemertbased materials. It is suggested that the use of organic compounds is a promising
approach to reach this goal. Although the mechanisms of interaction of high melecular
weight organic compounds with the nanostructure <&-1& are still debatable [40], the

results of recent studies by Khoshnagial.[11, 12] have provided evidence that selected

low molecularweight organic compounds, such as nitrobenzoic acid, have the potential to
interact with the structure of-6&H and significantly improve its durability as well as
mechanical properties. The evidence includes data obtained using microindentation

measurements.

The main objective of the current study is to assess the performanceséf-liased
systems under repetie bending loads. The experiments weksigned to use different
load conditions in order to investigate the efficiency of using nitrobenzoic acid isomers on
the fatigue resistance of theSeH system with Ca/Si = 1.5. Additional experiments were
also peformed on the phase pureS&H systems with various Ca/Si ratios and hydration

times to further investigate the effect of these parameters on the fatigue performance.
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8.2 Experiments

C-S-H-based systems were prepared using the pozzolanic retetiomque described in

chapter 3. The systems investigated were as follows:

C-S-H(1.5) : phase pure-S-H with Ca/Si ratio of 1.5, hydrated for three weeks,

C-S-H(1.5)/NBA : GS-H/nitrobenzoic acid composite systems with Ca/Si ratio of 1.5
and 0.01 molof nitrobenzoic acid (either of-23- and 4 isomers) per mol. of Ca.

These systems were also hydrated for three weeks.
- C-S-H(1.5)H48: phase pure-S-H with Ca/Si ratio of 1.5, hydrated for 48 months,
- C-SH(1.2)H18 : phase pure-S-H with Ca/Si raticof 1.2, hydrated for 18 months,

- C-SH(1.2)H48 : phase pure-S-H with Ca/Si ratio of 1.2, hydrated for 48 months
and

- C-S-H(0.8)H18 : phase pure-S-H with Ca/Si ratio of 0.8, hydrated for 18 months.

All the preparations were conditioned at a relativentdity of 11% to reach equilibrium.

The powders were, then, compacted into circular discs with a porosity of about 30% using
the compaction technique described in chapter 3. Prisms with a dimension of
32mmx13mm x 1 mm were then obtained by cutting the compacted samples.
Rheometrics RSA llinstrumentwith athreepoint bending feature was used to obtain the
dynamic mechanical response of the samples. A-siwexep test was performed using a
straincontrolled metbd (maximum strain = 0.01%). The charnigethe storage modulus

( EG) o0SH-baskdsysttmsagobserved until a fracture occurred or until 200,000
cycles. Three different sets of experiments were designed. In the first set, the frequency of
the dynamidoad was 10 Hz and an initial static load of 50 g was applied to the specimens
(the phase pure-G&-H(1.5) and CS-H(1.5)/NBA systems) in each cycle. This load was
applied to ensure that satisfactory contact betwierupper fixture of the instrument and

the surface of the sample during dynamic loadiftge initial static load was increased to

80 g in the second experimental-spt The test was performed on the phase pu&HC
systems, with different Ca/Si ratios and hydration time, at frequenciesmaf 50aHz. The
samples were subjected to a relatively medium static load in addition to the dynamic load
during the test. An increased initial static load of 100 g was used in the third experimental
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

setup. The test was performed at frequencies of 2, 5 &ddHz on the phase pure
C-SH(1.5) and GS-H(1.5)/NBA systems. The systems were subjected to a relatively
heavy static load during the whole dynamic loading. This was selected to accelerate the
crack growth and failure of the-&H-based systemdt was peviously suggested that the

mechanisms of fracture of concrete iely similar under static and dynamic loading [3].

8.3 Results and discussion
8.3.1 Fatigue behaviour of ES-H(1.5) system

The change in the EO val ues fobthe phase pureasi ng
C-S-H(1.5) is presented in Figure-18 A frequency of 10 Hz was used in these
experiments. The test was repeated three times using three different values of initial static
load (50, 80 and 100 g). The initstiatic load of 50 g was sslted to ensure that a contact

was provided between the upper fixture of the instrument and the surface of the sample
throughout dynamic loading. The net static load was small during this experiment. The
sample was subjected to a relatively medianmd heay static load in addition to the

dynamic load in the experiments with increased initial static load (80 and 100 g).

25

f=10Hz

20

15 v initial static load = 50 g

E' (GPa)

10 -
P initial static load =80 g

initial static load = 100 g

e

0 L 1 1 L
0 20,000 40,000 60,000 80,000 100,000

Cycles

Figure81-Change i n the E®& v-&H(LSD systank bytinbreasing tha rmimbemoficyckes, C
frequency= 10 Hz
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

The GS-H(1.5) system, as expected, had a higher resistance to the failure when it was only
dynamically loaded. Four different stages were observed in the fatigue curve o6thie C
systemi n t his case. I n Stage I, from point A
increasing the number of cycles. High frequency dynamic loading of tBeH(.5)

sample would result in sliding of the silicate sheets in the nanostructureSdi.Crhe

spacing of these sheets could be slightly reduced and possiblditkoss of the silicate
tetrahedra could occur as a result of this sliding during the first cycles. It ultimately

i ncreased t he-SH(&.5)syaténmubg aboublf3%.t he C

In stagel | , from point BS-H(1db) s@stem wds gradiadly remldcedttoh e
less than a half of its initial value. FurtHeading and sliding of the silicate sheets beyond
point B could result in breaking of some silicate bonds and possibly formaitisome

micro-cracksinthe&SH( 1. 5) sampl e. This resulted in

C

The EO values remained al most unchanged 1in

the silicate sheets in the structure o5&l are in a relativig stable condition. The sliding
of these sheets against each other, further silicate bond breaking and crack growth was
limited during this stage. Loading beyond point D, however, resulted in a significant

formation and propagation of cracks and ultimatellure of the sample (point E).

Addition of a medium static load to the dynamic load of the sample resulted in a rapid
breakdown of the silicate bonds. The stage Il was, therefore, shortened when the initial
static load waicreased to 80 g (Figureld. The stage Il was also eliminated in this case,

and rapid formation and propagation of cracks resulted in a sudden f#Hiltive sample.
Application of a heavy static load in addition to the dynamic load significantly reduced the
servicelife of the C-S-H(1.5) sample. The fatigue curve in this case only consisted of two
stages; an increase of about 7% during the first 1,000 cycles due to some rearrangement of
the silicate sheets followed by a quick development and growth of {criacls in the

sampleresulting in its failure.

8.3.2 Fatigue behaviour of ES-H(1.5)/NBA composite systems

The time sweep test at a frequency of 10 Hz and an initial static load of 50 g was performed
on the GS-H(1.5)/NBA systems (Figuree8 ) . The i niti ghigh&rfortheas s
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

C-S-H(1.5)/NBA systems compared to that for the phase pu®HCL.5). The increment

of the i ni-&H-babed &dtems due tb theeuse3f32and 4nitrobenozic acid
isomerswas 13 %, 25% and 31 %, r fetree pCS-EI(LL.5)MWRA vy . Th
systems was increased during the first cycles. This increment (from 1 to 5% for different
composite systems), however, was significantly lower than that observed for the phase pure
CSH(1.5) (~ 13%). T he E O decradsad ebyp increasingethe t h e r
number cycles. The rate of decrease offhie v a | u e-SH(1.9/4NBA sgstem @as

hi gher than that observed for the other sy
slightly higher than that of the phase pur&EI(1 . 5) . A sl ight recover
was observed for the-G-H(1.5)/3NBA system between the 85,000 to 97,000 cycles. This

could probably have been occurred due to some -tirdssg of silicate tetrahedra and

possible healing of some miecopacks athis stage of loading.

30

f=10 Hz

25

20

15 r C-S-H(1.5)/3NBA

E' (Gpa)

10 L o C-S;HE1 .5)/2NB/3:

7

5t C-S-H(1.5) C-S-H(1.5)/4NBA

0 50,000 100,000 150,000 200,000

Cycles

Figure82-Change in the EO vVv-§H(LL® and GSH(1LI5ANBA gystems lyy ingraasing C
the number of cycledrequency= 10 Hz, initial static load =50 g

The stage lllof t he fatigue curve, at which the Ei
significantly increased for the-&H/NBA systems. Thestage IV (failure of the samples)
was not observed up to 200,000 cycles. The test was continue@6@,000 cycles for the
C-SH/BNBA system. No further decrease in the E
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

The fatigue curves for the phase pur&Ei(1.5) and CS-H(1.5)/NBA composite systems

at the frequency of 10 Hz and initial static load of 100 g are presented in BiguiEhe
servicelife of the GS-H(1.5)/NBA systems was significantly longer than that for the phase
pure GS-H(1.5). The crack propagation, however, occurred very quickly and the fracture

was sudden for all the systems.

30
f=10Hz
25 I C.S-H(1.5)/4NBA
—C-S-H(1.5)/3NBA
20
T
o
S 15[
W
10 RC-S-H(1‘5)/2NBA
5
™~ C-S-H(1.5)
0 I 1 1 I
0 10,000 20,000 30,000 40,000 50,000

Cycles

Figure 83-Change i n the EO®& v-§H(LS and6SFH(1I5MNBA gysiems by ingraasing C
the number of cycledrequency= 10 Hz, initial static load = 100 g

The test was repeated at frequencies of 2 and 5 Hz. The naibgcles prior to the
failure (N) for the phase pure-&H(1.5) and CS-H(1.5)/NBA systems is presented in
Figure 84. An increased servidde was observed for all the-6&H(1.5)/NBA composite
systems compared to that for the phase pw®H{1.5) atall three frequencies. The
C-S-H(1.5)/2NBA composite system had the longest serlifeeat all different frequencies

although the absol ut wereldi very dighudersg Idading (séeh i s

Figure 83 as an example).

137

S
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C-S-H(1.5)  C-S-H(1.5/2NBA C-S-H(1.5)/3NBA C-S-H(1.5)/4NBA

Figure 84- Number of cycles to failuréN) for the phase pure-6&-H(1.5) and GS-H(1.5)/NBA composite
system at different frequencies

8.3.3 Fatigue behaviour of phase pure &-H systems with various Ca/Si ratios and

hydration time

The timesweep test was performed on theSIH(1.5) system with an increased hydration

time (48 months) as well as theeH(0.8) and CS-H(1.2) systems hydrated for 18 months

and the CS-H(1.2) system hydrated for 48 months. An initial static load of 80 g was
appliedin each cycle. The test was performed twice at the frequencies of 5 and 10 Hz. The
results are presented in FigureS &nd 86, respectively. The fatigue curves of each sample
were generally similar at the t Wefrequensyt fr ec
of 10 Hz was, however, higher than those at frequency of 5 Hz. In addition, the changes of
the EO6 values by increasing the number of
significant as those occurred at the lower frequency. These suttsrevere generally

expected for the &-H-based systems.
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Figure 85-Change i n the Eb
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

The initial EO6 v al uSHEL.5)veysteras hydratgchferr48 mamths t h e
compared to those hydrated for three weeks.
observed for the samples with an increased hydrdiioa. The silicate chattength is
expectedto increase by lengthening the hydration time. This likely resulted in a higher

i niti al EO6 -$H(1.5)H48 sydtems. It toblet als&lower the tendency of the

aged systems to the additional increase &fe EG6 val ues during the
loading.The decrease of 4SH(@&.5HA8 systars was gradod upttoh e C
about 40,000 and 110,000 cycles at the fre
values, then, remained almastchanged, and no failure was observed until the end of the

test. The results up to 200,000 cycles are presented in Figuen8 86 at the frequency

of 5 and 10 Hz, respectively. The test at the frequency of 10 Hz was continued to 560,000
cycles for theC-S-H(1.5)H48 system without any signs of failure for the sample.

The EO6 val-&H($.5H8 systedmewer€ generally higher than those of the
C-S-H(1.2)»H48 system at the frequency of 5 Hz (Figur&)8The CS-H(1.5)H48 system
had about 1.4% ofalcium hydroxide as determined by the thermal gravimetric analysis.

This |ikely contributed to the higher EG&6 va

The EO v al-SIHI)HdE were beaerally higher than those of th&6(1.2)

H18 at the frequency of 5 Hz. Thed¢ r ease of the EO values du
slightly less and occurred at a lower rate compared to that for-#el@.2}H18 system.

I n addition, t hSEH(1R)dH48vsysterrecaveren by atmiost 40% after
200,000 cycles. Therecavey of t he E 6SH{12}H1&system ivasindias C
significant.

The resistance of the-&H(0.8)H18 system to repetitive loading was significantly higher

than that for the &G H(1.2)H1 8 syst em. I n addi t-SH{OB)-H18 he EO
were almost unchanged even after 200,000 cycles at the frequency of 10 Hz (Fsyure 8
Thedecr ease of t heSHOB)HL&a theefrequenay rof 5tHh was &lso
considerably less than that occurred for thes-B(1.2)H18 system (figure8-6). A
recovery of the EO6 values was also observe

due to the crosknking of the silicate tetrahedra at this stage of loading.
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8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

It is noted that none of the-&H systems with increased hydration time failednare

close to failure after 200,000 cycles. Selected tests were continued to 560,000 cycles. No
further decrease of the EO6 values was, howi
investigate the possibility of presence of emdurance limiffor the fatigue of the phase

pure GS-H systems.

8.4 Concluding remarks

The resistance of the phase pur&s-E systemswith various Ca/Si ratios and hydration

time as wellas theC-S-H/NBA systems to the fatigue behavior was investigated. Evidence
was obtainedhat both modification of €&-H with nitrobenzoic acid and increasing the
hydration time of the €&-H systems can improve the fatigue performance. In addition, the
C-S-H systems with a Ca/Si ratio of 0.8 had better performance than those with higher
Ca/Si atios. This was likely due to the increased silicate eleigth in the €S-H(0.8)
systems (i.e. fewer defects or missing bridging silica tetrahedra). Further study is needed to
investigate the mechanisms of fatigue failurehef GS-H-based systems and the presence

of anendurance limifor these systems.

Reference

1. H. Horii, H. C. Shin and T. MPallewatta Mdthanism offatigue crack growth in
concrete Gement and Concrete Composijtk4, pp. 8389, 1992.

2. T. T. C. Hs u Fatigie and microcracking of concretéaterials and Structures
17(97), pp. 5354, 1984.

3.S. P. Shah and S. Chandr aand im@acradkingcod | str
¢ o0 n ¢ rJeutna of the American Concrete Institué&(9), pp. 770781, 1968

4. H. Matsuyama nd J . F. Young, Al ntercal ation of |
A New Synthetic Appr Ghemisiry df MateBaisld,cpp. 1) si t e s *
1999.

MmN

5. H. Matsuyamaa n d J. F. Young, ASynt hesi s of c
complx e s :  Boarnat of Majedals Researcth4, pp. 33798388, 1999.

141



8. Fatigue Behaviour of &-H andC-SH/NBA Composite Systems

6. H. Mat suy ama and J. F. Young, ASynt hesi ¢
c omp | e x e slournd ef MateridlsIResearch4, pp. 3388396, 1999.

7. A. Popova G. Geoffroy, M:F. RenobGonnor d, P. Faucon and E.
betweenpolymeric dispersants andalcium silicate hy d r a foerisal od the American
Ceramic Society83, 10, pp. 2552560, 2000.

8. F. Merlin, H. Lombois, S. Joly, N. Lequeux;L. Halary and H. Vaib a mme , ARCement
polymer and claypolymer naneand mes&c o mposi t es: spodfourhahg t he
of Materials Chemistryl2, pp. 3308315, 2002.

9.J. Mi net , S. Abramson, B. Bresson, C. Sanc
layered calcium organosilicate hybrids wit
Chemistry of Materialsl6, pp. 3958962, 2004.

10. J. Minet, S. Abramson, B. Bresson, A. Franceschini, H. Van Damme and N. Lequeux,
AnOrganic cal ci um idsi & inewadpgroaclh yod cemente basédy b r
nanoc o mplousal of #ateridls Chemistryl6, pp. 13791383, 2006.

11 R. KhoshnazarJ. J.Beaudoin,L. Raki andR. Alizadeh,finteraction of 2, 3- and 4
nitrobenzoic acid with the structure of calciumsilicate-h y d r aMaterial® and

Structuresunder review, 2014.

12. R. KhoshnazgrJ. J.Beaudoin,L. Raki andR. Alizadeh,i Dur abi I ity and m

propertienf C-S-H/nitrobenzoicacid compositesystems onder review, 2014.

142



Chapter 9

The Interaction of SelectedOrganic Polymers andCompounds

with Calcium-Silicate-Hydrate Systems

The efficiency of the use of relatively small molectdaed organic compounds in order to
modify the nanostructure of calciusilicatehydrate (CS-H) systems was studied in the
previous chapters. The influence of organic polymetkadocusof this chapter.Possible
intercalation effects as reported by Matsuyama and Yow#y {ddicated that there was
potential for improvement of mechanical properties. Accordirthge different polymers,
polyvinyl alcohol, polyacrylic acid and polymethylmethacrglain various concentrations
were added to the phase pureSE during its hydration. The characteristics and
engineering performance of the resulting composite systems were then investigated. No
evidence of the improvement of the performance of th8-HZpolymer systems was
obtained. The only exception was theS&/polymethylmethacrylate system which had an
improved creep modulus as determined by the microindentation technique. In addition to
the properties of the -S-H/polymer systems, the -Kay diffracion patterns and length
change measurements in LiCl solution for th&@ systemgprepared with several other
organic compounds, g¢.octadecylamingselected dicarboxylic acidstc. are presented in

this chapter. These organic compounds were selectedodtheirpossibleapplication in

chemical admixture formulations for cemdratsed materials.



9. The Interaction of Selected Organic Polymer/Compounds wBHCSystems

9.1 Introduction

Organic compounds have been successfully used to modify the nanostructure of layered
silicate minerals for more than fifty yedfq. Thesemodifications can mainly occur by the
intercalation of the organics in the interlayer space of the layered silicates as well as the
surface grafting or adsorption. Significant improvement of the performance of the layered
silicates and the organics was i@sled due to the interaction of the organic and inorganic

phases at the narszale [6,7].

It has beerabouta decade since the possibility of interaction of organic compounds with
the nanostructure of synthetic calchgiticatehydrate (CS-H) systems was suggested by
Matsuyama and/oung [1-4]. Mechanismsf the interaction of several anionic, cationic

and nonrionic polymers with the nanostructure ofS&H systems with various Ca/Si ratios
were studied. It was suggested that intercalation of a few of these polymers was possible in
the interlayer region of the host-£H systems. The results of later investigasip
however, were not in conformity with those obtained by Matsuyama and Yaeeg (
Popovaetal. [8] and Merlin etal. [9] as examples). It was argued that in most the cases the
organics can be adsorbed significantly between the staldygmls & C-S-H. Their

intercalation in the interlayer region, however, is very limited.

The mechanisms of interaction of small moleciaed organics (nitrobenzoic acid and
aminobenzoic acid isomers) were recently investigiteashnazar eal. [10-13]. A model

for the ranostructure of the resulting composite systems was suggested [10]. The focus was
given to the durability and mechanical properties of the organically modifi€&HC
systems. Evidence was reported that the appropriate concentration of the selected organics

can contribute to the engineering performance of the resulting composite systeifis [11

The main objective of thishaptelis to investigate the influence of organic polymers on the
nanostructure of &G-H and their possible contribution to the durability and mechanical
properties of the &G-H-based composite systems. Three different polymers (polyvinyl
alcohol (PVA), polyacric acid (PAA) and polymethylmethacrylate (PMM)) were
selected. PVA and PAA have been successfully used in the clay science previougy, [14
Their influence on the nanostructure ofS&H, prepared by precipitation technique or by

the hydration ofb-dicalcium silicate, was also studied by Matsuyama and Young in 1999
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9. The Interaction of Selected Organic Polymer/Compounds wBHCSystems

[1, 2, 4]. The GS-H-based systems of the current study, however, were prepared by the
pozzolanic reaction technique as described in chapter 3. All these systems were
characterized by the -Kay diffraction (XRD), thermal gravimetric analysis (TGA),
scanning electron microscopy (SEM) techniques and BET nitrogen surface area
measurements. These systems were also tested forvidteme stability in MgCl and

MgSO, solutions. Microindentatiorcreep modulus determinations were also made. In
addition to the mentioned polymers, several organic compounds such as octadecylamine,
sdected dicarboxylic acids, etevere also selected and used tbe preparation of the
C-S-H-based composite systems. elthinfluence on the basapacing and the volume
stability of the GS-H systemwas then determined.

9.2 Experimental program

All the C-S-H-based systems were prepared using pozzolanic reaction technique described
in chapter 3. Either ofpolyvinyl alcohd (PVA), polyacrylic acid (PAA) or
polymethylmethacrylat€PMM) with a concentration of 0.01 mol. of the monomer per mol.

of Ca were added to the mixing water during the hydration of t8eHCsystems (Ca/Si =

1.5). Additional preparations with increasemhcentration of PVA or PAA (PVA/Ca = 0.70

or PAA/Ca = 0.50) were also synthesized. All the preparations were filtered after three
weeks of hydration, then, dried under vacuumféar hours and conditioned at a relative
humidity of 11% for at least 40 day® reach equilibrium. The preparations were
characterized by the -¥ay diffraction (XRD), scanning electron microscopy technique
(SEM), thermal gravimetric analysis (TGA) and BET nitrogen surface area measurements.
Compacted samples with a porosity of ab80% were also prepared described in
chapter 3. The lengtbhange of the compacted samples in Mg&id MgSQ solutions

(159/1) as well as their microindentation creep modulus were also determined.

Additional organic compounds were also selected assdd for the €ES-H-based
preparations. These organics included: octadecylamine, selected dicarboxylic acids (oxalic
acid, malonic acid and adipic acid) and selected fatty acids (lauric acid, aminolauric acid
and stearic acidDicarboxylic acids capotentally act as a plasticizer in cement paste and

fatty acids can have application as resins. These organics were used with a concentration of
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0.01 mol. per mol. of Ca in the-&H systems. Combination of-ditrobenzoic acid
(4NBA) and oxalic acid (OA) withwo different molar ratios (4ANBA/OA/Ca = 0.01/0.01/1

and 4NBA/OA/Ca = 0.005/0.005/1) was also considered to exathéreompatibility of

these two organicsTwo different organosilarse were also selected3-aminopropy
triethoxysilane(APTES) and vinyltrimethoxysilane(VTMS). The concentration of these
organics was APTES/Ga0.01,VTMS/Ca=0.01 andVTMS/Ca=0.30. The organo
silanes were not added to the mixing water directly to prevent the possible immediate
hydrolysis of these organics. They were adttethe solid mixture of CaO and SiOrhe

water was then added to this mixture. No other solvent was used because of potential
adverse reactions interfering with the pozzolanic reaction. All resulting composite systems
were tested by the -Xay diffraction. Lengthchange measurements in the LiCl solution

(159/1) were also made.

9.3 Results and discussion

9.3.1 Effect of organic polymers

XRD - The dyo2 basalspacing of the €&S-H-based systems containing various polymers is
presented in Figure-9. The tiange in the basabpacing of the €5-H-based systems due to
the incorporation of the lower concentration of polymers was not significant. The basal
spacing of the &&-H/PVA.01 and CS-H/PAA.0O1 systems was similar (1.18 nm). It was
slightly larger than théasalspacing of the phase pureSeH (1.10 nm). The increase of
the basabpacing of the €&-H/PMM.01 system was also small (0.04 nm). It is likely that
the selected polymers were mainly adsorbed on the surface or at the edges -&the C

layers. This kghtly increased the basapacing of the samples.
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Figure 91- basalspacing of the &-H/polymer systems

The basakpacing of the €5-H/PVA.70 system was almost similar to that of the phase
pure GS-H (Figure 91). It islikely that interaction of PVA with the G-H structure would

be limited by increasing the concentration of PVA. Local accumulation of the PVA on the
surface of the €&-H layers or between the stacked layers €8-8 is expected in this case,

as previouslysuggested in chapter 4 for theSZH/NBA systems. The @, basalspacing
corresponding to &&-H was not detected in the XRD pattern of th&E/PAA.50 system.

The XRD pattern in the range of & 2q < 60 for this system is compared with those of
the phae pure €5-H and GS-H/PVA.70 systems in Figure-®. The peaks observed in the
XRD patterns of the &-H/PAA.50 correspond mainly to portlandite and calcite rather

than the crystalline G-H. It is likely that the higher concentration of PAA acted as an
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inhibitor of the pozzolanic reaction. This is in conformity with the results obtained by
Popova et al. [8] suggesting that the formation €8 from the pozzolanic reaction was

slightly inhibited due to the presence of adsorbed polymer.

A

C-S-H

C-S-H/IPVA.70

Intensity, arbitrary units

C-S-H/PAA.50

T AL LA L L L N S L S S T T
8 7 6 5 4 3 2 16

di spacing (A)

Figure 92- XRD pattern of the phase pureSH, C-S-H/PVA.70 and CS-H/PAA.50 systems

SEM T No significant change was detected by the SEM technique in the morphology of the
C-S-H-based systems due to the incorporation of the polymersHgeees 93(a) and
9-3(b) as an example). The only exception was tHeHIPAA.50 system (Figure-9(c)).

Two separate components (a calcium rich and a silica rich component) rather #&aH-a C
based system were detected in the SEM micrograph of thiplesaihis result is in
conformity with that of the Xay diffraction and provides evidence of the interference of
the higher concentration of PAWith the pozzolanic reaction. The &H/PAA.50 system

was not used for further characterization in this chraggelt was not considered aScH-

based system.
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Figure 93- SEM micrographs of (a) phase puresd, (b) GS-H/PVA.70 and (c)C-S-H/PAA.50

TGA 1 The derivativeof masslosscurves for the €5-H-based systems are presented in
Figure 94. The curves for the G-H-based systems with the lower concentration of
polymers were generally similar to that for the phase pu®HC An additional peak,
however, was observed at about 45. It is possible that these systems had slightly
adsorbed moistre prior to performing the TGA test. The polymers could also have formed
some weak hydrogen bonding with theSE&H structure. Removal of this water likely

resulted in the formation of a small peak at the lower temperatures of the TGA experiment.

The peakat about 220C in the TGA curve of the G-H/PVA.70 system corresponds to
the decomposition of PVA. This peak has slightly shifted to the lower temperatures
compared to that for pure PVA (~ 27Q). The percentage of PVA in the&EH/PVA.70

systems wasstimated to be about 12% based on the integration of this peak.
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Figure 94- Derivative of masgoss curves in the TGA experimeritthe GS-H/polymer systems

Surface areai All the C-S-H/polymer systems had surface area values lower than that

determined for the phase pureSXH system (Figure®). This could have occurred due to

the adsorption of the polymers on the surface of the layers or between the stacked layers of

C-S-H. Nitrogen has a relatively largmolecular size and does not entbe interlayer

region of GS-H-based systems. No conclusion can, therefore, be made based on the

nitrogen surface area measurements on the possible intercalation of the polymers.
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Figure 95- BET nitrogen Surface area measurements for t#eHIpolymer systems
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Length-changemeasurements’ The lengthchangevaluesof the C-S-H/polymer systems
after 24 h of immersion in the Mg£and MgSQ solutions are presented in Figure§(@)
and (b), respectively\No evidence of an improvement of the volusiability of the CS-H-
based systems in the test solutions due to the incorporation of the polymers was obtained.
The lengthchange values of th€-S-H/polymer systems with the lower concentration of
the polymer was not significantly different from those obtained for the phase gsité. C
The lengthchange values of the-&H/PVA.70 system was, however, significantly high
(an average of about thréienes higher than that for the phase pur&-8). The length
change values of the phase pur&€8 and GS-H/PVA.70 systems were also determined
in deionized water to eliminate the influence of ionic species on Itmgitudinal
expansios. The lengticharge value for the &-H/PVA.70 systems, however, was almost
ten times higher than that determined for the phase p&¢i@fter 4 h of immersion. The
significantly high lengtkchange values of the-&H/PVA.70 system compared to those
obtained for the phaspure CGS-H could have beenccurred due to the separation of the
organic and inorganic phases in thesEI/PVA.70 system. Iraddition, PVA is a water
soluble polymer. The significant lengtbhange ofthe GS-H/PVA.70 systemin the
aqueous solutions coularovide evidence 6 the role of dissolutionn the lengthchange
measurements (see Khoshnazal.dtl7, 18] for more details of the dissolution mechanism

underlying the lengtithange of cemertiased phasgs

(a (b)

length-change, %
length-change, %

1]|I|l;1l 1}

CSH/PVA.01 CSH/PVA70 CSH/PAA.01 CSH/PMM.01 CSH/PVA.01 CSHIPVA.TO CSH/PAA.01 CSH/PMM.01

Figure 96- Lengthchange measurements for thesE-based systems in (a) MgGind (b) MgSQsolution
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Microindentation T The Creep modulusvalues of the C-S-H/polymer systems are
presented in Figure-8. The C-S-H/PMM.01 system had an improved creep modulus by
about20% compared to that of the phase pw8-B. The creep modulus values ofScH-

based systems prepared with other polymers were lower (corresponding to higher creep
rates) than that determined for the phase put8HC The creep modulus of the
C-S-H/PVA.70 system was very low (67% of that of the phase pu®H). The lower

values of creep modulus of theSEH/polymer systems can be a result of organic/inorganic
phase separation in these systems. The phase separation was more likely to occur in the

C-S-H system with higher concentration of PVA. The creep modulus of this system was,

|||I

CSH CSH/PVA.01 CSH/PVA70 CSH/PAA01 CSH/PMM.01

therefore, lower.
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Figure 97- Microindentation creep modulus of theSeH/polymer systems

9.3.2 Effect of other organic compounds

The dyo, basalspacing of the €S-H-based systems as well as their lengthnge
measurements in the LiCl Istion are presented in Tablel1l9 The effect of different

organic compounds was as follows:

octadecylamineAn increase of 0.13 nm was observed in the bsgating of the €&-H

system due to the incorporation of octadecylamine. This increment was small. It was,
however, larger than that observed for the organic compounds studied in the previous
chapters. Octatylamine has aelatively long carbon chailength. Its adsorption at the
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edges of the &-H layers could have been contributed to a larger increhsiee basal
spacing of CS-H. Additional experiments are still required to make a conclusion about the
possible intercalation of octadecylamine in the interlayer region of the h8dH.ONo
evidence of an improvement of the volume stability of th&-KB/octadecylamine.01

system in the test solution was observed (Taklg 9

Table 91- dyy, basaispacing and lengtbhange measurements of thesE-based systems

Length-change in

Label dooz (NM
o2 il solution (%)

C-SH 1.10 1.1
C-S-H/octadecylamine.01 1.23 1.2
C-S-H/oxalic acid.01 1.13 1.1
C-S-H/malonic acid.01 1.16 2.1
C-S-H/adipic acid.01 1.23 2.2
C-S-H/4NBA-OA.005005 119 1.2
C-S-H/4NBA-OA.0101 1.22 1.3
C-S-H/lauric acid.01 1.16 11
C-S-H/aminolauric acid.01 1.20 1.2
C-S-H/stearic acid.01" 1.18 1.0
C-S-H/APTES.01 121 2.9
C-S-H/VTMS.01 1.23 2.0
C-S-H/VTMS.30 1.29 -

" A porosity of 1620% was determined by heliupycnometry fothe compacted samples.

” An additional peak corresponding to pure stearic acid alzserved in the XRD pattern of this system.

dicarboxylic acids The basabpacing of the €&-H-based systemmcreasedinearly by
increasing thenumber of carbons in the dicarboxylic acids. The increase, however, was
considerably lower than that expected for intercalated systems. The anion of oxalic acid,
the smallest moleculagized organic of this group, has a diameter of about 0.5 nm, for
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exampé. The CS-H/oxalic acid.01, however, had a basphcing of 1.13 nm which was
only 0.03 nm larger than that for the phase pw®-I& The low increment of the basal
spacing can be due to the large number of defects in the nanostructw® Hfsgstem

with the Ca/Si ratio of 1.5. The anion of the organics can possibly fill these defects
resulting in a lower increase of the interlayer space of the h&HCIt is also possible

that the selected dicarboxylic acids were mainly adsorbed on the surfadh@edges of

the GS-H layers resulting in a small increase of the bapalcing.

1.24
’
122
1.20 y=0.022x + 1.094
R2? =0.988
1.18
E
c
= 1.16
=3
1.14
112
1.10 4
1.08 . . :
0 2 4 6 8

carbon number

Figure 98- dyo, versus carbon numbers for theStH/dicarboxylic acid systems
(carbon number = 2, 3 and 6 for the oxalic acid, malonic adddipic acid, respectively)

The lengthchange values of the-&H/oxalic acid.01 system in the LiCl solution were
similar to that of the phase pureSH system(Table 91). The lengthchange values of the
C-S-H/malonic acid.01 and -G-H/adipic acid.01 systems, however, were almost two times
higher. The larger basapacing of these systems likely facilitates the entry of water and

anionic species to the interlayer region resulting in higher lectgdinge values

Combination of4ANBA and oxalic acid The increase of the basgpacing 6 the GS-H
systems with bothMBA and oxalic acid was higher than that observed for those with the

individual organics. The basapacing increased by increasing the concentraticgiN&A
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and oxalic acid. The lengithange measurementsowever, were also higher for these
systems comparedo the phase pure -6H, C-S-H/4ANBA.O1 (see chapter 5) and
C-S-H/oxalic acid.01 systems.

Fatty acids Incorporation ofselectedfatty acids also slightly increased the besadcing

of the host €S-H systemsThe selected fatty acids, however, had a ikadgt large number

of carbon atoms in their structuthé number o€arbonatomsis 12 in lauric acid and 18 in
stearic acid). The slight increase of the bagacing, therefore, could have been a result of
alteration of the edges tiie GS-H layers. Anadditional peak corresponding to unreacted
stearic acid crystals was also detected in the XRD pattern of ®&i/Stearic acid.01
system. It provides evidence of the separation of organic and inorganic phases in this
system. The organics of this groupres@ot effective in limiting the lengtbhange values.

Organosilane: The increase in the basgbacing of the €5-H/organosilanesystemswvas
slightly higher thanthat observed for most previously studieeS®i-based systems. The
basalspacing of the &-H/VTMS.01 and CS-H/VTMS.30 systems, for example, was
higher than that of the phase pureSE& by 0.13 nmand 0.19 nm, respectively. The
mechanism of interaction of organosilanes with the nanostructure of-8iel Gystems

was also investigated by the Fmurtransform infrared spectroscopy (FTIR) technique
(Figure 99). The peaks at the frequencies of 889 and 957 ionthe FTIR spectra of the
C-SH/VTMS.30 system are assigned tioe SiO stretching of ® and G tetrahedra,
respectively [8]. The intensiy of the peak corresponding td @trahedra was significantly
lower than that observed in the FTIR spectra of the phase p8fe.(’he intensity of the

peak corresponding to“Qetrahedra was also slightly higher. In addition, a shoulder was
detected at the frequency of about 1860 likely due to the interaction of the silane group

in the organosilane with the silicates in the structure of the h&HCA similar band (at

1032 cnm') was also observed due to the interaction of silane group in the APTES with the
montmorillonite clayplatelet[20]. The peak at 36486m™ was reduced in intensity in the
FTIR spectra of the G-H/VTMS.30 system. It may have been a result of threenfation of

some hydrogen bonding between the hydrolyzed organosilane and the structure of the host
C-SH [20]. Additional peaks at the frequencies of 512, 75600 and 1590 cthalso
correspond to the presence of the organosilantme structure of the -S-H/VTMS.30
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system. Similar peaks were also reported by Minet eRRldnd Shanmugharagt al. [2Q

due to the presence of organosilanes in th&-H:based systems and clay minerals,
respectively.The change in the FTIR spectra of thesEl-based systas with the lower
concentration of organosilanes was not significant. The intensity of the peak corresponding
to the SiO stretching of Gtetrahedra (~ 945 ch), however, was slightly larger than that
observed in the phase puréXH (see Figure 9).

C-S-H

C-S-H/APTES.O1

C-S-H/NTMS.01

Absorbance (arbitrary units)

C-S-H/NVTMS.30

400 900 1400 1900 2400 2000 3400 3900

wavenumber (cm)

Figure 99- FTIR spectra of €5-H-based systems prepared with organosilanes

The GS-H-based systems prepared with the organosilanes had poor volume stability in the
LiCl solution. The lengtichange values of the-&H/APTES.0land CS-H/VMTS.01
systems were higher than that for the phase pu@HCby about 160% and 80%,
respectively (see Tabled. The lengtichange of the &-H/VMTS.30 system was also

very fast, and the sample disintegrated withfeva seconds aftehe imnersion in the test

solution.

In addition to the organic compounds of Tabld,9yrrole (GHsN) was used in two
different concentrations (0.01 and 0.30 mol. per mol. ofiCayder to prepare the-&H-

based system#n increase 00.07nm and0.10nm was observed in the basgacing of
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the GS-H/pyrrole.01 and &-H/pyrrole.30 systems compared to that of the phase pure
C-S-H. An attempt to synthesize the&H/polypyrrole using €S-H/pyrrole.30 and ferric
chloride (as the oxidant) by an-&itu pdymerization techniquavas not successfulA
similar methodwas previously usedsuccessfully in clay science to prepare conductive
polypyrrole/montmorillonite nanocomposite®2{23]. Additional tests aretill required to
make a conclusion about the podgyp of formation of GS-H/polypyrrole
nanocompositeslt is, however, suggested that the preparatiomhe$e nanocomposites
would bemuch more difficult than the cldyased nanocomposites possibly due to the

higher charge density of the lay@nsC-S-H systemsompared to that in clayS].

9.4 Conclusions

The influence of three different polymers (PVA, PAA and PMM) on the nanostructure and
engineering performance of-&H systems was investigated. It is suggested that the
selected polymers can besatdbed between the stacked layers €88, on the surface or

at the edges of the layers. No significant evidence of their intercalation in the interlayer
region of the host G-H, however, was obtained. In addition, the higher concentration of
the polymes acted as inhibitor of the pozzolanic reaction. These results are in conformity
with those reported by Popova &t [8]. In addition, the €S-H/polymer systems had
relatively poor volume stability and mechanical properties likely due to the separation of
the organic and inorganic phases in their structure. FBeHIPMM.01 system, however,

had an improved microindentation creep modulus.

The influence of several other organic compounds (octadecylamine, dicarboxylic acids,
fatty acids, organosilanes, etor) the Xray diffraction pattern and the lengthange of the
C-S-H systems was also investigated. The increase of thedzamahg of the €&S-H-based
systems was relatively small. No evidence of the improvement of B¢l Gystems was
obtained due to thuse of these organic compounds. The organosilane with the higher
concentration, however, likely interacted with the silicate tetrahedra through the silane
group, as detected by the FTIR. The volume stability of this system, however, was very

poor.
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Chapter 10

Volume Stability and Durability of C -S-H/Polyaniline

Nanocomposites

The volume stability of phase pureSEH and GS-H/polyaniline nanocomposites prepared
with two differentCa/Si ratios (0.8 andl.2)was assessed in MggMgCl,, LiCl and NacCl
agueous solutions. The change in the crystalline structure of the samples with the time of
immersion was also explored using theay diffraction, scanning electron microscopy and
thermal gravimetric analysis techniques. It was obsenegdlie modification of the G-H
samples with polyaniline significantly enhanced their volume stability and durability in all
the salt solutions. The beneficial effect of the polyaniline modification was more
pronounced in the S&-H host with higherCa/Si ratio (Ca/lSi =1.2). The longitudinal
expansion of the -H/polyaniline hanocomposites witha/Si = 1.2 in the salt solutions
was about 30%of that of the pure &G-H with a similar Ca/Si ratio. In addition, the
polyaniline modification of €ES-H samples reaced the rate of formation of gypsum,

brucite and other reaction products in the samples.

10.1 Introduction

The development of new-6&-H-polyaniline nanocomposites has recently been reported by
Alizadehet al.[1]. The synthesis involved an-situ polymerization technique that allows
for an initial interaction of monomers with theSeH followed by polymerization using an
external oxidant. The G-H/aniline and ES-H/polyaniline samples were characterized by

the Xray diffraction,?°Si NMR, thermal analysis, Fourier transform infrared spectroscopy
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and scanning electron microscopy techniques. Evidence was obtained in support of the
view that the aniline and polyaniline were formed in two different locations of {8¢HC

i.e. grafted orthe surface and partially intercalated in the interlayer regions. It was also
suggested that the polyaniline might be arranged between-8E Gyers in a way that

the benzene ring was oriented parallel to the sheets. The monomer molecules, however, had
random positions in various directions. A schematic picture of aniline mon@gtésN)

and polyaniline CsH;N),, are presented in Figur®-1.

@ N H2 Polymerization ( @ |\||
H

Figure 101- Schematic picture of aniline monome@l,N) and polyaniline CsH-N),

Key objectives inherent in the development e&El nanocomposites are the realization of
enhanced engineering properties and improvement in the durability characteristics of
cementbased materials. Thishapterfocuses on the latter. The primary atijee is to
demonstrate that polymer-&H nanocomposites can improve the volume stability of
cementbased materials in aggressive media. The results of lehgilge and
microstructural change of -&H/polyaniline nanocomposites in aqueous salt solutions
(MgSQ,, MgCl,, LiCl and NaCl) typical of those central to many durability issues are
reported. An assessment of t-BHsystdmifromthey of t

ingress of deleterious ionic species is presented.

10.2 Experimental program
10.2.1 Materials

Phase pure &GH and CGS-H/polyaniline nanocomposites (Cats0.8 and 1.2 as
synthesized by Alizadeét al.were used in this study. The synthesis mettiestcribed by
these researchevgas as followg [2]. Stoichiometric amount®f calciumoxide (CaO) and

silica (SiQ) were mixedin excesswaer (wat er / sirodrderdo ppaseshe @ 10)
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phase pure G-H. The CaO was freshly calcined from the reagent grade calcium carbonate
(SigmaAldrich) at 900°C. Reactive SiQ (CAB-O—SIL®, grade M5 from Cabot

Corporation) was heated at 110 in order to remove any surface adsorbed water.
De-ionized outgassed water was added to the solid mixture of CaO and. SiO
C-S-H/aniline powder was also prepared in a method similar to that used for the prease p
C-S-H except that the water contained aniline monomenl(@f anilinein 75 mlof water).

This solution was, then, added to the dry mix of the CaO and iBie high density
polyethylene (HDPE) bottles to initiate the pozzolanic reaction. All thiteSowere
mounted on a rotating rack (speed6 rpm). The solution was filtered after 90 days. The
drying procedure of these samples included two steps; four days of vacuum drying
followed by conditioning in desiccators at the relative humidity of 11%ih Bteps were
performed at room temperatufabout 24°C). The samples were considered to be in

equilibrium when they reached a constant mass.

Ammonium persulfate ((NF.S0s from SigmaAldrich, 98% purity) was used as an
external oxidant in order to polymerize the aniline monomers. Dri€HZaniline powder

(0.5 g) was first mixed in 100 ml of water using a magnetic stirrer. Then, 0.228 g of
ammonium persulfate was added idgrstirring the suspension solution. The stirring was
continued for three days at room temperatlire final material was filtered arvdashed to
remove the unreacted ions. It was, then, dried under vacuum at room temperature for four
days, and then eqibrated at the relative humidity of 11%. It was estimated, based on the
thermal analysis, that the polyaniline content was about 3% in tBeH{polyaniline

preparations.

10.2.2Test solutions

The test solutions prepared for the dimensional stabditg durability assessments
included MgSQ (hepahydrate), MgGl (decahydrate), LICI and NaCl with the
concentration of 15 g/I. All the salts were reagent grade.
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10.2.3Experiments

Circular compacted samples dfet phase pure and modifiedSEH powderswith the
porosity of about 30%were prepared by the technique described in chaptePrims
(5mm x 25 mm x 1 mm) were cut from the compacted discs and mounted on modified
Tuckerman extensometers with an accuracy of 1 microstrain. These were, then, placed in
small containers including the test solutions so that the specimens were completely
immersed. The ratio of the solid to the solution was 1 g of solid per 50 ml of the solution.
The whole setup was placed in sealed desiccators containing the same satirsakithe

test solution to avoid evaporation. The lengtfange of the samples in each solution was
measured at least for 7 days as almost all the samples exhibited a platealenyttire
change versudime curves at this ageA schematic of the setp for lengthchange
measurementsvas presented in Figure3-5. The lengthchange measurements were

repeated two times on two different samples.

In addition to the lengdehange measurements, several samples of {BdQreparations
were immersed in the testlation for 2 h, 8 h, 1 d, 3 d and 24 d to investigate any change
in the microstructure of the samples during the time of immersion. The solid/solution ratio
in this case was exactly the same as the one in the iehgttye measurements. The
solution wasiftered, and the powder was kept at the relative humidity of 11% for 48 hours
to reach equilibrium before starting the characterization by thayXdiffraction (XRD),

scanning electron microscopy (SEM), and thermal gravimetric analysis (TGA).
The XRD paterns were obtained using a Scintag XDS 2000 diffractom€ker.patterns
were collected with diffraction anglerange of § < 2q < 6Qcusing a step size @08 at a

5 second count intervalntensitieswere, then, normalized according to the mass of the
samples. SEM images were collected using a Hitaeh8®® Field Emission Scanning
Electron Microscope. Surface structure images were taken using a beam current of 10 mA
at 3.2 x 16" J (2 kV). Images we obtained at a working distance of 4 mm. TGA was

performed using a TA Instruments SDTF6Q0. About 30 mg of the sample was heated

from room temperature to 100Q at a rate of 10C/min under the flow of nitrogen gas
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(10ml/min). The derivative mass losand heat flow were analyzed using Universal
Analysis 2000 software.

10.3 Results and discussions
10.3.1Length-change measurements

All the samples expanded following immersion in the salt solutions. The amount of
expansion, however, was noticeably diffet for the pure €&H samples and the
nanocomposites. It is suggested based oretngthchange versusme curves plotted in
Figure10-2 that the expansion of pu@S-H(1.2) samples was quite significant in all the
solutions. The expansion of thsample in MgSQ@ for example, was about 3.4% after 7
days. The expansion of modifie@-S-H(1.2) samplesin all the test solutions was
considerably lower than that of thé-S-H(1.2) itself. The 7day expansion of the
C-S-H(1.2Yaniline samplesn differentsolutions was about 37% to 52% of that observed
for the phase pure-6-H(1.2). The CGS-H(1.2)polyanilinesamplesvere even more stable.
The expansion of the-&-H(1.2)Ypolyaniline samples after 7 days was about 20% to 30%
of the expansion of phase puresdH (1.2).

4
MgSO, MgCl,

C-S-H

3 . ,C-8-H

C-S-H/aniline
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Figure 102- Length-changeof the pure €S-H, C-S-H/aniline and CS-H/polyaniline samples @Si = 1.2) in
the agueous solutions
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It is suggested that dissolution and leaching of lime from the structure is tileelynain
mechanism responsible for the expansion €3-B preparations in the salt solutions. The
dissolution process of porous materials, which includes kieak of the structure and
leaching of the constituent ions into the soluti@, jwas previouslyshown to be an
expansive process for porous glass samples immersed in sodium hydroxide and cement
paste samples treated with acids §. It was suggested that expansion accompanying
dissolution can be caused by changes to the surface free energgafdhghase, gradients

in the concentration of dissolved species in the pore solution resulting in o$iketic
pressures, disjoining pressure resulting from double layer effects outside the surface
generating repulsive forces and release of seaargystored in the samplé&]. Beaudoin

et al.[6, 7] also suggested that samples of cement paste or calcium hydroxide can expand in

aggressive solutions due to the dissolution process.

Intercalationof some water molecules into the layered structure-8ffCmay be a source

of expansioralthough at 11% relative humidity many of the interlayer positions are filled
[8]. Lime leaching, however, results in some defect points in the structure&sdd @hich

can facilitate the entry of water molecules and ionic species into the interlayer space. The
entry of ionic species into the interlayer region of th&-8 structurecan also cause
expansion 9]. Adsorption on hydratedsilicate surfaces is generally exgsive. This is
commonly known as the Bangham effect which relates lectginge to change in surface

free energy§]. It has, however, been previously shown that the effect of surface adsorption
on the expansion of hydrated Portland cement is less s@gmifthan the effect of lime
leaching and intercalation phenomeBal0]. Formation of gypsum and brucite crystals on

the samples immersed in the sulfate and magnesium salt solutions may also be expansive.
There is not, however, a general agreement opdksibility of expansion of G-H due to

the formation of these crystal9,[L1,12]. The formation of these crystalline products on

the samples will be discussed in greater detail later.

The lower expansion of modified-&H(1.2) samples is possiblgue to its higher level of
silicate polymerization, and the fewer defects in their structure due to the shielding effect of
organic materials adsorbed at the defect locations on the surface oBthe[C 13. The

defects can serve as the access points for the migration of water molecules and ionic

species into the layered structure ofSE. The fewer the defects, the lower the rate of
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entry of water molecules and ionic species into the interlayer spaaddition, the rate of
dissolution of lime from the &-H structure would be slower as the entry of the interlayer
water occurs primarily at the end of the layel§] [ Either of these mechanisms can result

in the reduction of the expansion.

Thelength-charge versus time of immersion in the salt solutions for the pure and modified
C-S-H(0.8) samples is presented in Figuté-3. C-S-H(0.8)Ypolyaniline nanocomposites
hadan improvedvolume stabilitycompared to the phageire GS-H(0.8). The expansion

of C-S-H(0.8Ypolyaniline nanocomposite samples after 7 days of immersion in the salt
solutions was about 40% to 50% of that observed for the p&&IGamples depending on
the type of the salt solutions. The intercalation of aniline monomers was not as eHsctive
the polymers. The expansion ofScH(0.8)Yaniline was about 80% to 95% of thattbg
phasepure GS-H.
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Figure 103- Length-changeof the pure €S-H, C-S-H/aniline and €S-H/polyaniline samples (&Si = 0.8) in
theaqueous solutions
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The influence of aniline and polyaniline intercalation in thetcd of the expansion of
C-S-H(0.8) is also likely due to its effect on increasing the silicate polymerization level as
described above fothe GS-H(1.2). It should alsobe noted based on comparison of
Figurel0-2 and Figurel0-3 that the expansion of pure and modifiee5S&1(0.8) samples

was generally lower than that of the samples wiiSC= 1.2. This was expected
considering the higher silicate chain length and thatgrdrequency of bridging tetrahedra
occurring in the structure of low lime-&H(0.8) [13] which in turn makes its structure

more resistant to the intercalation of water molecules and ionic species.

10.3.2Microstructural characterization of sampleswith Ca/Si = 1.2
Immersion in MgSQ solution

The microstructure of phase pureSH, C-S-H/aniline and ES-H/polyaniline samples

was characterized by the XRD, TGA and SEM after 8 h, 1d, 3d and 7d of immersion

in the MgSQ solution. Sharp peaks of gypsum crystals were detected in the XRD pattern
of phase pure G-H as early as 2 h after immersion in MgSlution. No gypsum peaks
were detected in the XRD pattern of the samples with aniline and polyaniline at this early
immersion time. These peaks with very low intensity, however, were detected in the XRD
patterns of €S-H/aniline and ES-H/polyaniline samples after 8 h as shown in FiglLo<!.

In addition to gypsum, brucite was also formed in the pu&H{1.2) sample, buhot in

the samples modified by aniline or polyaniline after 8 h of immersion in MgSO
(Figurel0-4). The formation of gypsum and brucite crystals is an indication of-lime
leaching from thephasepure GS-H sample. It is, therefore, suggested that the -lime
leaching would be limited in the-&H/aniline and ES-H/polyaniline samples.
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Figure 10 4- XRD patterns of (a) control phase pures@, C-S-H/aniline and €S-H/polyaniline samples

(CalSi = 1.2), and (b) the samples immersed in the MgS®ution for 8 h

It was also suggested based on the XRD patterns of Figdethat the intensity of the

peak at the basal spacing of 1.14 nm of the @u8H(1.2) was significantly reduced once

the sample was immersed in the Mg his indicates the reduction of the crystallinity of

the pure CS-H sample after immersion in the Mg$6olution which can be caused by

leaching of lime from this sample. The intensity of the peak corresponding tevitashl

spacing of the &-H(1.2)aniline and CS-H(1.2)polyaniline, however, was not noticeably

changed by the immersion in the Mg&0lution.
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The SEM micrographs for the samples immersed in Mg&@r 8 h of immersion are
presented in Figurd0-5. Gypsum crystals are detected in the phase pw®HCand
C-S-H(1.2Yaniline samples. No sign of the formation of gypsum crystals was detected in
the GS-H(1.2)polyaniline sample tested by the SEM.

Figure 105- SEM micrographsfoa) phase pure-G-H, (b) GS-H/aniline and (c) €5-H/polyaniline samples
(Calsi = 1.2) immersed in the MgSQolution for 8 h

The formation of new crystalline products due to the immersion of the samples in,MgSO
solution was quantitatively examined ingg the TGA technique (Figurd0-6). The
percentages of gypsum and brucite formed on the samples are provided idOFableis

known that gypsum decomposes at temperatures of about 13d]°B1fucite decomposes

at a temperature of about 385 15| It is possible to capture the formation of even a small
percentage of these crystals in the sample by the TGA. It is suggested that about 7.3% of
gypsum and 1.1% of brucite wdermed in the phase pure-£H(1.2) after 8 h of
immersion in MgSQ@ These mounts were reduced to 1.1% (gypsum) and 0.58% (brucite)
for the sample with aniline, and 0.90% (gypsum) in the sample with polyaniline. No brucite
was detected by the TGA in theSH(1.2)/polyaniline
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Figure 106 - TGA curwes of (a) control phase pureSeH, C-S-H/aniline and ES-H/polyaniline samples
(CalSi = 1.2), and (b) the samples immersed in the MgSfution for 8 h.

Table 101 - Percentage of gypsum and brucite crystals formed in {8éHCL.2) preparations due to the 8 h
of immersion MgSQestimated by the TGA technique

Amount of gypsum and brucite formed (% by mass)

Sample

Gypsum Brucite
C-SH 7.3 1.1
C-S-H/aniline 11 0.58
C-S-H/polyaniline 0.9 -
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Immersion in MgClL solution

The XRD paterns of pure and modified-&H(1.2) immersed in MgGlfor 7 days are
presented in Figurd0-7. The intensity of the @, basal spacing of th@hase pure
C-S-H(1.2) sample was significantly reduced due to the immersion in the MgQition
which is an indication of significant lireaching and collapse of the microstructure of this
sample. In addition, peaks corresponding to brucite were detected on this saraplg, Th
basal spacing of the-&H(1.2)Yaniline sample was also reduced in intensity due to the
immersion in MgCJ due to the limdeaching. No brucite, however, was detected in this
sample by the XRD. Theog basal spacing of the-&H(1.2)Ypolyaniline saple was
unchanged by the immersion in the Mg&blution. Brucite peaks were not detected in this
sample either. This is in conformity with the lengtimnge results suggesting the
significant enhancement of volume stability ofS3H(1.2)Ypolyaniline samjes compared

with that of the €S-H/aniline and the pure-S-H samples with similar &Si ratios.
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Figure 107- XRD patterns of (a) control phase pure&s@, C-S-H/aniline and CS-H(1.2)/polyaniline
samplesand (b) the sampteémmersed in the Mggéolution for 7 d. These peaks correspond to calcium
carbonate crystals.

172



10. Volume Stability and Durability of-&-H/Polyaniline Nanocomposites

Additional peaks were observed in the XRD patterns of the samples immersed i MgCl
especially in the XRD patterns of-8H and CGCS-H/aniline. These peaksorrespond to
calcium carbonate crystals which were formed due to the reaction of calcium leached out of
the sample and carbonate in the air during the preparation of the samples for the test. The
rapid formation of calcium carbonate crystals in the sasnpealso a result of lime
leaching. The rate of formation of calcium carbonate crystals is also affected by the specific
surface area of the samples. The nitrogen BrurBoenettTeller (BET) surface area of
C-S-H(1.2)aniline was 107.6 fitg which was cosiderably higher than that for phase pure
C-SH (41.4 nflg) and GS-H/polyaniline (54.3 fig) with similar GJ¥Si ratio. No
significant change could be detected by the SEM in the morphology of these samples after
the immersion except the formation of sonaécium carbonate crystals on the surface of

the samples (Figur&0-8). Calcium carbonate crystals were mainly formed in the form of
calcite and aragonite on the phase pw®-I@ and GS-H/polyaniline samples, respectively.

Both of these crystals were, hoveg, detected on the-&H/aniline sample. This might be

due to the changes in the surface area of the samples, concentration of lime leached out of
the samples as well as the pH in different solutions which could favor the formation of one

crystal rathethan the other.

Figure 108- SEM micrographs of (a) phase pureSd, (b) GS-H/aniline and (c) €5-H(1.2)/polyaniline
samplesmmersed in the MgGlsolution for 7 d.
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Results obtained using the TGAchnique for the &-H(1.2)xbased samplesnmersed in
MgCl, were also in conformity with those of the other techniques suggesting the greater
resistance of €&-H/aniline and especially S-H/polyaniline samples to the formation of
new crystalline productsompared to that of phase pureS&H (Figure10-9). The amount

of brucite based on the TGA was estimatedla’% for the phase pure$H(1.2) and
0.28% for the €S-H(1.2Yaniline. No brucite was detected in the sample with polyaniline.
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Figure 109- TGA curves of (a) control phase pureSXH, C-S-H/aniline and €S-H(1.2)Ypolyaniline
samples, and (b) the samples immersed in the MggDition for 7 d.

Immersion in LiCl and NaCl solutions

The XRD patterns of the -G-H(1.2) samplesimmersed in the LiCl and NaCl solutions
after 7 days did not show any significant change in the crystalline structure except the
formation of some calcium carbonate peaks which had a considerably lower intensity in the
C-S-H/polyaniline compare tthat in phasgureC-S-H and GS-H(1.2)aniline. The XRD
patterns of these samples immersed in LiCl solution for 7 days are presented in
Figure10-10. Less damage to the crystalline structure of the samples immersed in LiCl and

NaCl solutions compared tbhdse in MgS@and MgC} solutions is in conformityvith the
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lengthchange measurements suggesting the greater volume stability of the samples

immersed in the two former solutions.
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Figure 1010- XRD patterns of (a) control perG-S-H, C-S-H/aniline and €S-H/polyaniline samples

(CalSi = 1.2), and (b) the samples immersed in the LiCl solution for These peaks correspond to calcium
carbonate crystals.

The results of SEM and TGA techniques for th&-E(1.2)based samplesnmersed in

LiCl and NaClsolutions did not show any significant change in the microstructure of the
samples except the formation of calcium carbonate crystals. The quick formation of these
crystals is an indication of limkeaching of the samples. The uéis of these two
techniques also support the argument that the amount of calcium carbonates formed on the
C-S-H(1.2)polyaniline was considerably less that that formed in phase pu$eHCL.2)

and GS-H(1.2Yaniline sample
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10.3.3Microstructural Charac terization of samples with GJ/Si = 0.8

Characterization by the XRD, SEM and TGA was also performed on 18eH(.8)
preparations immersed in various aggressive solutions for different time intervals (2 h to
7 d). No evidence of formation of new produetas detected by the XRD technique for the
C-S-H(0.8) samplesifter 8 hours of immersion in MgQOThe XRD patterns showed that
gypsum crystals were formed on the pur&-E(0.8) samplafter 1 day of immersion. The
gypsum formation, however, was delayed to about 3 days for #&éd@niline aml to
about 7 days for the -G-H(0.8)/polyaniline samplesThe XRD patterns of pure and
modified GS-H(0.8) samplesimmersed in MgS® for 7 days a compared in
Figure10-11. It is suggested, based on the data in the figure, that the modifteld(C.8)
performed better than the pureSH(0.8) in the MgSQ solution. The gypsum peaks
formed after 7 days in the-&H(0.8)/aniline samplavere significaitly less intense than
those formed in thphasepure GS-H(0.8) sample. These peaks were almost negligible for
the GS-H(0.8)/polyaniline sampleafter 7 days of immersion. No brucite peaks were
detected on any of the samples even after 7 days. Thess resté also confirmed by the
SEM and TGA.

The microstructure of the samples (the phase pure or the moditekd(G.8) sample) was

almost unchanged up to 7 days of immersion in other solutions. The improveitbat
durability of the CS-H(0.8) samples by the aniline or polyaniline modification was not,
therefore, readily discernible although the lengjtiange curves provide clear evidence that
modified systems are superior. It is suggested that the damage to the microstructure of the
samples wth Ca/Si =0.8 was generally less than that of the samples walsiG 1.2
samples. It confirms the results of the lengittange measurementsis due tothe higher

degree of polymerization in the samples with loweat3ratio.
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Figure 1011- XRD patterns of (a) control phase pures@, C-S-H/aniline and €S-H/polyaniline samples
(CalSi = 0.8), and (b) the samples immersed in the MgS®ution for 7 d

10.4Conclusions

The lengthchange ofthe phase pure &H and GS-H modified with aniline and
polyaniline due to immersion in the MgggCl,, LiCl and NaCl aqueous solutions was
assessed. The formation of crystalline products on the samples was also explored by the
XRD, SEM and TGA techniques. Two different/& ratios (&S = 0.8 and 1.2) were

considered. The main conclusions are as follows:

1. Lime-leaching from the structure of-&H samples, especially from the high lime
samples, is likely to ba main mechanism underlying their expansion in the salt

solutions studied.
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2. The formation of new products, e.g. gypsum and brucite, and generation of
pressure due to crystal growth or swelling pressure due to intercalation phenomena

are possible additional mechanisms that may contribute to expansion.

3. The expansion of <&-H nanocomposites in the test solutions was considerably

lower than that of the pure-&H.

4. The formation of crystalline products, e.g. gypsum and brucite, was limited in the

C-S-H/aniline and €S-H/polyaniline samples.

5. Modification d C-S-H with aniline and polyaniline is more effective in improving

the volume stability when the host&H has a higher &Si ratio.

6. Intercalation of polyaniline within the-S-H layers (for both @Si ratios) had a
greater effect on the volume and naistructural stability of the &-H samples

compared to that of aniline monomers.
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Chapter 11

Dynamic Mechanical Thermal Analysisof

C-S-H/Polyaniline Nanocomposites

The focus of this chapter is on the dynamic mechariteaimal analysis(DMTA) of
C-S-H/polyaniline nanocompositedDMTA experiments wererecently performed by

Alizadeh [1] on the synthetic-S-H/polyaniline nanocomposites (CatS0.8 and 1.2)The
variations of t he mteroal facgoa (tanmd) Wenelrepated (p&nd ) and
heating to 200C. A discussion ofthe resultsobtainedis provided in this chaptefThe

resultsare also compared with the DMTA resulistained fothe GS-H systems modified

with nitrobenzoic acid or aminobenzoic acid (chapteitds suggested that the polyaniline
compoundsdikely reinforce the €S-H layeral structure during the dehydratiap to about

45 °C. No improvement, howeveoccursat higher temperatures

11.1 Introduction

Characterization of the nanostructure o5& has been the focus of numerous research
investigations in the padtvo decads as it is considered fundamental to the ultimate
resolution of problems associated with the durability and sustainability of concrete
infrastructure 2-4] . The possibility of 6StHain dementi ng 6 t
binders to improve mechanicallavior and resistance to aggressive media is feasible and
rapidly evolving. E x a mpa/si easo of thecA@S-H dnecemerd e s i g n
paste through the use of-%&H 0seedso and t he -@8Kel opme

nanocompositeH| 6].
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The C-S-H-polyaniline nanocompositesre amonghe novelorganically modified €S-H
systems.Thesenanocompositesiave beenrecently developedby Alizadeh et al.[1, 6]
using an insitu polymerization techniquerhe synthesigprocedureincluded an initial
interaction ofanilinemonomers with the G-H structurefollowed by polymerization using
ammonium persulfateas the oxidant. The synthetic C-S-H/polyaniline systemswere
characterized byarious analytical technique&videnceof the interacthn of aniline and
polyaniline with the nanostructure of -&H (i.e. surface grafting and partially
interalation) was reported?reliminaryresults of the physical and mechanical stability of
the GS-H/polyaniline nanocomposites in comparison with those of the phase pbid C
were also reported [1]. The main objective of this chapter is to provide detailed discussions
of the dynamic mecharat thermal analysis of the -&H/polyaniline nanocomposites
based on the experimental data previously obtained for these nanocompogitese
polyanilineas well as thosdeterminedn this thesidor the C-S-H systems modified with
nitrobenzoic acid oaminobenzoic acid (chapter 7).

11.2 Experiments

Materials - Phase pure &-H and GS-H/polyaniline nanocomposites (Ca/s0.8 and 1.2

as synthesized by Alizadeh et fl, 7] were used in this study. The synthesis method
included a pozzolanic reactidechnigue. Aniline monomer was pdéssolved in water

(2 ml of aniline in 75 mlof wate) to prepare the G-H/aniline systemsThe solutios for

phase pure G-H or G-S-H/aniline systems) wergltered after 90 daysf hydration The

drying procedure ofthese samples included two steps; four days of vaalnying
followed by conditioning in desiccators at the relative humidity of 11%. Both steps were
performed at room temperatuta.order to synth&ze the CS-H/polyaniline systemg).5 g

of the C-S-H/aniline powder wasmixed in 100 ml of water using a magnetic stirrer. Then,
0.228 g of ammonium persulfate was added during stirring the suspension solution. The
stirring was continued for three days at room temperaiure.final material was filtered

and washed to remove the unreacted ions. It was, then, dried under vacuum at room

temperature for four days, and thmonditionedat the relative humidity of 11%.
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Testsi The phase pure &-H and GS-H/polyaniline powdes (at a relative humidity of
11%)were @mpacted in order to obtain rectangular prisms. The compaction pressure was
adjustedo reach a porosity atbout 30%. The thickness of the samples abou0.8 and

1.2 mm depending on the type of the material. The length and width of all specimens were
58.9 and 12.97 mm, respectively. The compacted samples were conditioned at 11% RH for
one more weekThe dynamic mechanical response of the compacted samass
evaluated at various temperatures using a Rheometrics RSA Il instrument using the three
point bending method. An initial statioad of 3 g was applied on the specimen. The
temperature was increased fr@®°C to 200°C (increaseaate= 2 °C/min). Measirements

were made at 2C increments. At each incremeatfrequency range of 0.1 to Hz (for a
strain of 0.01%was appl i ed. The storage modofl us (E
samples were recorded at each temperature and frequency. All thevéestrepeated at

least two times, and similar results were obtained in all ¢asék

11.3Discussionof the results

The results of the DMTA for the phase pureSE&1(0.8) and GS-H(0.8)polyaniline
nanocompositat two frequencies of 0.25 and 2.5 He presented ifigures 11-1 and
11-2, respectivelyAs it is observed in these figureh, & gener al tremd for
curves versus temperature was not dependant of the test frequeacegsiitisobtained at

the frequency 00.25Hz are used fothequantitativeanalysis in this section.
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1 L . . . . 0.010 - s s L . s s s |
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
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Figure 111- DMTA responses of phase pure and polyanitimedified GS-H(0.8) systemsitf = 0.25 Hz
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Figure 112- DMTA responses of phase puaad polyanilinemodified GS-H(0.8) systematf =2.5Hz

Modification of GS-H(0.8) with polyaniline improved the storage modulus and reduced

the internal friction of the samples at the room temperature and 11% RH (FEigiyeThe
C-S-H(0.8)polyaniline nanocompositehowever, exhibited a more rapid loss of storage
modulus upon the first stage of drying (from room temperature to the first inflection point)
compared to the phase pureSdH(0.8) (Figurell-1(a)). The moduludoss in this stagef

drying of GS-H systems is normally assigned to the removal of nebghe interlayer
water of the sys$HO8Ypolyardliheesantpi@vasoaboutt23telower

than that of phase pure-£H at the end of this stage although it was initiddigher by

about 12%. The storage modulus of th&E/polyaniline sample started to increase again

at the temperature of about 9D. The strain recovery of the sample was possibly due to

the crosdinking of the polyaniline in addition to that occurringttveen the silicate chains.

|t resulted in the formati on oSH/payandirear per
sample in this region compared to that in the phpsee C-SH. The EO o f
C-S-H/polyaniline was, however, still lower than the pur&El by about 25% by the end

of the testA significantd e ¢ r e a s evalae$ duting the fiististage of dryimgs also
observed for the G-H/NBA or C-S-H/ABA systemsin chapter 7. It wasssignedo the
breakdown of some possibléydrogen bondindpetwesn the structure ahe organic and

inorganic phases in addition to the removal of the interlayer waterQHCIt is possible
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t hat a similar mechanism contributed to th
C-S-H(0.8)/polyaniline nanocomposisystems.

It is also noted that the inflection points in the DMTA curves of th&-Kpolyaniline

sample were shifted to the higher temperatures. The change in the location of these points
is likely to be further evidender the intercalation of polyanitie in the interlayer of G-H

and fewer defects in the microstructure of the organically modifi&HC A similar result

was obtainedh chapter #or the C-S-H/NBA composite systems

Modification of GS-H with polyaniline also improved the initial elasfproperties of the
C-S-H(1.2) sample with (Figure 11-3 and 11-4). T h e ofBle GS-H(1.2)Ypolyaniline

sample initially was about 14% higher than that of the phase p&eél QFigure 113(a))

The tand of the GS-H/polyaniline sample was alsignificantly lower at the starting point.

The elastic properties of the &H(1.2)/polyaniline samplavere stable up to about 3€.

The storage modulus, however, was reduced significantly so that it was even slightly lower
than that of pure G-H at thetemperature range of 45 to 80. A noticeable relaxation

was, then, observed in the DMTA curves of thés-8(1.2)polyaniline sample in the
temperature ranging60to 146. The EO6 ei ther could not be
sample lost its contagtith the upper fixture in the DMA instrument or very low values for

the EO6 was recorded when the contact was s
rigidity at the higher temperatures. It had a storage modulus close to that of phase pure
C-S-H atthe temperature of about 130 to end of the test (at 20C).
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Figure 113- DMTA responses of phase pure and polyanitimedified GS-H(1.2) systemsitf =0.25 Hz
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Figure 114- DMTA responses of phase pure and polyanifimaified GS-H(1.2) systematf =2.5Hz

The source of the unexpected relaxation in the temperature range 60 %0 b0kely

related to the difference in the elastic response of the polyaniline & @ this

temperature rangd. he EO6 of

(Figure11-3( a ) ) .
likely tends to decrease in this temperature range. The significant difference of the elastic

The EB®b6

t HSeH(1.@)hwassirereaged toeabo@ 3GPRa
likely due to the crosbnking of silicate chains in the temperature between 60 to°C50

ol ytuoturd af @SH i nt er

of

t he

p

properties of these two phases possibly resulted in the extreme relaxation of the

C-S-H(1.2)polyaniline sample. In order to illustrate this belor, a typical DMTA curve

of an emeraldindase polyaniline film at the frequency of 5 Hao(Rgures and Akcelrud

[8]) is presented in Figurd1-5. It has been previously shown that the DMTA of

polyaniline is dependent on the synthesis procedure andddpant nature 9, 10].

However, although the location of the inflection points may vary, it is likely that at least
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Figure 115- DMTA responses of emeraldisim@se polyaniline film at =5 Hz [8]

It is suggested based on the comparison of the curves in Ritpdreand Figure 1B that
the el asti c b dvalaes)iobthe €EHesample with @6 & 4.2 was more
influenced by the polyaniline intercalation than that of the sample@ath = 0.8. This is

in conformity withthe results bthe change of theyy, spacingof the GS-H/polyaniline
samples due to dryinmp Ref. [7] as well as the volumstability in aggressive solutions
provided in chapter 10This is possibly due to the greater number of defect points in the
high-lime hosting GS-H. A higher amount of polyaniline, therefore, is likely to fill these
defect points resulting in a greatethancement of the engineering properties and resulting
durability characteristics. The higher relaxation of th&-8(1.2)Ypolyaniline sample in the
temperature rangingof 60to 130 can al so be expl ained by
the GS-H host and thegreaterdifference in the elastic properties of3cH and polyaniline

for the sample with @&Si = 1.2 in this temperature range.

The compari son dturvéshnegrigutedl-1amdl-3 tl$o showsahat the
change in the tad curves ofthe GS-H systems due to polymer modification is likely to be
in the opposite direction to that ofd the

generallyact in opposite directions in the ceméiatsed systemd.]-14].
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11 Dynamic Mechanical Thermal Analysis ofSH/Polyaniline Nanocomposites

11.4 Conclusions

The discusson of the DMTA results provided new informatiorabout themechanism of
stability of the organicaliynodified GS-H systemsat elevated temperatureghe initial
storage modulus of the-&H/polyaniline nanocomposites with both Ca/Si ratioss
improved No evidence of the enhanced mechanical performance, however, was obtained at
the temperatures above 46. The GS-H modification with organic polymers is likely to

be more effective in the-S-H host with &/Si = 1.2 as detected by these experiments.
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Chapter 12

Volume Stability of Calcium Sulfoaluminate Phases in

AqueousSolutions

Thevolume stability of calciunsulfoaluminate phases exposed to water, lime and gypsum

rich environmentswas investigated. The length changes of compacted specimens of
synthetic monosulfate and ettringite were monitoredienonized water, limesaturated

water, gypsurssaturated water, and saturated watmgpor. The Xray diffraction analysis

was also performed on the samples to assess the changes in the crystalline structure of each
phase. Evidence was provided in support of the significant role of dissolofio
monosulfate anettringite, and the leaching of the&onstituentions on the expansion of

these phases.

12.1Introduction

Ettringite (3Ca0.Al03.3CaSQ.32H,0) and monosulfate (3Ca0A);.CaSQ.12H,0) are

the two common forms of calciuraulfoaluminate phases present in the hydrated cement
paste. Ettringite is known to have a column and chalikeektructure in which the columns
have the empirical chemical formula of EB&OH)e.12H,0]**, and the SE anions and
water molecules occupy the intening channels [1]. The formation of ettringite is a key
factor in the setting process of the cement paste. Ettringite normally converts to

monosulfate as the cement hydration continues [2]. Monosulfate has a lamellar crystalline
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structure. Its main laysrarecomposed of [CAI(OH)g]*, andthe SQ* anions and water

molecules are located between the layers [3].

The characteristics of ettringite and monosulfate are of significant importance, from the
durability point of view, as these phases may exhibitsterable expansion due to the
environmental conditions. The exp#ns related to the calciursulfoaluminate phases

have long been studied by cement chemists and researchers since the investigation of
Michaelis in 1892 [4]. The mechanisms controlling these expansions are, however, still

under debate.

The formation of ettringite in sulfate rich environnehas been widely accepted as a main
cause of expansion referred to as sulfate attaéq.[3he anisotropic growth of ettringite
crystals, according to this theory, is an expansive phenomenon which can result in the
deterioration of cement paste. Meh@1l], however, reported that the expansion of
ettringite does not necessarily occur in the presence of high sulfate concentrations. He
attributed the expansion of ettringite crystals of colloidal dimensions to the imbibition of
liquid water. The observeexpansion in this case could be considerably greater than the
expansions due to the ettringite formation itself [9]. Other proposed mechanisms include
the expansion of ettringite associated with the osmotic forces, similar to those responsible
for the swding of the clay particles [12].

There remains no general agreement on the theories of expansion of ettringite. In addition,
very few investigations have been conducted on the volume stability of monosulfate itself.
The published studies have focused riyaom the conversion of monosulfate to ettringite in

the sulfate environments [6, 13] although other mechanisms may also be associated with
the expansion of these phases. Dissolution of ettringite and monosulfate, for example, is a

possible source of expsion that is not widely recognized.

The solid phase of porous materials can gradually breakdown to release individual ions into
the pores through a dissolution process [14]. It has been suggested that dissolution of
porous materials and leaching out ofsanto the liquid phase is an expansive process. The
results of previous investigations by Litvan [15, 16], Dent Glasser and Kataoka [17] and
Feldman and Sereda [18] support this argument. Specifically, Litvan [15] investigated the
volume stability of poras silica glass specimensi(88 mm thick) in NaOH solutions (0.1
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to 6.4 M) for an exposure period of about 24 h. The expansion of the samples was quite
significant (e. g. 0.70 % for a 1 mm thick glass sample in the 0.4 M NaOH solution). These
length changs far exceed the length change of porous glass saturated with water (about
0.16%). In addition, Dent Glasser and Kataoka observed significant expansions of silica gel
in a NaOH solution. Feldman and Sereda also reported a 0.19% expansion of porous silica
glass during alkali treatment.

Litvan [15, 16] further demonstrated that leaching of lime from cement paste results in
expansion as does the partial dissolution of cement paste by a 1 N aqueous solution of HCI.
He suggested that dimensional changes acaagipg dissolution can possibly result for

the following reasons: changes to the surface free energy of the solid phase; transient length
changes due to gradients in the concentration of dissolved species in the pore solution
generating osmotittke pressues; disjoining pressure resulting from double layer effects
outside the surface generating repulsive forces; release of-atr@igy stored in the
sample. Beaudoiret al. [19] also suggested that cementitious materials can expand in

aggressive solutiordue to the dissolution process.

The intent of thishapters to further investigate the details of mechanisms responsible for
the volume stability of calciunsulfoaluminate phases. The experiments were designed to
determine the length change of synthetionosulfate and ettringite ide-ionized water,

and in presence of lime and gypsum solutions. The observed expansions were, then,
compared with the changes of the pH of the solutions as well as the crystalline structure
and the morphology of the specimensorder to explore the possible origins of these

expansions.

12.2 Experimental Program
12.2.1 Preparation of Materials

Monosulfate was synthesized according to Kuzel [20]. Ettringite was prepared by a method
descibed by Struble and Brown [21]. The details of the synthesis techniques were provided
in chapter 3.
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12.2.2Tests

Porous solid bodies in the form of circular discs (32 mm in diameter x 1 mm thick) were
prepared by powder compaction. The compaction pressas adjusted to reach a porosity
of 10% for the samples. Then, prisms measuring 5 x 25 x 1 mm were cut from the

compacted samples, and mounted on modified Tuckerman extens(sretérgure 3!).

The prepared samples were placed in & solutions,and the lengtithanges were
measured continuousle-ionized water, limesaturated water, gypsusaturated water

and saturated water vapor were used as the test solutions. For the liquid solutions, the ratio
of solid sample to the sation was 1 g of sadi per 50 miof the solution. The whole sep

was placed in desiccators containing the test solution in order to avoid evaporation. The pH
of the test solutions were monitored using a VABIROOMS pH meter for the first 24 h after

immersion of the samples the test solutions.

Parallel to the lengtchange and pH measurements, samples of the solid compacts were
immersed in the solution for -Kay diffraction (XRD) analysis at various times. The
solid/solution ratio in this case was exacthe thkame as thene in the lengtithange
measurements. The sample was removed from the solution, and ground to get the powder
10 minutes before starting the XRD measurements. TnayXdiffraction measurements

were performed using a Scintag XDS 2000 diffractometer usin§, Gadiation. The
spectra were obtained in the rang@<62q < 60Jusing a step size of 0.4&t 5 second

intervals. They were, then, normalized according to the mass of the samples.

Changes to the morphology of the samples were observed usirsgaheng electron
microscopy (SEM) techniques. SEM images were collected using a Hitat80GField
Emission Scanning Electron Microscope. The surface structure images were acquired using
a beam current of 10 mA at 3.2 x 10 (2 kV) at the working distana# 8 mm.

All the tests were performed at room temperature-(26 C). The compacted samples
were kept in desiccators at a relative humidity of 11%. They were all examined using XRD,
prior to immersing in the solutions, to verify that the crystallinecstres corresponded to
those of 3Ca0.AD3.3CaSQ.30-32H,0 [24, 25] and 3Ca0.AD5.CaSQ.12H,0 [24, 25].

In the cases whee a decrease of the main baspacing of the monosulfate samples was
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observed, the humidity of the sample was adjusted to reverttoit the
3Ca0.Ab05.CaSQ.12H,0.

12.3 Results and discussion

The results are presented for the monosulfate and ettringiteasdpatn each part, the
length-change of the samples is discussed with reference to the changes in the pH of the
solution, and the crystalline structure and morphology of the samples detected by the XRD

and SEM techniques. The associated mechanisms of expansion are discussed.

12.3.1 Expansion of monosulfate

Monosulfate specimens exhibited a significant expansion immediately after immersion in
de-ionized water (Figurel2-1). The rate of expansion was significantly reduced about

20 min after the immersion. The amount of expansion, however, was quite large as the total
expansion of monosulfate was 2.7% after 8 h. The observed expansion was possibly due to
the dissolution of monosulfate, and the release of its ions tdetf@izedwater. The rate

of the dissolution decreases as the dissolution continues, due to the increased ion
concentrations in the solution, likely resulting in a decrease of the rate of expansion.
Expansion due to the change in the surface energy of the samplgsiaaidly to sorption
phenomena) seems to be insignificant as the samples were conditioned at the relative
humidity of 11% before starting the tests. The surface of the samples was, consequently,
covered with water molecules prior to immersion indieéonizedwater. Length change of
porous bodies due to flattening of menisci that occurs on adsorption of water vapor at a
partial pressure generally greater than 0.45 is also minimized when a sample is directly

immersed in liquid water [16].
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Figure 121- Length-change of monosulfate specimensl@ionizedwater, limesaturated water, gypsum
saturated water and saturated water vap@) up to 24 h, (b) up to 21 d

The data for the change in the pH with time of immersiotetiionizedwater also supports

the role of dissolution of monosulfate and the leaching out of the ions associated with the
observed expansion. It is suggested based on the results shown in ldutbat the

initial reduction of pH of thedeionized wate immediately after immersion of the
monosulfate sample is an indication of leaching of sulfate ions from the interlayer space of
monosulfate structure into thie-ionizedwater. The pH, then, oscillated between 7.0 and

7.4 due to the competing effectsleaching of both sulfate and lime. The release of sulfate
ions was, however, reduced after about 40 min, and the pH continued to increase due to the
leaching of lime to the solution.

v Lime-saturated water

Gypsum-saturated water

11 v

pH
o

De-ionized water

Time (h)

Figure 122- Changes in H with time of immersion of monosulfate specimesfgle-ionizedwater, lime
saturated water argypsumsaturated water

194



12. Volume Stability o€alcium Sulfoaluminate Phases in Aqueous Solutions

The expansion of monosulfate in the gypsseturated water was significantly lower than
in de-ionizedwater. Sulfate ions and calcium ions were availabléhe gypsum solution
which possibly reduced the solubility of these ions due to the corwnoaffect, and,
consequently, decreased the expansion. It is also indicated from the results ofLEigure
that the pH of the gypswsaturated solution did ndecrease (during the first 40 minutes)
after immersion of the monosulfate sample in it. In addition, the pH of the gypsum
saturated solution exceeded that ofdkeonizedwater after about 1 h as the effect of lime
leaching on the increase of the pH wa$ compensated for by that of the sulfate leaching

occurring in thede-ionizedwater solution.

The expansion of monosulfate in the |iseturated water was very quick, and the sample
disintegrated a couple of minutes after the immersion (Figgr&(@). The pH of lime
saturated water did not significantly change after the immersion of the monosulfate sample
in it (Figure12-2). The leaching out of lime from the monosulfate sample is minimized in
the limesaturated water. Some sulfate ions likely leached out from the sample, and resulted
in a part of the expansion. The amount of sulfate leaching, however, was not large enough
to change the pH of the solution; especially as the-fatarated water has a high alkaline
buffer capacity which makes it more resistant to change of the pH compared to the
de-ionizedwater. Aluminum leaching possibly also played a role in the expaasidrihe
disintegration of the monosulfate sample in the {saturated water. Aluminum can leach

out in the form of AI(OH)in the solutions with high values of pH. As aluminum is a main
component in the microstructure of monosulfate layers, leachingeaf &gmall amount of

aluminum can likely result in large expansions leading to the disintegration of the sample.

The significant role of the dissolution of monosulfate in the aqueous solutions as it pertains
to volume stability was also supported by thengthchange measurements on a
monosulfate sample in a solution containing both aluminum sulfate hy@%tg/l) and
gypsum (2.8 gjl The results, which are not presented here, suggested that the expansion of
monosulfate sample in this solution, conagndissolved ions of calcium, aluminum and
sulfate, was about 2 10° % after 3 minutes. It was considerably lower than the expansion
observed for the monosulfate samples immersed in the other solutions for a similar period

of time (about 1 % after 3 mites) emphasizing that all three of these ions can have a role
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in the volume stability of monosulfate depending on the composition of the aqueous

solution.

Dissolution of monosulfate also occurs, at a lower rate, in the saturated water vapor (Figure
12-1). The ions, especially those that are near the surface, could gradually leach out,

resulting in the expansion.

The XRD patterns of monosulfate deionizedwater are presented in Figut@-3. The

figure shows that the dissolution of monosulfate resuitethe gradual growth of the
ettringite peak in the sample so that after 21 days the ettringite peak was significantly more
dominant than the monosulfate peak. The appearance of ettringite due to the dissolution of
monosulfate irde-ionizedwater was alsoeported by Atkinset al.[24]. The concentration

of sulfate ion increases in both the pore solution and the bulk solution as a result of the
leaching process tending towards an equilibrium concentration in a few hours. The
increased concentration of su#aions in the sample pores, due to the dissolution of
monosulfate, could result in the formation of ettringite which is more stable than

monosulfate in water at 25 °@4, 25.
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Figure 123- XRD patterns of monosulfate de-ionizedwateri E: Ettringite, M: Monosulfate

The growth of ettringite peaks occurred more slowly in the-kaeirated water compared

to that in thede-ionizedwater (Figured2-3 and12-4). It was also observed that the sulfate
leached out of the mosulfate sample reacted with the calcium cations available in the
lime-saturated solution and formed gypsum crystals after three weeks. The formation of
gypsum crystals is an indication of some sulfate leaching from the interlayer of the
monosulfate sampleven though the pH of the solution did not significantly change during
the first 8 h (Figurd 2-2).
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Figure 124- XRD patterns of monosulfate in limsaturated watdr E: Ettringite, M: Monosulfate,
G: Gypsum

The XRD pattern of the monosulfate samples immersed in the gypstmated water is
shown in Figurel2-5. As expected, the formation of ettringite was accelerated in the
presence of gypsum solution. However, in spite of the higher rate of ettringite itormat
the gypsurnmsaturated water resulted in less expansion compared twetiogized water

and the limesaturated water (Figurk2-1(a)). In addition, the sample did not disintegrate,
and did not exhibit evidence of maermracking even though it exhibdemore than 7%
expansion (Figurd2-1(b)). The higher resistance of the sample to disintegration in the
gypsumsaturated water may be related to the limited amount of ions leached out of the
sample. The XRD patterns of Figui®-5 together with the expansion curve of Figure
12-1-b suggest that the monosulfate sample in the satuggfesim solution exhibited
about 6% longitudinal expansion before its complete conversion to ettringite. About half of

this expansion occurred in thiest day of the experiments, although a significant growth of
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ettringite crystals occurred after this period. This also suggests that the dissolution of the

sample is a main source of expansion. In addition, the length change curve of the ettringite

formedthrough the dissolution process of the monosulfate sample is concave up (Figure

12-1(b)) corresponding to the lengtthange curves of the synthetic ettringite presented in

the following section.
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Figure 125- XRD patterns omonosulfate in gypsursaturated watérk: Ettringite, M: Monosulfate

The XRD patterns of the sample in the saturated water vapor show that the expansive

behaviour of monosulfate in the water vapor is very similar to that idet@nizedwater,
but theexpansion occurs at a lower rate (Figut2$ and12-3).
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Figure 126- XRD patterns of monosulfate in saturated water viaporEttringite, M: Monosulfate

The SEM micrographs of the monosulfate samples after 24 h immersionde-ithr@zed

water, limesaturated water, gypsusaturated water and water vapor are shown in Figure
12-7. It was observed that the surface texture and the hexagonal morphology of the
monosulfate plates were altered following immersion in the test solutions for 24 h. The
ettringite crystals are likely formed on the surface of the samples, especially on the one
immersed in the gypswsaturated water. It can also be seen that the Eartecthibiting
platelike morphology for the monosulfate sample immersed in the-$iaterated water are
smaller than in the other test solutions. The alterations to the surface of the monosulfate

sample in the water vapor were less than those in thesmhgions as was expected.
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Figure 127- SEM micrographk of monosulfatespecimens immersed deionizedwater, limesaturated
water, gypsunsaturated water and saturated water véo24 h

12.3.2Expansion ofettringite

Ettringite also exhibited a significant expansion when it was exposed tdetiomized

water (Figurel2-8). The expansion of ettringite in the lirsaturated water was very
similar to that in thede-ionizedwater. The samples, in both solutipksintegrated after
about 40 minutes. The expansion of ettringite in the gypsatorated water was lower

than that inde-ionizedwater and limesaturated water. In addition, the sample had a higher
resistance to the disintegration in the gypssaturatd water, and it did not disintegrated

for a period of up to about 100 minutes. The ettringite sample also expanded in the water
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vapor at a lower rate compared to those in the other solutions. The expansion of ettringite
sample, however, was still significaso that the total length change of ettringite in the

saturated water vapor was about 1.3% after 8 h.

Figure 128- Length change of ettringite specimengl@ionizedwater, limesaturated water, gypsum
saturated water arghturated water vapor

It is suggested that the expansion of ettringite in the aqueous solutions is also associated
with the dissolution process. Data from the pH versus time of immersion curves in
Figurel2-9 supports this argument. It is suggested tihat reduction in pH of the
de-ionizedwater, from 7.0 to 6.7, 40 minutes after immersion of the ettringite sample is due
to the leaching of sulfate ions from the intercolumnar space of the ettringite structure.
Ghorabet al.[26, 27] reported that a totalf about 0.2/l of sulfate ions are available in an
equilibrated ettringitevater solution at 30 °C. The pH, then, gradually increased to 9.14

after 8 h due to the leaching of lime into the solution.
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