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Abstract

The knowledge of the microstructural properties cgiment-based materials plays a
fundamental role in predicting their macroscopitdaour in terms of performance and
durability. However, due to the intrinsic microsttural and chemical complexity of such
materials, a multi-disciplinary approach is ofteaguired. Most classical experimental
techniques such as XRD, XRF or mercury porosiméiWyP) only provide overall
information about selected properties (phase aethadal composition, porosity, etc.) but
give no indications about their real spatial dsition within the investigated sample. Over
the past decades, modern experimental methodsifwostructural analysis such as SEM
imaging have lead to great advances in our undetistg of the complex mechanisms
occurring during cement hydration. However, thélataccess to three-dimensional (3D)
information represents the main limitation of SEMdaother 2D imaging techniques.
Furthermore, as sample preparation is often quiasive, the microstructure of cement
may result completely altered. For such reasons, dévelopment of non-destructive
techniques for the 3D microstructural investigatminmaterials has become necessary.
Nowadays X-ray computed micro-tomography &) provides a totally non-invasive
tool to investigate in a three-dimensional way theer structure of materials, with a
spatial resolution reaching the suim level when the most advanced systems are
employed. XuCT allows to reconstruct 3D maps of the variatioighe X-ray linear
attenuation coefficientu within a sample without perturbing its structure.

The aim of this research project is to assess dtengial of XuCT for the microstructural
study of several features of interest in cement#ionaterials. The evolution of the
microstructure during setting and hardening, tHecé$ of water-cement ratio (w/c), the
role of superplasticizers and the pore space ptiegeare among the major topics that have
been investigated. The results obtained fromCtF at the microscopic scale can then be
correlated with the corresponding macroscopic pteggeobserved in real applications.

In order to compare the capabilities of the two mm@Emmon types of XtCT setups,
experiments were carried out using both conventidadoratory instruments and
synchrotron-based systems. A synchrotron studyeofient evolution during the early
hydration stages was successfully performed, fogushe attention on the effect of
superplasticizers (chapter 4). The high spatiadltg®n achievable allowed to follow the

evolution of porosity and anhydrous cement fracésna function of hydration time. In



chapter 5, conventional laboratory wWGT was applied to the study of cement paste
samples prepared at different w/c ratios in oraegét insights on the microstructural
features that determine the variations of strengithsiacroscopic samples with varying
water contents (chapter 5).

In addition, the capabilities of a novel experinartechnique (diffraction tomography,
XRD-CT) were tested for the first time on cementi8 samples (chapter 6). By combining
the principles of X-ray micro-diffraction with thesof tomographic reconstruction, XRD-
CT allows to map the distribution of selected aajlste or amorphous phases within a
sample in a totally non invasive manner. In thiyywme of the main limitations of XCT,
related to the poor sensitivity to small absorpt@niations between different phases can
be overcome. Despite the fact that data analysististraightforward and requires further
developments, the preliminary results presentethis thesis show that crystalline and
amorphous phases growing during cement hydratich as ettringite and C-S-H can be
successfully mapped without perturbing the system.

In the last part of the thesis (chapter 7), a practapplication example of XCT is
reported. The tomographic technique was employedcharacterize the pore space
properties and the microstructure of cementitiotenglar materials produced from the
solidification and stabilization process (S/S) ofls contaminated by heavy metals. The
results of XuCT analyses were then combined with those obtaisety other established
experimental methods (e.g. MIP, physico-mechanara leaching tests) in order to
evaluate the performances and environmental cobiligtiof an innovative method of

contaminated grounds remediation.



Riassunto

La conoscenza delle proprieta microstrutturali dwiteriali cementizi gioca un ruolo
fondamentale nel predire il loro comportamento msoopico in termini di prestazioni e
durabilita. Tuttavia, a causa dell'intrinseca coesgita microstrutturale e chimica di tali
materiali, un approccio multi disciplinare € spessamhiesto. La maggior parte delle
tecniche sperimentali classiche come XRD, XRF qdmosimetria a mercurio (MIP)
forniscono solamente informazioni complessive rigoa determinate proprieta
(composizione mineralogica e chimica, porosita,)atta non danno alcuna indicazione
sulla loro reale distribuzione spaziale all'interdel campione studiato. Nel corso degli
ultimi decenni, i moderni metodi sperimentali péanblisi microstrutturale come la
microscopia elettronica a scansione (SEM) hanntafmad importanti avanzamenti delle
nostre conoscenze sui complessi meccanismi chengome nel corso dell’idratazione del
cemento. Tuttavia, l'impossibilita di accedere adoimazioni tridimensionali (3D)
rappresenta la principale limitazione della tecr8&aV e degli altri metodi di imaging 2D.
Inoltre, poiché la preparazione del campione éspeguttosto invasiva, la microstruttura
del cemento puo risultare completamente alteragatadt ragioni, si € reso necessario lo
sviluppo di tecniche non distruttive per lo studiocrostrutturale in 3D dei materiali.
Oggigiorno, la micro-tomografia computerizzata agia X (X-uCT) fornisce uno
strumento totalmente non invasivo per studiare adeontridimensionale la struttura interna
dei materiali, con una risoluzione spaziale che yaggiungere il livello sub-micrometrico
quando vengono utilizzati i sistemi piu avanzat. X-uCT consente di ricostruire mappe
in 3D delle variazioni del coefficiente di attenicae lineare dei raggi Xuf all’interno di
un campione senza perturbarne la struttura.

Lo scopo di questo progetto di ricerca e quellgatificare le potenzialita della XECT per

lo studio microstrutturale di diversi aspetti didresse nei materiali cementizi. Tra le
principali tematiche che sono state affrontate omcs 'evoluzione della microstruttura
durante la presa e l'indurimento, gli effetti delpporto acqua-cemento, il ruolo degli
additivi superfluidificanti e le proprieta delloagpo poroso. | risultati ottenuti dalla XET
alla scala microscopica possono essere correlati k& corrispondenti proprieta
microscopiche osservate nelle applicazioni reali.

Al fine di confrontare le potenzialita delle duengipali tipologie di strumenti per XCT,

sono stati effettuati esperimenti utilizzando sitesni convenzionali da laboratorio sia



sistemi da sincrotrone. Uno studio al sincrotron®evoluzione del cemento nel corso
degli stadi iniziali dell'idratazione €& stato pddaa termine con successo, ponendo
I'attenzione sull’effetto dei superfluidificanti §p. 4). L’elevata risoluzione spaziale
ottenibile ha consentito di seguire I'evoluziondla@orosita e della frazione di cemento
anidro in funzione del tempo di idratazione. Nepitalo 5, la XuCT convenzionale da
laboratorio € stata applicata allo studio di campéh paste di cemento preparati a diverso
rapporto acqua-cemento al fine di ottenere inda@zsui parametri microstrutturali che
determinano le variazioni delle resistenze mectenin campioni macroscopici al variare
del contenuto d’acqua.

Inoltre, le potenzialita di una tecnica sperimentedcentemente sviluppata (diffraction
tomography, XRD-CT) sono state testate per la psuoi su campioni cementizi (cap. 6).
La tecnica della XRD-CT, combinando i principi @elnicro-diffrazione a raggi X con
quelli della ricostruzione tomografica, consentendippare la distribuzione di determinate
fasi cristalline o amorfe all'interno di un campém una maniera del tutto non invasiva.
In questo modo, una delle principali limitazionildeX-uCT legata alla scarsa sensibilita
nei confronti di ridotte variazioni di assorbimenta diverse fasi puo essere superata.
Nonostante I'analisi dei dati non sia semplice @higda ulteriori sviluppi, i risultati
preliminari presentati in questa tesi mostranoalbane fasi, sia cristalline sia amorfe, che
si sviluppano nel corso dell'idratazione del cemgebme ad esempio I'ettringite o il C-S-
H), possono essere mappate con successo senzd@ertlisistema.

Nell'ultima parte del lavoro é riportato un esempiatico di applicazione della XET. La
tecnica tomografica e stata utilizzata per carattare la porosita e la microstruttura di
materiali cementizi granulari prodotti dal procedssolidificazione e stabilizzazione (S/S)
di suoli contaminati da metalli pesanti. | risultdelle analisi di XuCT sono stati poi
combinati con quelli ottenuti usando altri metogesmentali classici (ad esempio MIP,
test fisico-meccanici e di cessione) al fine diutate le prestazioni e la compatibilita

ambientale di un metodo innovativo di bonifica treni inquinati.



1 - Portland cement: basics concepts

1.1 Portland cement manufacture

Portland cement (often referred to as OPC, OrdirRogtland Cement) is an inorganic
hydraulic binder produced by finely grinding Pontlia cement clinker plus a limited
amount of calcium sulphates and other minor carestits (Taylor, 1990, Hewlett, 2007). It
Is by far the most widely used binding agent instarction industry for the production of
concretes, mortars and grouts. When Portland cemsentixed with water, a paste is
formed which sets and hardens as a consequencgdddtion reactions. The growth of
new hydrated phases leads to the development dianexal strengths in the paste, which
are preserved even if it is stored under water.oAdiag to the EN 197-1 norm, Portland
cement clinker (i.e. the main constituent of PodlZement) shall consist of at least two-
thirds by mass of Ca-silicates (3CaO-Si@nd 2CaO-Sig), the remainder being
constituted of Al- and Fe-containing phases ancrotompounds. The ratio of CaO to
SiO; shall not be less than 2 and the MgO content siodléxceed 5% by mass.

The raw mix for the production of Portland cemetihker is generally obtained by
blending a calcareous material, typically a limastowith a smaller amount of an
argillaceous one, as for example clay or shalardier to correct the bulk composition, it
may be necessary to include minor proportions @ @nmore corrective constituents such
as iron ore, bauxite or siliceous sand. Howevemesargillaceous limestones and marls
may show compositions very close to the one reduarel can be directly employed.

In a first stage, the raw materials undergo a safalying, crushing, milling and blending
stages, which yield an intimately mixed powder whggain size is typically about 1¢@n.
Then the raw meal passes through a pre-heater (emiperatures up to 800 °C) and
typically also through a pre-calciner before emigra rotary kiln, typically 50-100 m long,
sloping at 3-4% from the horizontal and rotatingadew revolutions per minute. The raw
material enters at the upper end and then movéiopposite direction to the hot gases
produced by a flame at the lower end where a maxinamperature of 1450 °C is reached.

The principal reactions taking place in a cemeint &re roughly subdivided as follows:

- Reactions below ~ 1300 °hese are basically the calcination of carbonates
(calcite and dolomite) and the decomposition ofychainerals (mainly de-

hydroxilation). Above 900 °C, clays begin to formwphases such as Al-Si spinel,



cristobalite and, at 1100 °C, mullite ¢8I,0O,3). The reactions of the lime (CaO)
formed from calcite with high-temperature polymapbdf SiQ and clay mineral
decomposition products lead to the formation ofitee(CaSiO,), aluminate
(CaAl0g) and aluminoferrite (or simply ferrite, @8 ,Fe010). A liquid phase is
formed only to a minor extent but may have a prongogffect on the reactions. At
the end of this first stage, the major phases ajb-temperature polymorphs of
belite, aluminate and ferrite as well as a consibleramount of free lime.

- Reactions between 1300 and 1450 °C (clinkeriAggonsiderable amount of melt
Is formed (up to 20-30% of the mix at 1450 °C), miyafrom aluminate and ferrite.
Much of the belite and nearly all the lime reacgitee alite (CgSiOs). The material
starts to nodulize and form the clinker.

- Reactions during coolingThe liquid phase crystallizes giving mainly almatie
and ferrite while polymorphic transitions of theatwZa-silicates (alite and belite)
occur. During this stage, clinker nodules (typigét20 mm in diameter) solidify
completely, starting in a short cooling zone withie kiln and continuing in a
cooler. As soon as the clinker leaves the burnongezit is fundamental to achieve
a rapid cooling from the clinkering temperature daw 1100 °C in order to avoid
the decomposition of alite and obtain a high quadioduct.

At this point the clinker is mixed with a few penteof calcium sulphates (gypsum,
bassanite, anhydrite) and finely ground (typicéstow 100um) thus obtaining the final
product, i.e. Portland cement. Ca-sulphates cotfteprocess of setting and influence the
rate of strength development. Other inorganic neef{generally referred to as mineral
additions or supplementary cementitious materi@a{SMs) may be ground together with
the clinker and Ca-sulphates or mixed with Portlaechent when this latter is used; in
such cases the so-called composite or blended d¢semem produced. Mineral additions
(often waste materials or by-products of indusipiaicesses) can take part in the hydration
reactions giving a substantial contribution to themation of hydration products. Among
the most important mineral additions are fly aslasbfurnace slag, natural pozzolanas,
silica fume and limestone. Besides a re-use ofevamstterials with a consequent reduction
of the manufacturing costs, the addition of SCMagvas to produce cements characterized
by specific properties that are desirable for palér purposes such as slower and

decreased heat evolution, improved durability ayvegh strength.



A typical chemical composition of an ordinary clerkappears as follows: 67% CaO, 22%
SIO,, 5% ALOs, 3% FeO3; and 3% of other components (mainly S®™MgO, NaO and
K20). Besides the four major clinker phases (aliditdy aluminate and ferrite), several
other phases such as alkali sulphates, CaO and dgQcommonly present in minor
amounts. The setting and hardening of cement r&suit hydration reactions between the
major phases and water (see par. 1.4).

1.2 Cement nomenclature and abbreviations

Chemical formulae in cement chemistry are oftenresged as sums of oxides thus, for
instance, tricalcium silicate (€ai0s) can be written as 3CaO-Si@ven though this does
not imply any presence of separate oxides witlsirstitucture. A specific cement chemistry
notation is commonly used to abbreviate the formubé oxides to simple letters; the
abbreviations for the main oxides, clinker phased hydration phases are reported in
Tables 1.1 and 1.2.

CaO=C FegO; = F KO =K Co=C
SiG, =S MgO =M NaO = N TiIO, =T
A0 = A SQ =S HO=H ROs = P

Table 1.1 - Abbreviations of common oxides follow/ihe classical cement chemistry notation.

Phase Chemical formula Cement notation
Alite CaSiOs CsS
Belite CaSiO, C,S
Aluminate CaAl,06 CA
Aluminoferrite CaAlFe0yq C,AF
Gypsum CaS@» 2H,0 CSH
Bassanite CaS@ 0.5H0 CSH s
Anhydrite CaSQ CcS
Portlandite Ca(Oh) CH
Calcium silicate hydrate (CaPiOy)y, * z2(H0) C-S-H
Ettringite CaAl(SOy)3(OH)y, » 26H,0 CeAS:Ha,
Monosulfoaluminate CAl,(SO,)(OH),, * 6H,0 C,ASH;,
Hydrogarnet Ca4AI(OH) ] CsAH,

Table 1.2 - Chemical formulae and cement chemesdtyreviated notations of the most important

phases that can be found in cementitious materials.



1.3 The main clinker phases

Tricalcium silicate (GS) is the most important constituent of all norRaktland cement
clinkers, ranging from 50 to 70 % by mass. The tailite refers to €S with ionic
substitution as it is commonly found in clinkersowever, in the literature this rule is often
not followed and €S and alite are commonly used as synonyms. In maiyplite,
approximately 3-4% of substituting oxides is comigoobserved. The most significant
substituting ions in alite are Kak*, Mg?*, F€* for C&* and AF*, P*, $* for Si**. The
presence of substitutions in the structure conteduto the stabilization at ambient
temperature of the high-temperature polymorphgalricular, the M and M, polymorphs
(monoclinic) and in some cases the golymorph (triclinic) are the most commonly
present in clinkers. Alite reacts relatively quicklvith water and in normal Portland
cements is the main responsible for strength dewedmt, especially at short-term
hydration times. About 70 % of alite hydrates im tiirst 28 days while the remaining
fraction completely reacts within one year.

Dicalcium silicate (GS) or belite when ionic substitutions occur, cdngtis about 15-
30 % of Portland clinker. As for4S, the higher temperature polymorphs cannot noymall
be preserved on cooling to room temperature urdesslized by substituting ions (e.g.
Fe*, AI¥, K', Mg®, $". In particular, the transformation upon coolingrfi the
monoclinicp-C,S to the much less dense orthorhombi®S has to be avoided as it causes
crystals of belite to crack and convert into a pewd phenomenon known as dusting.
However, belite generally contains enough staloigjzions to prevent this destructive
transformation. Belite reacts slowly with waterushgiving a small contribution to the
strength during the first 28 days but its impor&anwreases at later ages. After one year,
the contributions to strengths from purgSCGand GS are approximately equivalent under
comparable conditions.

Tricalcium aluminate or simply aluminate &) is present in Portland cement clinker in
proportions from 5 to 10 %. It is substantially rifedl in composition and also in
structure by ionic substitutions. PuregAChas a cubic symmetry and does not exhibit
polymorphism. In aluminate structure, aan be substituted by 2Néwith consequent
occupation of an otherwise vacant site) leadingteolid solution of general formula
NapxCas.xAl20s. The substitution occurs without changes in stmectup to about 1 %
NaO. For increasing levels of substitution (up to 34j, a series of structural re-



organizations are observed that lead to orthorhonaimd monoclinic polymorphs. In
addition, substantial proportions of aluminum canréplaced by other ions, mainly iron
and silicon. Aluminate is commonly found in clinken the cubic or orthorhombic form.
CsA reacts very rapidly with water and can cause ratesired rapid setting but this effect
is controlled by adding to the raw clinker an adgquamount of Ca-sulphates (mainly
gypsum) acting as set-retarders.

Tetra-calcium aluminoferrite or simply ferrite /&F) makes up 5-15% of normal Portland
cement clinkers. §£AF, which shows orthorhombic structure, is substdlgt modified in
composition by variations in the Al/Fe ratio andi® substitutions. Ferrite has small
effects on the mechanical properties of cementi@nichte of reaction with water appears
to be variable but, in general, it is high at eatiyges and low or very low at later ages. At
ordinary pressures, the composition of ferrite xpressed by the solid solution series
Ca(AlFe )05, where 0 < x < 0.7. When x = 0.5, thgAE standard composition is
obtained. However, the typical composition differsarkedly from GAF due to the
incorporation of about 10% of other oxides and ischmlower in FgO; as F&" is often
replaced by Mg, Si**, Ti** or Mr®*. Ferrite is also the main responsible for the dgpi
dark colour of ordinary Portland clinkers. When lalker grain is observed using an
optical or electronic microscope, alite appearterform of polygonal euhedral-subhedral
crystals (typically 20-6Qum in size) while belite forms rounded crystals tass ipartially
consumed by its reaction with CaO to form alite.eTinterstitial fine-grained phases

surrounding alite and belite grains are mainly ahate and ferrite (Fig. 1.1)

Figure 1.1 - SEM-BSE (back-scattered electrons)ragi@ph of a portion of a clinker nodule
(polished section embedded in epoxy resin). Largabhedral crystals correspond to alite while
belite appears as well-rounded grains, slightlykelarthan alite. The interstitial fine-grained

brightest phase is constituted by aluminate anitdeDarker areas are pores filled by epoxy resin.



1.4 The hydration of Portland cement

The hydration of Portland cement is a sequenceonfptex chemical reactions between
clinker phases, water and Ca-sulphates, leadinggetiing and hardening (Gartner et al.
2002). As the analysis of reactions and kineticeobees increasingly complex when
increasing the number of component and phaseshstigation of simplified subsystems
represents a valuable approach to the study ofadrtement hydration. This latter is far
more complicated than the hydration of individulihker phases because the different
reactions proceed simultaneously and at differatés; thus influencing each other.
However, the general principles are basically #i@e with the dissolution of anhydrous
phases that leads to the precipitation of much $efisble products forming the hardened
paste. The setting process is the result of a @drmgn a concentrated suspension of
flocculated particles to a viscoelastic skeletdidscapable of supporting an applied stress
and this can be monitored by rheological measuré&nédie continuous development of
the solid framework by means of physico-chemiaaicpsses is called hardening and
leads to the development of the ultimate mechampoaperties of cement. The hydration
reactions can proceed for years, until either ohdhe reactants (cement, water) is
completely consumed or the space to deposit newatigd products is totally filled. It has
to be pointed out that the hydration behaviourlwiker phases can be affected by several
factors, the most important being w/c ratio, terapae, particle size distribution, mixing
procedure, size of the hydrating sample and presehadmixtures.

The hydration of clinker silicates (alite and b&lipproduces two main phases, calcium
silicate hydrate (C-S-H) and calcium hydroxide datsown as Portlandite, CH). Calcium
silicate hydrate is a low-crystallinity (or nearlgmorphous) phase of variable
stoichiometry; for these reasons it is sometimses e¢ferred to as C-S-H gel. C-S-H gives
by far the most important contribution to the depehent of mechanical strengths in
cements, forming in general highly intergrown fibréhat lead to the hardening of the
system. Portlandite has a layered hexagonal steigbowing good (0001) cleavage.
Under ideal conditions of formation, CH forms hesagl plates but as hydration proceeds
it tends to become massive with a not well defiskdpe. The hydration of;& and GS

under ambient conditions can be described by th@ximg reactions:

GS + (3-x+N)H— CSH, + (3-X)CH  AH =-121 kd/mol)  1.1)
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GS + (2-x+N)H— CSH, + (2-X)CH  AH = -43 kJ/mol) 1.2

When the solution is saturated with respect to £H,1.7 and n = 4, thus eq. 1.1 and 1.2

become:

3GS + 16H— 3C,SHs + 4CH (.3
3GS + 13H— 3C,SH,+ CH (1.4

An initial stoichiometric water to cement ratio @y/of 0.42 is necessary for a complete
reaction. As @S constitutes about 50 to 70% by mass of normakets, its hydration is
the dominant process in Portland cement hydragspecially during the early stages of
strength development. For this reason, the greajoritya of studies aiming at
understanding the mechanisms and kinetics of cemahtion concentrated ons€ (e.g.
Bullard et al., 2010).

The generally accepted interpretation of the predewlies that from the hydration of
aluminate and ferrite, completely different phaaesformed. As already observedAGs
the most reactive clinker phase and is known teelasgignificant influence on the setting
process and rheology of cementitious systems. énaihsence of sulphates, aluminate
reacts with water to produce initially a gel-typatarial whose crystallinity increases with
time. This leads to the growth of the so-called agmnal hydrates, with compositions
C,AHg and GAH19 (eqg. 1.5). Such phases are metastable and arertedto more stable
cubic forms as for examples&Hg (hydrogarnet, eq. 1.6) leading to an increaseonogity
and disruption of microstructure with consequesslof strength. £A\H 19 easily loses part

of its interlayer water to form 8H .

2GA + 27TH— CsAH10+ GAHg  (L.5)
CGAH 19 + GAHg — 2GAHs (16)

In general, such phases do not contribute sigmfigdo early strength development and,
due to their fast reactions, cause an undesirad smting of cement. For this reasons in
normal systems, gypsum or other Ca-sulphates atedaid retard setting. The first stable
hydration product under these conditions is etiten(eq. 1.7), a fibrous phase that grows
in the first tens of minutes on the surface gA@nd gives a fundamental contribution to
the development of early strengths. Ettringiteast pf a group known as Aft phases with

limited variations in compaosition.
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GA +3CSH, + 26H— CsASsH3; (ettringite)  1.7)

With increasing hydration times, monosulphoalumen@r simply monosulphate, eq. 1.8)
gradually replaces ettringite that becomes unstbbtause the ratio of available alumina
to sulphate increases with continued cement hyara®n first contact with water, most of
the sulphate is readily available to dissolve, buich of the GA is contained inside

cement grains with no initial access to water. @mmetd hydration gradually releases

alumina and the proportion of ettringite decreasethat of monosulphate increases:

GAS;Hs, + 2GA + 4H — 3CASH,, (1.9
GA + CH + 12H— C4,AH 3 (19)

Monosulphate can form a solid solution with thestsactural compound 8H 13 (eq. 1.9).
However, besides OHalso CQ* can partially substitute S®in the interlayer positions;
in addition, also F& may substitute Al, resulting in wide compositional variations.
Therefore, such compounds are collectively groupétiin the so-called AFm phases,
where m stands for “mono”, indicating the presente single sulphate group in the
formula. In a similar way in Aft phases, t stands ftri“ as they contain three sulphate
groups.

The hydration of the ferrite phase is very similarthat of aluminate and leads to the
formation of iron-substituted Aft and AFm phasesrrite reaction also starts quickly as
water is added but then slows down, probably bexadayer of iron hydroxide gel forms,
coating the ferrite and acting as a barrier, preagrfurther reaction.

The early stages of hydration, both for total ceimemd single phases, are commonly
followed by monitoring the rate of heat evolutionrheans of an isothermal calorimeter or
by measuring the rate of release of’Cmto solution. In particular, on the basis of
calorimetric curves, the overall progress of hyidrathas been historically divided into
four or five stages as illustrated in Fig. 1.2. E¥bough the limits of each stage are still
difficult to define, this classification represemgjood starting point for the understanding
of cement hydration. Following a scheme proposed Gartner et al. (2002), the

mechanisms of cement hydration can be summarizéalaws:

1- Initial reaction (first minutes, corresponding to wetting and m@RinA rapid

dissolution of free lime, sulphates and aluminabesurs with an immediate
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formation of Aft phases (initially as a gel laye@S starts to hydrate on its surface.
A large initial burst of heat is observed, mainlyedo the dissolution of 8 and
C,AF and secondarily to 4S and CaO.

2- Period of slow reactiorfalso known as dormant or induction period). A gelde
of C-S-H nucleates and the concentrations of Si Ahdn the pore solution
decrease to very low levels; the nucleation of lpodite also occurs. During this
stage a low heat evolution rate is measured. Stwwdtion of early C-S-H and
more Aft phases leads to an increase of viscosity.

3- Acceleration periodcorresponding to setting and early hardeningk fjdration
of CsS to form C-S-H and CH accelerates and reaches »amuam, with an
increasingly high heat flow. The rapid growth ofdmgtes leads to a reduction of
porosity and to the solidification of the pasterfgatrength development).

4- Deceleration periodThe rate of formation of C-S-H and CH from botkSGnd
C,S decreases. A renewed hydration of aluminatesupssdmainly AFm phases;
AFt may dissolve or re-crystallize. The continualesrease in porosity due to the
growth of hydration phases leads to a continuoasease of strengths. The rate of
reactions decreases with time but hydration coesrfor years, as long as water is
available. Shrinking of the paste is observed dudrying.

. .
Initial reaction

Period of slow reaction
Acceleration period
Deceleration period

Heat flow (mW/g)
N

o 3 6 9 12 15 18 21 24
Hydration time (h)
Figure 1.2 - Calorimetric curve showing the ratdgdiration as a function of time for an alite paste

A similar shape of the graph is obtained also fmmral Portland cements (image modified from
Bullard et al., 2010).
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In concretes and mortars, i.e. when aggregatesl @ad/or gravel) are added to the mix,
the development of bonds at the interface betwkerpaste and the aggregates is another
crucial aspect that contributes to final strengthspecific properties have to be achieved,
the reactions and kinetics of the hydration proa=ss be significantly modified by the
addition of supplementary cementitious materialsl@mical admixtures as discussed in

the next paragraph.

1.5 Chemical admixtures: superplasticizers
1.5.1 Water reducers and superplasticizers

All the materials other than hydraulic cements,evair aggregates that are added to a
cementitious system immediately before or duringing are defined as admixtures. Other
materials such as grinding aids that are addedetnent during manufacture are not
included in this classification (Taylor, 1990). ardje variety of admixtures, both organic
and inorganic, may be employed in order to achspexific properties as for example an
acceleration or delay of setting and hardeningg@ehse of the amount of water needed to
obtain a given level of workability or an increadehe entrained air content.

It is well known that a reduction of the water tereent ratio in cements, mortars and
concretes leads to an improvement of the mechasicahgths and durability of the final
products, as a consequence of the higher degreaaking of cement particles and the
development of stronger inter-particle bonds. Hosvewhese beneficial effects are in
general achieved at the expenses of workabilitykimgathe mix more difficult to place.
On the other hand, too much water will result igregation of the aggregate components
from the cement paste. Moreover, water that isaooisumed by the hydration reactions
may leave the concrete as it hardens, resultingiaroscopic pores that will reduce the
final strength of the concrete/mortar. A mix widotmuch water will also experience more
shrinkage as the excess water leaves, resultingtémnal cracks and visible fractures
which again will reduce the final strength.

Water-reducing agents, also called plasticizetewato reduce the wi/c ratio of a cement
mixture (typically in the range of 5-15 %) maintaig at the same time high levels of
workability. The main limitation of conventional gsticizers is related to the fact that
many of them also have retarding, acceleratingragrdraining properties. For this reason,
in order to avoid undesired effects, they cannoud$ed at high dosages and are typically

added as solutions in concentrations of up to 0.8rthe weight of cement. Nowadays,
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conventional plasticizers have been almost comlglegplaced by a novel generation of
admixtures called superplasticizers (SPs) or hagilge water reducers, which allows to
partially or completely overcome the limitations afommon water reducers.
Superplasticizers allow to produce high-strengtth laigh-durability concretes by reducing
the w/c ratio up to about 30% and are widely useoth in ordinary and special
applications, to improve the workability of mortard concrete systems.

Among the most common conventional plasticizer@ae and Na-lignosulphonates which
are also widely employed as set retarders. In fadarge overlap of properties exists
between plasticizers and set-retarding admixtusethey both act by similar mechanisms
of adsorption at the solid-liquid interface. Wateducers are also known to enhance the
slump loss effect (i.e. the decrease in workabititycement and concrete mixtures with
time after mixing); nonetheless, the slump remaignificantly higher if compared to
normal systems. Such increased slump loss is plpdak to the gradual absorption of the
admixture by the growing cement hydration produfsylor, 1990) and may be
minimized by delaying the addition of the admixturdil a few minutes after mixing.

Unlike conventional water reducers, superplastisizan be used in higher concentrations
(over 1% on the weight of cement) without causing excessive retardation or air
entrainment. In addition, SPs may be also emplagedormal w/c ratios in order to
produce “flowing” concretes with self-levelling caplities that can be readily placed by
methods such as pumping or continuous gravity f8egberplasticizers are anionic poly-
electrolytes with molecular weights approximateiyttie range of 1910° u. The so-called
“first generation” SPs are roughly classified ititoee principal types, namely sulphonated
melamine formaldehyde poly-condensates (SMF), sulpted naphthalene formaldehyde

poly-condensates (SNF) and modified lignosulphonatepounds.

1.5.2 PCE superplasticizers

In the middle of the 1980s, a new class of supstigiaers, based on polycarboxylate
ethers (PCE) and characterized by improved perfoces and higher environmental
compatibility has found increasing applicationsclsumolecules typically consist of an
adsorptive backbone unit and a hydrophilic polykthg-oxide (PEO) side chain. Though
being in general less robust or tolerant to difiereement compositions or other
admixtures than SMF and SNF polycondensates, mahriw/c ratios can be achieved

using PCE SPs, especially in pre-cast concretesei@hty, the performance of PCE
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superplasticizers is strictly related to their @etture (Plank et al., 2008, Zingg et al.,
2009) and is determined by parameters that can dmeaiently modified such as
backbone and side chain length and side chain tgeri3iie to their advantages, these
superplasticizers are increasingly replacing cotiveal poly-condensates, especially in
high-performance demanding applications such dscegipacting concretes (SCCs) or
high performance concretes (HPCs).

The most commonly used PCE superplasticizers arsufaectured from the radical
copolymerization of methacrylic acid and the methterminated ester MPEG-MA
(methoxy polyethylene glycol methacrylate). By meaof this process, “comb-like”
structured polymers are obtained in which the PH®2 €hains allow for the steric
stabilization of dispersed particles. The admixiueenployed for the preparation of some
of the samples studied in this work belong to ttéss, as shown in Fig. 1.3. An alternative
formulation involving the use of the hydroxyl-temated HPEG-MA macro-monomer
instead of MPEG-MA has been recently developedlagkPet al. (2008).

NaO "0 0]

iy

CH,

Figure 1.3 - General structural formula of the R6ziSed superplasticizers employed in the present
work. The subscriph denotes the number of repeat units of methacedid (which bears the
negative charge in the polymer) white represents the number of repeat units of the ratdec
bearing the PEO chain. The number of oxyethylenis,unhich determine the molecular weight of
the side chain is indicated with For the superplasticizers used in this work, réité n/m may
vary between 3 and 7 while the molecular weighthef MPEG chain is approximately comprised

between 750 and 5000 u. Image from Zingg et aDg20

1.5.3 Mechanisms of cement-SP interaction

The addition of superplasticizers causes modificetiat the interface between particle

surface and pore solution and influences the phiygcoperties of the paste such as
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viscosity and vyield stress. However, despite thgniBcant efforts of the scientific
community, many questions remain unsolved about rtieehanisms that govern the
interaction between cement and SPs. Here, we wéflp report the generally adopted
theory used to explain their behaviour though tletua performance can be rather
different for various cement-SP combinations. Itwislely agreed that the reduction of
mixing water is achieved through improved dispar©bthe cement grains which causes a
strong decrease of flocculation. In this way, ansigant amount of water, otherwise
immobilized within particle clusters, becomes aatlié allowing an increased fluidity of
the paste. According to Daimon & Roy (1978), adsorp of the admixture on the
hydrating cement grains could decrease flocculatiomt least three ways, namely an
increase of the zeta-potential, an increase o$diid-liquid affinity and a steric hindrance.
Besides being adsorbed on particle surfaces (bbttkec and hydrate phases), SP
molecules can also be intercalated by co-precipitatvith early hydration products or
remain dispersed in the pore solution (Fig. 1.4).

i fz SP in solution

Adsorbed SP
Intercalated SP

Hydrate layer

Figure 1.4 - Different mechanisms of cement-supetidizer interaction (image modified from
Zingg, 2008).

SP intercalation in layered cement hydration phasdaces the amount of SP available
for adsorption with negative effects on the stapilif cement suspensions as an increased
slump loss. As already observed for plasticizersose mechanisms of action are quite
similar to those of SPs), the delayed additiondrhixtures (i.e. after the initial hydration)
seems to limit or prevent the formation of inteates. This is confirmed by the lower
demand of superplasticizer in those systems wheris 8dded after a few minutes instead

of directly with the mixing water. SP intercalatios generally observed in aluminate
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hydrates as monosulphate (Plank et al., 2006) tbbh&s been described also in C-S-H
(Matsuyama & Young, 1999). The presence of SPshé gore solution is known to
influence the nucleation of hydration phases ad agetheir growth and crystal shape, as
confirmed by SEM and AFM (atomic force microscopy)vestigations. Such
microstructural modifications of course have retdgvaffects on the inter-particle forces

and rheological properties of cement suspensions.
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2 - X-ray computed micro-tomography

2.1 Non-destructive investigation of cements

Monitoring the microstructural evolution and theentical reactions taking place in
cement-based materials during their setting andemang is one of the most challenging
goals of modern materials science. It is widelyraeidedged that the performances and
durability of cements, mortars and concretes aretrobed by their microstructural
features such as the pore network and the speatatianships between different phases.
Among the most widely used experimental techniquies the investigation of
microstructural features in cements, scanning acticroscopy (SEM) has played a
major role in the past and still remains a fundataletool in this research field. The
combination of backscattered electron (BSE) imagiuith X-ray EDS (energy dispersive
spectroscopy) point analyses and chemical mapsslio easily identify and quantify both
clinker phases and hydration products. Moreoverypimalogical information on the
hydrated phases and the pore space may also beaubtsy using secondary electron (SE)
imaging on fresh surfaces. However, such analyseslimited to the investigation of
surfaces and this lack of access to the third da&wenrepresents one of the major
limitations of SEM-based techniques when tryingextract quantitative information, e.g.
on connectivity or other pore space properties.tA@ocritical aspect is related to sample
preparation (i.e. cutting, polishing and drying)dato the exposure to high vacuum
conditions inside the SEM chamber that may induocenes modifications in the
microstructure of hydration phases. Even thougtsehlmnitations have been partially
overcome by the advent of the environmental SEMrtetogy (ESEM) which allows to
analyze hydrated specimens with no prior drying, phoblems related to sample cutting
and polishing still remain unsolved.

In the materials and Earth science research fighésmost popular traditional approach to
overcoming the limitations of bi-dimensional (2Dhaging techniques has been to cut
serial thin sections or to perform serial grindiagd polishing, coupled with optical or
SEM imaging. These methods are of course highlytraetsve and time-consuming;
moreover, sections can only be cut/grinded in amentation. In addition, the achievable
resolution is quite limited, in particular for whabncerns serial thin sectioning where a
minimum interval of ~ 1-2 mm is lost between onetiem and the other during sample

preparation. Under these conditions, the corrafabetween features observed on different
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planes may represent a very difficult task. Forséheeasons, the development of non-
invasive experimental techniques which allow theaiied investigation of the inner
structure of materials has become necessary. Nowadg-ray computed micro-
tomography (XpCT) enables the internal microstructure of totalhdisturbed samples to
be visualized in a three-dimensional (3D) manneghatsub-micrometric scale. In general,
X-ray tomographic methods allow to produce, by nseaiha mathematical reconstruction
process, cross-sectional images of an object basdwbw it attenuates X-rays; if stacked
together, such images, also callstices can provide a 3D representation of the
investigated sample in a totally non-invasive manii@e resulting data can be virtually
cut into an infinite number of sections in any dediorientation or visualized with various

3D techniques.

2.2 History

Modern X-ray computed micro-tomography (GT), as applied in this work, represents
the high-resolution evolution of the X-ray computémmography technique (XCT),

originally developed for medical purposes (CT soa€AT, computed axial tomography)
in the late 1960s and early 1970s, in order to @vee the limitations of conventional 2D
X-ray radiography. The invention of medical CT isngrally attributed to Godfrey N.

Hounsfield (1919-2004) (Hounsfield, 1973). His renmnary idea consisted in the
acquisition of a large number of radiographs obhject (the body of the patient or a part
of it) from different angular positions around &atoon axis, followed by the application of
a mathematical reconstruction algorithm to caleulat map of the X-ray attenuation
coefficient (1) of any volume within the body. In this way, thariations in density and

composition of bones and internal organs could isealized with improved detail if

compared to classic X-ray radiography. At that {ine problem of obtaining a section of
an object using an infinite set of rays passingugh it, had been already solved
theoretically in 1917 by the Austrian mathematicisshann Radon (Radon, 1917). He
demonstrated the existence of an inverse transttdreninverse Radon transform) which
can be used to provide a map of the variationswithin a slice of an object, once a set of
radiographic projections is available. However, ¢batribution of Allan M. Cormack who

many years later, in 1963, formulated some of théhematical principles for tomographic
reconstruction, is considered equally fundamermtahé development of medical CT. For

their invention, Hounsfield and Cormack were awdrdbe 1979 Nobel Prize in
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Physiology or Medicine. Soon after its first ap@eae in the medical field, computed
tomography started to be used for the investigatibnon-living structures in industry,
where all the issues related to radiation dosetdimre in practice almost irrelevant.
However, the use of XCT in this field was initiallynited due to its low spatial resolution
(in the order of 1 mm). In the last fifteen yedhse technological innovations in the fields
of X-ray sources and detectors, pushed the resaluditmit below 50um, leading to the
development of a novel, high resolution versionX@T and extending its use to the
material research field, where the size of theuieast to be observed is typically several
orders of magnitude lower than in human body. Téhinique is commonly referred to as
X-ray computed micro-tomography (X=T). Nowadays, with the most recentw&GT
systems, the micrometric or even sub-resolution range has become accessible, opening
new perspectives for the non-destructive analysimaterials. In the last decade,wGT
has found an increasing number of applications bothdustry (e.g. reverse engineering,
metrology or quality control) and in a great varietf research fields as for example
material science (foams, cements), geology, ardbggo palaeontology, civil and
mechanical engineering, biology, biomedicine andyr@hers.

For the sake of completeness, it has to be pomiedhat X-ray computed tomography is
not the only non-invasive 3D imaging technique e, though it is the most widely
employed. Other experimental methods as for examplgnetic resonance imaging (MRI)
and neutron computed tomography (NCT) can be usethé detailed visualization of the
internal structure of materials. In particular, N@brks on the same basic principles of
XCT, with the main differences being the naturetloé probe used (thermal or cold
neutrons instead of X-rays) and the lower spaéisblution achievable. XCT and NCT can
be considered as two complementary techniques bedhe fundamental mechanisms of
neutrons interaction with matter largely differ iiathose of X-rays, thus implying very
different attenuation properties of the variousnedats for the two kinds of radiation.
Neutrons interact with the core of the atom, wh¥eays interact with the charge
distribution of the electron shells. Therefore, eay attenuation coefficient increases
with the atomic number of the elements (i.e. with humber of electrons). On the other
hand, the interaction probability of neutrons witle nuclei is described by the total
microscopic cross-sectiom{;), which does not systematically vary as a funcidrthe
atomic number and, consequently, the attenuatiopepties of the elements for neutrons

show an irregular behaviour. For instance, neutrares very sensitive to some light
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elements such as H, Li, and B, which absorb X-mayly weakly and therefore do not
provide a good X-ray imaging contrast but they dorfeutrons. For this reason, NCT is
particularly useful for the detection of hydrateohtpounds. Moreover, neutrons easily
penetrate thick layers of metals such as Fe, CuPdndhich are known to cause a very

high absorption of X-rays.

2.3 Basic principles

X-ray absorption imaging (which includes both cami@nal radiography and tomography)
iIs based on the irradiation of a sample with X-raygl on the detection of photons
transmitted through it. The change in intensityeafays after passing through an object is
described by the well-known Beer-Lambert law whiehates the incident intensity (i.e.
number of photonslg) and the transmitted intensity) (to the X-ray linear attenuation

coefficient {« or L.A.C.) according to the following equation:

I = |oeXF{‘Z(MXi)} 2.

where each incrementepresents a single material with an attenuati@ificienty; andx

is the length travelled by X-rays through that mateFor each single material,is related
to the density of the phase),(its mean atomic numbeZ)(and the energy of the radiation
used E). In general, the values pfdecreases as X-ray energy increases. In manyiqadact
cases, it may result convenient to use the massuation coefficient (defined asgp)
instead ofu.

As previously noticed, X-rays interact mainly witte electrons of the atomic shells. In the
energy interval commonly used in X-ray imaging, #maount of attenuation is mainly
determined by two physical processes, photoeleatrgnrption and Compton (inelastic)
scattering. For X-ray energies up to 50-100 ke¥. the most widely used) the first one is
the dominant process andp is strongly dependent oBR and Z. This is commonly

described by the following equation:

whereK is a constant. At higher energies, the role of @mm scattering progressively
increases its importance and the dependence bm Z and E can be considered

significantly weaker. For these reasons, compostiwariations have a major impact on
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image contrast at low energies whereas at highkresacontrast mainly depends on

density differences. Although lower energy X-rayside greater sensitivity, the selected
energy for each experiment cannot be too weakyderato ensure adequate penetration
and signal-to-noise ratio.

The main limitation of conventional radiographichaiques is related to their lack of

depth resolution. In fact, radiographs only recardD absorption representation of a 3D
object, therefore small details are not readilynideed due to the overlapping of different

features along the X-ray path (Fig. 2.1). The demelent of X-ray computed tomographic

technigues allowed to overcome this limitation.
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Beer-Lambert's law: Equal image density
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Figure 2.1 - Schematic representation showing teehanism of image formation in conventional
2D radiography. Even though the two columns orrigdjfe contain volume elements with different
linear attenuation coefficients, the same trangahitbtensity is measured along both paths. In other
words, what is detected is the integrated confiobubf the linear attenuation coefficients without

any information about the contribution from anyiindual volume element.

In general, a typical experimental setup for X-caynputed tomography consists of three
parts, namely an X-ray source, a rotating samplédehoand a detector, whose
synchronization is controlled by a computer. A &amumber of co-planar radiographic
projections (up to several thousands) is acquirid the sample being rotated relative to
the source-detector pair by small angular stepsg@dical CT systems, the source and the
detector rotate around the patient’s body whichaiesifixed). Once all the projections are
available, a reconstruction algorithm can be applee produce a stack of cross-sectional
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images calledlices each one representing what would be seen ifrthestigated object
was cut along a plane perpendicular to its rotaéxis. Each reconstructed slice is actually
a matrix ofvoxels(volume elements) whose grey values (GVs) are @tmmal to the
mean X-ray attenuation coefficient within the cepending volume of material (i.e. dark
for low- and bright for high-attenuating featureSpnversely, the grey scale traditionally
adopted in radiographs is inverted and higher gitwor values correspond to darker GVs.
It has to be pointed out that a voxel differs franpixel, as it is a 3D element, whose
thickness corresponds to the thickness of one;shegefore, if all the reconstructed slices
are stacked together, a 3D digital representatidheninvestigated object is obtained. The
reconstructed volume data can be visualized andepsed using adequate imaging
techniques, allowing the extraction of severaldesg of interest.

According to the size and the composition of thgecdb to be investigated, the
experimental setup may show a high degree of véitialespecially in terms of scanning
geometry and energy of the source. The resolutfidheotechnique (i.e. the capability to
separate two distinct objects that are locatedectoseach other) largely depends on the
size of the sample; in general, the smaller theptano be investigated, the higher the
spatial resolution achievable. In medical and inaaisXCT scanners, where the size of the
objects typically ranges from several tens of ceaties to a few meters, the spatial
resolution is in the order of ~ 1 mm. On the oth@&nd, modern XtCT systems employed
in materials research allow to study samples witltimsmaller sizes (from a few cm to a
fraction of mm) with an extremely high resolutidro(n ~ 20um to less than fim).
According to the scanning geometry, XCT systemsehbgen traditionally classified,
following their evolution through time, from thengplest to the most complex. In the so-
calledfirst generationCT systems, a collimated, monochromatic beam esl is scan the
sample and the transmitted photons are collectea &ingle point-detector. A translation
of the source-detector pair relative to the sangptevice versa) by small lateral steps,
allows the incident beam to cross the object thhoadhigh number of different, parallel
paths. By rotating the object (or the source-detegair) by small angular intervals around
its vertical axis and repeating at each time thedation, it is possible to investigate an
entire slice of the sample. By vertically moving thbject and repeating the described
procedure, other slices can be reconstructed. ¥ulnique is of course very time-
consuming but on the other hand, due to the pargdemetry of the beam, a higher

precision in image reconstruction is obtained amigt @ 180° rotation is required.
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In order to reduce acquisition times, second generatiosystems a horizontal linear
detector is used in combination with a fan-shapedrdent beam. This is roughly
equivalent to performing several measurementseasdéime time, thus reducing the number
of lateral steps. On the other hand, due to thepawallel beam, the sample needs to be
rotated through 360°. This geometry is commonlyduseindustry for scanning very large
objects (e.g. engines), often coupled with highrgnsources.

A linear detector is used also ihird generationinstruments but in this case it is wide
enough for the whole sample to be projected oyérece lateral translation of the sample
IS no more necessary. A larger fan beam is usedamtbr second generation systems, a
360° rotation is needed and vertical translatiothef sample is still required for imaging
different slices of the sample. If rotation and tiel translation are performed
simultaneously, the so-callegiral CTis produced, which represents the most widely used
geometry in modern medical CT systems. In this lohdhstruments, the source and the
detectors are located on a circumference surrogntie patient’s body (which remains
fixed) and are continuously rotated and translatea direction perpendicular to the slice
plane. In modern medical CT scanners, several ohgietectors are present, allowing the
imaging of multiple slices at the same time.

Nowadays, in modern XCT applications (i.e. for small samples where higéolution is
required), the most widely used approach consistglopting a geometry where the entire
sample is totally immersed in the X-ray beam at tamg of the rotation. The transmitted
photons are collected by a planar detector (tylyi@IiCCD), allowing considerably faster
acquisitions. As the XCT systems used for all the experiments presemtddis work

belong to this latter group, they will be descrilbednore detail in the next paragraph.

2.4 Microfocus and synchrotron-based X4#CT systems

In general, modern XCT systems are classified into two main groupshenttasis of the
X-ray source employed. In conventional laboratoppaatuses, the X-ray source is a
microfocus tube (i.e. a tube with a micrometricaospot) which produces a conical and
polychromatic beam. On the other hand, synchrobr@sed systems allow the user to work
with a practically parallel and highly brilliant &, whose energy can also be accurately
selected using monochromators. A scheme of a tymbaratory CT-system with cone-

beam geometry is illustrated in Fig. 2.2.
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detector

Figure 2.2 - Schematic representation of a tymegerimental setup for laboratoryGT using a
cone-beam geometry. The synchronization of all cheponents is controlled by a dedicated

computer (not shown in figure).

In microfocus systems, due to the cone-beam gegnsttomplete 360° rotation is needed
and the image of the sample which is projectedhenditector is typically enlarged. The
level of magnification can be selected by chandhegmutual distances between source,
object and detector. If the source-detector andrcesobject distances are indicated

respectively wittDsp andDsg, the geometrical magnification factor (M) is givieyr

M = Dsp 2.3
DSO

Of course, the correct value of M should be chosemsidering the maximum sample
diameter, in order to not exceed the field of vieiv the CCD. An experimental
configuration with the sample positioned as closepassible to the source window is
generally preferable. However, due to the strorgedese of photon flux with distance, the
detector should not be placed too far from the aur order to keep the exposure times at
reasonable values during data collection. The nfiagtion factor, the detector pixel size
and the focal spot size of the source are the mpaiameters which determine the spatial
resolution. In particular, at large magnificatiomsth high resolution detectors, the
maximum resolution achievable is limited by the metrical unsharpness effects which
arise because the radiation does not originate &a@imgle point source, but rather from a
small area, as illustrated in the schematic reptesen of Fig. 2.3 Nowadays, spatial
resolutions in the range of 5-1n are easily achieved with many commercial laboyato
instruments even though the best results are autaursing synchrotron-based systems

which enable to reach the sub-micrometric scale.
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Figure 2.3 - Mechanism of geometrical unsharpneseition in X-ray imaging due to the finite
size of the focal spot of the source. A penumbugiore appears which causes the edges of the

object to be less defined

When the radiation produced at synchrotron faesitis used, the beam can be considered
as practically parallel because the source is farfrom the sample (typically in the order
of 30-100 m). This implies that no geometrical mégation is obtained and the spatial
resolution mainly results from the effective piake of the detector. For this reason,
additional optics have to be included in the dedecsystem in order to improve the image
resolution. Nonetheless, the parallel geometry thasgreat advantage that, in all the
projections obtained by rotating the sample aroimidaxis, each slice at a given height
does not depend on other slices, whereas in canézah geometry this is not true. The 3D
reconstruction problem thus reduces to a large marab2D problems, with each row of
the detector corresponding to a single slice witha sample volume, allowing the use of
simplified and more exact reconstruction algorithinsaddition, due to the parallel beam,
the acquisition of projections over a 180° angudange is sufficient. Another advantage of
synchrotron-based systems is related to the extyehigh photon flux available at these
facilities which is approximately six orders of m#gde higher than in conventional
laboratory X-ray tubes. This allows the users ttamban excellent signal-to-noise ratio
(hence faster acquisition times) even when a siXghay energy is selected from the
polychromatic synchrotron light (the so-called wehiteam) by using monochromators. The
use of a single-energy radiation is usually pref@rpecause it allows to avoid one of the
most annoying artefacts observed when using pabyohtic sources, the beam hardening
effect (see par. 2.7.2), which is related to thefgmential attenuation of the lower energy
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photons while they travel through the sample. Thgesents a crucial point for a more
accurate and quantitative determination of the afi@ms of p within the sample. In
addition, it is possible to adjust the X-ray enetgythe absorption edge of one of the
elements present in the sample, thus allowing dottrast enhancement by calculating the
difference of the images taken below and abovabiserption edge of a selected element.
This method is known aabsorption-edge tomograpl{ponse et al., 1989, Thurner et al.,
2004).

2.5 Basic principles of tomographic reconstruction

The main purpose of an XCT system is to build ad23D representation of the inner
structure of an object from a set of projectionadatquired from a large number of points
of view. Several reconstruction algorithms, speeify developed for the different
geometries are nowadays available, as for examipéeetl back-projection (FBP), and
algebraic reconstruction techniques (ART). A matatcal description of these methods is
beyond the aim of the present work but can be fonrsgveral specific texts, e.g. Natterer
(1986), Kak and Slaney (1988) and Kuba & Herman0&0Only a brief, schematic

description of the basic principles of filtered kgrojection, which is the most widely

used algorithm, will be given here.

l

Projection
angle

Figure 2.4 — Set of projections (or sinogram) ca&i80° rotation (synchrotron parallel geometry)
for a single slice of a cement sample containea glass capillary tube (& ~ 4@fn). The image is
a matrix of 2048x1800 pixels, corresponding respelst to the number of elements in a line of the

detector and to the total number of angular pramastacquired.
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The popularity of filtered back-projection is dwethe fact that this reconstruction method
ensures a very good balance between spatial agguraise reduction and computational
expense. In order to describe how reconstructi@matiged out using FBP, it may be useful
to refer for simplicity to the parallel-beam geomgetnitially, for a single slice (i.e. for a
single row of the detector), the 1D projectionsorded at each angular position can be
ordered one below the other and displayed as éesimgge which is callesinogram(Fig.
2.4) because with this representation a point efaibject describes a sinusoidal trajectory.
In practice, each sinogram corresponds to the Radasform of one bi-dimensional slice.
Once a set of projections from different angulasifpons is obtained, the first intuitive
operation which can be implemented for slice rettaction is back-projection (Fig. 2.5 &
2.6). It consists in assigning to each point of digect, the average value of all the
projections at the corresponding position for eathtion. Nonetheless, the back-projected
image which is obtained using this procedure idl§idplurred. In fact, as a result of the
projection/back-projection process, each elemenhefimage contains information about
what the object really contains at that locatiomt, this information is added to a blurred
version of the rest of the object. An exact math@akcorrection of this effect can be
done by an appropriate pre-filtering of the pramts, as in the filtered back-projection
algorithm.

Back projected Filtered back
profiles projected profiles

[ Y
(5
Object oy Object A
| 9d % H q-8
\-‘304 \W
Simple Reconstructed Filtered Reconstructed
profile image profile image

Figure 2.5 — Schematic comparison between the sirbpktk-projection procedure and filtered
back-projection. Blurring of the object in the rastructed image is significantly reduced when an

adequate filter is applied to the raw absorptiasfil@s prior to the reconstruction process.
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The filtering operation (typically a ramp filter spplied) is performed in the spatial
frequency domain and has the effect of creatingatnag components on the filtered
projection which compensate for the contributionotiier projections in the subsequent
back-projection step. In practice, the filteredadibm each angular view are smeared back
across the image to be reconstructed. As the nuofldeack-projected profiles increases,
the real shape of the investigated object appearsasingly defined. The operation is then

repeated for all the slices thus obtaining thel féaiareconstructed dataset.

4 projections 8 projections

g

16 projections B4 projections

Figure 2.6 — Series of images showing the filtdvadk-projection process for a single slice of a
virtual phantom made of a single, attenuating ¢incobject. The last image, which appears to be

highly blurred, shows the same object reconstruaiéitbut the preliminary filtering step.

2.6 Projection normalization

Before starting the reconstruction process, all ghgections have to be normalized in
order to compensate for the non-uniformity of theoiming beam and the sensitivity of the
detector, which is typically a CCD. For this purpp®ne or more flat-field images are
acquired before, during and after the data cobhectiA flat-field image is simply a
radiograph acquired using the same experimentalittons of all the other projections
(same energy and exposure time) when the sampladsd out of the field of view of the
detector. One or more dark-field images, (i.e. iesagcquired when the X-ray source is
switched off) are also collected. These are empldgecompensate for the so-called dark

current of the detector and for defects or anonsalesponses of some pixels. The dark-
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field image (also referred to as offset image) ubtsacted to the measured signal as it
represents a measure of the current generatednwitid CCD when no radiation is

impinging on it. The dark current effect is comntonall CCDs and other photosensitive
devices and can be minimized by lowering the opeyatemperature of the detector,

generally using Peltier coolers. The normalizawbthe acquired projections (Fig. 2.7) is

carried out pixel by pixel according to the follawgiformula:

_ IM SAMPLE —_ IM DARK (24)

IM NORM ~— |M
FLAT

-IM DARK

Figure 2.7 - Upper: flat-field (left) and dark-fiel(right) images employed for radiograph
normalization. The honeycomb pattern in the flatefiis generated by the fibre-optic bundle that
connects the scintillator screen of the detectothto CCD chip. Lower: The original projection

(left) and the final image (right) which has beesrmalized using the flat and dark fields. The

sample is a capillary glass tube (external diamet&mm) filled with a cement paste.
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2.7 Image artefacts in X-ray micro-tomography
2.7.1 Ring artefacts

The quality of tomographic images are often degiatg the occurrence of several
artefacts that may hamper image processing andmesent the extraction of quantitative
information from the reconstructed datasets. Oni®fmost problematic issues is related
to the so-calledring artefactswhich appear as concentric rings superimposed en th
reconstructed slices and centred around the rataixis of the sample. As the true grey
values are completely altered by the presenceaf fatures, the image segmentation by
simple grey values thresholding may represent aptioated task. Ring artefacts are
common in both microfocus and synchrotron-basedCX- as they are related to the
detector and not to the experimental geometry. Tdreycaused by anomalous responses
from some elements of the CCD as well as by defacispurities on the scintillator. By
using a flat-field correction (see par. 2.6), bg. dividing the acquired projections by a
background image, the presence of ring artefaats bea significantly reduced but not
completely removed. This is due to the non lineaponse functions of some pixels of the
detector, whose effects cannot be compensatedsim@e flat-field correction. Davis &
Elliot (1997) suggested a method to compensate stmh non uniform behaviour,
consisting in wobbling the sample (or the deteatloming acquisition in defined horizontal
and vertical steps. In this way, the inhomogenetiee to the individual detector pixels are
averaged out, leading to an overall reduction rof @rtefacts. Alternatively, several image
processing algorithms for an effective reductionrioiy artefacts (e.g. size and shape
filtering or sinogram processing) have been progdgeey. Raven, 1998, Sijbers & Postnov,
2004, Boin & Haibel, 2006). In the present worle thter developed by Brun et al. (2009)
starting from the algorithm of Sijbers & Postnow(2) was successfully employed for
ring artefacts correction on tomographic data aeguusing the microfocus system in use
at the Tomolab (see par. 3.1) facility (Trieste, Italy). The medhis based on the
observation that ring artefacts become straighticadrlines when the input reconstructed
images are transformed into polar coordinates, avliee centre of the ring artefacts is
assumed as the centre of the polar transformaWdgthin a sliding window, a set of
homogeneous rows in the polar image is detectey #m artefact template is generated
and used for the correction of the image. At thel eh the process, the image is

transformed back into cartesian coordinates. Anmgata of ring artefacts correction is
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reported in Fig. 2.8; a remarkable improvementnrage quality (without any loss of
information) can be observed after the filteringqass, allowing an easier post-processing
of the data.

Figure 2.8 - A cross-sectional slice of a cememigipellet imaged before (left) and after (righg t
application of the ring removal filter developedBrun et al. (2009). Sample diameter: ~ 6 mm.

2.7.2 Beam hardening

The algorithms employed for reconstruction of tomaphic data are based on the
assumption that the attenuation at a certain posiithin the sample is independent on
the path travelled by X-rays before reaching thagitmon (Haibel, 2008). This is true for
monochromatic synchrotron radiation but it is norenwalid for polychromatic sources
such as common microfocus systems or “white” syoichn beams. In this latter case, in
the beam propagating through the sample, the logrggnportion of the spectrum is
preferentially attenuated. This phenomenon is comyneeferred to aveam hardening
effectbecause the X-ray beam becomes “harder” (i.@avwsage energy is shifted towards
higher values) while it passes through the samipl¢he final reconstructed slices, beam
hardening is seen as a non-realistic “cupping” tef image, with the inner part of an
homogeneous sample appearing to be less attenije¢inghowing lower grey values) than
the outer region (Fig. 2.9). This of course may paman accurate classification of the
different materials present in the image becausesiime material can be represented with

different grey values according to its positionhiitthe sample.
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Figure 2.9 - Left: cross sectional slice of a mos@ample constituted by quartz grains in a cement
matrix and analyzed using a microfocus (polychrachaX-uCT system. The inhomogeneous
radial distribution of grey values is due to thatmehardening effect. Ring artefacts are also ptesen
in the image. Right: plot of the grey values aldhg A-B radial profile, traced within a quartz
grain. In the absence of beam hardening the lineldvbave followed an almost horizontal trend.
Fluctuations in the graph are caused by the preseingng artefacts.

The beam hardening effect may be limited by pla@dgquate filters (typically an Al or
Cu folil) directly in front of the exit window of ¢hX-ray tube, in order to perform a sort of
pre-hardening of the radiation. However, this isially not sufficient to remove it
completely and other corrections have to be apptladng the reconstruction. This
undesired artefact can be compensated by measaigngable reference object in order to
find a correction function that can be used toudlly transform the radiographs from
polychromatic to monochromatic (linearization teiue). For beam hardening correction
of tomographic data acquired at the Tomolab facilisee par. 3.1), the following

polynomial formula was used:

Sout = aO + a:l.Sln + a28|r21 + a38|?1 (25)

whereS, is the signal attenuation value calibrated againsg,; is the output andy_; are
four coefficients whose values are generally chasgrthe user before reconstruction,
through a trial and error procedure, until a satigiry result is obtained. It has to be noted

that the signal S is the “log attenuation” valuérterl according to Beer-Lambert’s law as:
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S=In(l,)-In()=d 2.6

wherelp andl are the measured intensity values without and thighobject in the beam,

is the linear attenuation coefficient ath@s the length of the path through the object.

2.7.3 Metal artefacts

When highly absorbing objects within the sampleifslly metallic particles) strongly
reduce or prevent the transmission of the X-raymbedong its path, the information on
other objects in this trajectory can be partialhtatally lost. This mechanism leads to the
generation of the so-calledetal (or streak) artefactwhich are seen in the reconstructed
slices as star- or streak-shaped features. Suefaett can be attenuated by an adequate
filtering (e.g. linear interpolation) of the corpemding sinograms where they appear as
bright sinusoidal lines. Alternatively, they can teeluced by increasing the beam energy,
even though this necessarily leads to a genersldbsontrast.

2.7.4 Motion artefacts

Motion artefacts, which are seen as a generalibluin the reconstructed images, are due
to sample movement (e.g. tilting, shaking or shrigk during data collection or to non
exact positioning of the translational motors timaty occur when the sample is moved out
of the beam for flat-field acquisition during theas. In this latter case the artefacts appears
in the sinograms as small deviation from the id@alsoidal profile and can be easily
corrected by applying an adequate displacemertidg@nhomalous sinogram lines. On the
other hand, when motion is inherent to the inveséid sample (e.g. when studying liquids

or evolving system as fresh cements) motion artef@an hardly be corrected.

2.8 Phase contrast tomography
2.8.1 Introduction

Conventional X-ray radiography and tomography ndiymraly on absorption contrast for
the extraction of qualitative and quantitative mf@ation. However, absorption is not the
only mechanism that contributes to image formatibime refractive index for X-rays is
slightly different from unity and an X-ray wave nsodulated in its amplitude and phase
after passing through a sample. This principle espnts the basis of a relatively novel

imaging technique known as phase contrast imagimghnvhas become possible after the
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great improvement achieved in terms of beam coleerwiith third generation synchrotron
sources. Soon after the development of moderntioredevices, it was noticed that small
imperfections in the optics and windows of the bk@es produced significant
modulations in the observed intensity (Snigirewlet 1995), often due to small thickness
variations of the windows. Further investigatiom®wed that, in practice, the coherence
requirements for phase contrast imaging are vergeastoand it was demonstrated that
phase contrast was possible also with conventiabakatory X-ray sources (Wilkins et al.,
1996). The interaction of a wave with matter isadibed by the complex refractive indax

of the medium which is usually written using thédwing complex expression:

n=1-0+i @.7)

The imaginary part is responsible for the massnatiBon coefficienfu of the material,

which creates the absorption contrast and is klat¢he wavelengthi) by:

p=0@mp)Ia @8

The refractive index decremehi(~ 10°, 10°) is proportional to the electron density in the
material and causes a phase shift, which leads devation of the wave front. In the
simplest form (propagation-based method), if thmming wave is approximately a plane
wave, interference effects can be observed atioeotgect-detector distances. Fresnel's
theory for diffraction explains the increase in tast at the edges and interfaces in the
object, where the gradient of the phase shift petjpalar to the beam is very high. This
additional contrast to the absorption contrasalied phase contrast.

In X-ray radiography and tomography an importarstidction has to be made between
phase contrast (or visualization) and phase retrida the former, the transmitted X-ray
intensity becomes modulated by quantities relatethé phase and the resulting images
can be used in a qualitative manner to reveal shdpanation about a sample (i.e. edge
detection). On the other hand, with phase retrigkial modulated intensity images are
inverted to quantify the phase. Using phase-contaasography it is possible to visualize
the three-dimensional distribution of some aspeaftshe phase distribution (i.e. its
gradient). In phase retrieval-based tomographydlephase-contrast data can be used as
the starting point for calculations that allowsguantitatively map the complex refractive
index of the sample in 3D (Peele & Nugent, 2008).

The methods for phase sensitive imaging can besifixs into three major groups of
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technigues, each one based on different princghesexperimental configurations (Peele

& Nugent, 2008) and showing specific advantagesdcisatvantages:

1-

Interferometry in the interferometric techniques, the contrasdue to interference
of a wave transmitted through the object with aemefice wave, resulting in
interference fringes (i.e. Momose, 1995 & Beckmagin al., 1995). Bragg
diffraction by perfect crystals slices are usedglit, deviate and recombine the two
beams. The recorded interference pattern cannodifeetly used because the
interference fringes cannot be linked to a progectif the object and because an
intrinsic fringe pattern is always present (Clostetal., 2000). Several images for
different external phase shifts must be recordegktonstruct a single phase map.
The main drawback are related to the complexity thedstability requirements of
the technique. For instance, the sample must beemsed in a liquid having a
similar refraction index in order to avoid largeagk jumps and deflections at the
air-sample boundaries that would perturb the ieterice fringes.
Diffraction-enhanced imaginghese techniques involve optical elements that, i
the absence of amplitude modulations are configsie@s to reveal the angular
deviations of the X-ray beam (which are relatedhi® phase gradients) with high
sensitivity. Forster et al. (1980) used a doubiestad setup with the first crystal
acting as a collimator; the angular deviationsodticed by the sample change the
incidence angle relative to the second crystalingctas an angular filter.
Diffraction-enhanced techniques are excellent témigphase contrast imaging (i.e.
detection of edges) but are of limited value foag retrieval. If compared to
interferometric techniques, the experimental sé&ugpmplified and can be coupled
also with laboratory X-ray sources. An analogouwhméque in classical optics is
called Schlieren imaging.

Propagation-based contrastthis method is the source of the phase visuadiza
that was firstly observed with third generation @ymtrons and it is probably the
most widely used due to the extreme simplicityledf setup (no additional optical
elements are required) and the high resolution eselhle. The experimental
conditions are the same used for conventional alisar X-uCT, except for the
higher sample-detector distance. The first intetr#iouse of propagation-based

phase contrast tomography was made by Raven @i986) for the reconstruction
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of a boron fibre. This technique is based on tlaiabredistribution of photons due
to deflections (or, more generally, Fresnel diffi@t). In this case there is no
distinct reference beam as in the interferomeghihique and the occurrence of
contrast can be explained as due to interferentvecle@ parts of the wavefront that
have suffered slightly different angular deviatiomssociated to different phase
gradients (Cloetens et al., 2000). As this is thethod that has been used in the

present work, it will be described in more detaithe next paragraph.

2.8.2 Propagation-based phase contrast imaging

The high degree of coherence of the X-ray beamgymed at third generation
synchrotrons is mainly due to the very small angsitze of the source and allows to reveal,
with great instrumental simplicity the phase vaoias of hard X-rays (E > 6 keV) by
means of the propagation-based method. From aocabpwint of view, the interference at
finite distances between parts of the beam thdemd different phase shifts and are
mutually coherent is used to transform the locasghvariations into intensity variations
(Baruchel et al., 2003). In practice, in order tmiain a phase sensitive image, it is only
necessary to place the detector at a distance D fne sample, on the order of 1én,
whereas a simple absorption image is obtained i Bmall, on the order of T0m (i.e.
with the sample very close to the detector). Thisesponds to the fact that the region in
the sample that effectively determines the image @tint on the detector, the first Fresnel

zone, has a size expressed by:

r. =(AD)"? (2.9

where/ is the wavelength of the radiation. WHens a few mmyg is below the resolution

of the detector (typically in the range pin) and no interference is observed, hence the
image is due only to absorption contrast. For lafi@ebut as long as- remains smaller
than the sizer of the object or feature to be imaged, the eddeth® image behave
independently and provide the only phase controu{iBaruchel et al., 2003). For an
object or feature with size the best sensitivity is obtained Br~ %/24.

The great advantage of this method is its increaseditivity, provided that the spurious
contrast due to inhomogeneities of the beamlinepmmants has been eliminated. The
observed gain (in particular for light materials ammposite materials with similas) is
mainly due to the fact that in the hard X-rays efig> p, i.e. the ratio of the effect of the
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phase and the amplitud&/f) of a transmitted wave is significantly higher (Behel et al.,
2003). Phase variations across the beam exitingdh®ple lead to variations in intensity
(i.e. contrast), provided that the phase has a dimeensional Laplaciafl %p(y,z) # O
(whereg is the phase). For increasing distances D, thagations appear first through a
black-white line (see Fig. 2.10) at the phase disnaities (edge detection), then through a
more and more evident system of Fresnel fringel@naphy), which progressively evolve
towards the Fraunhofer regime (Baruchel et al. 3200

Under some simplifying assumptions, the followingpreession for a first qualitative

interpretation of the described phenomena may liigewr

(x,y,2)dx

N5 (¥,2) = No (Y, el I[1-(AD/2m0%(y,2)] (.10

According to eq. 2.10, the image (i.e. the intgns#t distance D is the product of the
absorption image by a phase sensitive term. Inhemeges likes pores, cracks or
inclusions are associated with abrupt changes(ahd consequently @f) where the path

of the beam is tangential to an edge of the inh@nery. The second derivative will

generate black-white contrast at each of thesedisuiities.

X-rays

Image density
profiles:

ABSORPTION CONTRAST
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idﬂ
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Figure 2.10 - Scheme of propagation-based phadeasbimaging. When X-rays pass through the
object, the refractive index decremed} ¢auses a phase shift which leads to a deviaticheo
wavefronts. As a result of local focusing and de&iag of the deviated X-rays (see red profile),
the formation of bright and dark fringes at theerfaces between different materials is observed,
especially in the presence of high density gradiéag. at the sample/air interface). This effect c
be seen only if the sample is placed far from tdector (in the order of cm-dm). In the classical
absorption mode (black profile), i.e. when the si@mg positioned very close to the detector, the

fringes are not observed and the contrast is lolexge modified from www.konicaminolta.com.
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2.8.3 Phase retrieval

It has been shown that, once a set of phase cbintrages (projections) is available, the
reconstruction procedure based on the same filteael-projection (FBP) algorithm used
for conventional absorption contrast wWGT provides an acceptable approximation for
those distances D where the effect of edge detedipredominant (Cloetens et al., 1997).
However, phase imaging based on the visualizati@uges is not a quantitative technique
and its spatial resolution is limited by the width the fringes which delineates the
discontinuities (Baruchel et al., 2003). For quatitte phase determinations and 3D
reconstruction it is necessary to retrieve mapshefphase on 2D images (holographic
reconstruction). Cloetens et al. (1999) developedmabined procedure (holotomography)
for holographic reconstruction, based on the coatibn of a few images recorded at
different distances for each angular position, Wwhadows to reconstruct 3D quantitative
maps of the distribution of the refractive indexcidgnent (i.e. of the electron density) in
the sample. The highest accessible spatial frequ&aletermined by the maximum
resolution of the detector (a femm). Another interesting approach to the problem has
been recently proposed by Weitkamp et al. (20100 whveloped a computer program
(ANKAphasg for phase retrieval starting from single-distapt®se-contrast projections.
The method is based on an algorithm published lgaRia et al. (2002) which is valid if
the distance between the object and the detector fulfils ther+iield condition:

z<<d?/A @11
whered is the characteristic size of the smallest disbé&rfeatures in the object ands
the X-ray wavelength used. The intensity distribntin the phase contrast radiographs
measured at a single, known distaadeetween the object and the detector plane can then
be used to retrieve the projected thickngssy) of the object (or, which is equivalent, the

projected phase shift of the X-ray wavefront) udimg following relation:

1 e IO, (x, )]
t(x,y)=——In| F 2.1
o) u”( {me D @12

wherex andy are the Cartesian coordinates in the image/oljte, F and F* are

respectively the forward and backward Fourier ti@ms operators|(x,y) is the intensity
distribution in the phase-contrast radiograpfx,y) is the incident intensity andv are the
complex conjugate coordinates fandy. An example of application of this method to

cementitious samples is reported in par. 4.4.
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3- Experimental methods

The XuCT experiments described in this work were carioed using essentially two
different experimental setups which are describedhis section. These are the non-
commercial laboratory instrument of theomolab facility and the synchrotron-based
system of thdD-22 beamline at ESRF. The two setups differ greatlyerms of spatial
resolution as well as in the quality and flux ot tphoton beam so that the Tomolab
experiments allow medium-high spatial resolutiom &ow time resolution, whereas the

ID-22 measurements can be optimized for high timd@ spatial resolution.

3.1 TheTomolab facility

The custom-made XCT system in use at thEBomolabfacility in Basovizza (Trieste,
Italy) is the result of a collaboration between Hiettra Synchrotron Light Laboratory and
the University of Trieste (Dipartimento di Ingegi@eiCivile e Ambientale and Unita
Clinica Operativa di Clinica Odontostomatologicdlomolab is a cone-beam system
equipped with a sealed microfocus X-ray tuHarfamatsu L918§Iwith micrometric focal

spot size (Fig. 3.1).

Figure 3.1 - The Tomolab experimental setup (leftd the lead-shielded cabinet (2x1x1 m)
containing the whole system (right). A filter maofiean Al foil is placed in front of the source in

order to limit the beam hardening effect.

The source is air-cooled and can operate at vatégen 40 to 130 kV and currents up to
300 pA, with a maximum output power of 39 W when workimmglarge focal spot mode
(40 um). However, in order to achieve the highest spagaolution, the focal spot is

typically set to its smaller value (Bn at a maximum power of 8 W). X-rays are produced
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by accelerating electrons onto a target (anode)entddungsten and then exit the tube
through a window made of a beryllium foil. The pdiyomatic spectrum is characterized
by the continuous bremsstrahlung radiation (theimam flux is in the range of 20-85
keV) and is dominated by the strong emission lofeingsten (K, = 59.318 keV, K, =
57.982 keV, KB, = 67.244 keV). Aluminium and copper filters witlanable thickness
(from 0.1 to 1 mm) can be placed in front of theirse in order to reduce the beam-
hardening effect by attenuating the low-energy pathe spectrum (see par 2.7.2).

X-ray radiographs are collected by a high resotutamd high readout CCD detector
(Photonic Science FDI VHR Camégraharacterized by a large field of view (400867Q
pixels) and a small pixel size. A tapered bundlejptical fibres (magnification factor =
1.39) connects the CCD plate to a scintillator exrevhere a layer of terbium-doped
gadolinium oxysulphide (G®,S:Th) powder is deposited at a density of 15 md/chie
resulting active area for acquisition is approxiehab0 x 33 mr, with a pixel size of 12.5
um. The scintillator converts X-rays into visibledration with an emission wavelength
(545 nm) that well matches the spectral region akimum sensitivity of the CCD chip.
Typically, the detector operates in 2x2 binning modhich means that the signal is
averaged on four adjacent pixels that work as gleisuperpixel. In this way, the
resolution is of course reduced but the signaldisenratio can be significantly improved,
allowing to reduce the exposure times.

High-precision electrical motors control the movamef the sample by means of two
translational stages (along vertical and latenadddions, z and y axes) and a rotating stage
(around z axis) with an accuracy ofl8egrees. The magnification factor can be selected
by manually moving the CCD and/or the sample stdgeg a scaled rail.

In its standard mode the CCD detector produces itl2tib digital images (4096
grayvalues) even though the dynamic range can lasextended to 16-bit. Before the
reconstruction process, the acquired projectiomglding flat and dark field) are
converted to 16-bit .raw format images and croppatecessary. The reconstruction of
slices from the acquired 2D projections is carreed using the Feldkamp-Davis-Kress
(FDK) algorithm (Feldkamp et al. 1984) for conedmegeometry implemented in the
Cobra software packageEkxim Computing Corporatign The Image-Pro Plussoftware
(Media Cybernetics, Ing.s used to control the CCD camera during imagguisdion,

where photon accumulation is synchronized withrttation of the sample.
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3.2 ThelD-22 beamline at ESRF

The ID22 beamline (Somogyi et al., 2005) at theopaan Synchrotron Radiation Facility
(ESRF) in Grenoble (France) is a multi-techniquelharay microprobe focused on X-ray
fluorescence, absorption and diffraction on the rameter scale hitp://www.esrf.eu/
UsersAndScience/Experiments/Imaging/ID2dhe beamline combines a two-undulators
source with an achromatic focusing optics. By mears double-crystal monochromator,
this configuration can provide a focused monochtimrzeam of about 3.5 x 1.5 |frwith

a flux up to 1% photons/s between 6.5 and 18 keV.

Besides absorption and phase-contrast micro-torpbgrathe flexible design of the
beamline allows to perform a great variety of expents, including X-ray fluorescence
(XRF), X-ray absorption spectroscopy (XAS), X-raffrdction (XRD), 3D fluorescence
imaging and diffraction tomography (XRF-CT, XRD-C3ge chapter 6).

Projections are acquired using a l14dB#st-Readout Low-Noise (FReLoN) 200CD
camera, developed by the Analog Transient Eleatsoi@roup (ATEG) in the ESRF
Instrument Support Group (Labiche et al., 2007)e Tamera is equipped with a 2048 x
2048 pixels chip with a pixel size of 14n and is cooled by means of a Peltier device. At
ID22, the FReLon camera is coupled with a variabkgnification optical microscope

system that projects light from a scintillator ssrento the CCD chip of the camera.

Figure 3.2 - Left: the XtCT experimental setup (sample stage and detectaupe at the 1D22
beamline. Right: a sample mounted on a goniomedad lin front of the scintillator window. The

sample is a glass capillary tube filled with a cataste, with a diameter of ~ 5a6.
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The combination of several objectives and eye-gieablow to reach a maximum
magnification factor of 40x, corresponding to agbigize of 3.5um. Various single-crystal
scintillators are available that differ in spatiakolution and efficiency. In this particular
case the scintillating material is a 3um-thick film of LAG:Eu (lutetium aluminum garnet,
LusAls0,,, doped with europium), with an emission wavelergtb95 nm.

The sample is mounted on a high precision tramslaaind rotation stage by means of an
adequate sample holder (e.g. a goniometer head 3R}y The sample-detector distance
can be adjusted in order to control and exploitdffect of phase-contrast (see par 2.8).
The effective source-sample distance is approximdte m.

The acquired radiographs are generally saved abitl@df files and tomographic
reconstructions are carried out using the ESRFvsoft packagdyHST (Mirone et al.,
2009), implementing the filtered back-projectiogaithm (Kak & Slaney, 1988).
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4- Results: synchrotron XuCT
4.1 Introduction

As the capabilities of X-ray micro-tomography systein modern synchrotron radiation
facilities have improved, it has now become possiblinvestigate the three-dimensional
structure of cement-based materials with a resoidtetter than km. Since the beginning
of the last decade, synchrotron-basedXF has been successfully applied to the study of
cement-based materials and other construction rast€e.g. Bentz et al., 2000, Bentz et
al., 2002, Helfen et al., 2005, Gallucci et al.020Promentilla et al., 2009) for the
extraction of qualitative and quantitative 3D infation about pore structure properties,
phase evolution, particles shape or other feanifregerest.

In this chapter, the microstructural evolution eheent paste and mortar samples during
the early stages of hydration was studied usingtaytron-based XtCT. The same region
of each sample was scanned at different times fn@paration (from ~ 1 hour to ~ 3 days)
and then reconstructed in 3D with sub-micrometpatisl resolution. In particular, one of
the main goals of these experiments was to inwstiiow the addition of organic
superplasticizers (SP) may affect the behaviounyalrating cementitious samples during

the initial stages, which are known to be the neosical.

4.2 Experimental
4.2.1 Materials and sample preparation

A CEM I 52.5 R (EN 197-1 classification) ordinargr®and cement (OPC) was selected
for the preparation of all the samples investigatethis study. The cement included a 5%
by mass of Ca-sulphates (gypsum, bassanite, amdyddting as set retarders. The phase
composition of the dry cement, determined by mezinthe Rietveld method on X-ray
powder diffraction data is reported in Tab. 4.1eT¢oncentrations of major and trace
elements in the same sample were also obtained dgngnof an X-ray fluorescence
analysis (Tab. 4.2). Two cement pastes (samplesndAB) were prepared according to
different formulations. The first sample was preghby simply mixing cement and de-
ionized water with a water-cement ratio (w/c) d,Qvhile the second included also a PCE
superplasticizer in its formulation (see par. 1#2a general description). TH&/namon
SP1superplasticizer, produced by Mapei S.p.A., wadscsed for this study and added to
the mix at a dosage of 0.6 % on the total masshi;nsecond sample, the w/c ratio was
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reduced to 0.37 in order to obtain a comparableldgy between samples A and B. This
value of w/c was chosen on the basis of mini-sltests (Kantro, 1980); in practice, at the
selected dosage of SP, a w/c of 0.37 allowed taiolhe same spread (i.e. the same initial

workability) of a cement paste prepared withoutaB®R/c = 0.5.

Phase Cement notation Weight %
Alite CsS 58.3(4)
Belite GS 19.6(3)
Aluminate GA 7.3(2)
Ferrite CAF 5.6(2)
Periclase M 1.6(2)
Gypsum CSH 0.5(1)
Hemihydrate CShk 4.0(2)
Arcanite KS 1.2(2)
Portlandite CH 1.7(2)

Table 4.1 - Phase composition of the cement (ctinkas sulphates) selected for this work,
determined by means of X-ray powder diffraction. PANalytical X'Pert PRO MPD
diffractometer, equipped with a PIXcel detector aperating in Bragg-Brentano geometry, was

used for the analysis.

Major oxides (wt. %) Sulphur and trace elements (pm)
CaO 64.65 TiO, 0.30 S 23693 Zn 214
SiO, 21.01 P,Os 0.16 Vv 155 Rb 42
Al,O3 4.75 Na,O 0.13 Cr 92 Sr 1101
FeO; 2.37 MnO 0.08 Co 7 Zr 54
MgO 1.93 Total 96.17 Ni 68 Ba 791
K0 0.79 L.O.l. 1.66 Cu 175 Pb 37

Table 4.2 - Quantitative XRF analysis of the cenmnployed for the preparation of the samples.
The value reported for the concentration of sulphas to be taken with extreme care due to its
volatile behaviour. The analysis was carried outeoriused bead using a Philips PW 2400

sequential WDS spectrometer. L.O.1. = loss on ignit

In addition, also a mortar sample (sample C) wapgmred by mixing cement, de-ionized
water and a very fine quartz-feldspar sand, acogrth a 2:1:1 mass proportion. For this
purpose, a CEN standard siliceous sand, conformoirige EN 196-1 norm, was sieved in
order to separate the granulometric fraction betv8and 10@um. This fraction was then

passed through an isodynamic magnetic separatsrdhtaining a final product almost
entirely constituted of quartz and feldspar grai@ement powder and de-ionized water

(plus additives for sample B and sand for samplev€} mixed by hand for 1 minute and
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then manually injected into thin cylindrical glasspillary tubes. The internal diameter of
the tubes, made of borosilicate glass in orderitomize X-ray absorption and reduce the
acquisition times, ranged from ~ 4Qén to ~ 600um with a wall thickness of ~ 20m.

The tubes were finally sealed with plasticine athbends in order to prevent the loss of

water.

4.2.2 XuCT setup

The experiments described here were carried otlieaEuropean Synchrotron Radiation
Facility (ESRF) in Grenoble (France) at the ID-2Z2aimline (Somogyi et al., 2005). The
energy of the incident X-ray beam was set to 14 ge¥ 0.887 A) using a double crystal
monochromator and the electron beam current irsthi@ge ring was about 200 mA. The
selected energy ensured a good balance betweetrgiemmeand image contrast. Besides a
more precise reconstruction of the variations eflthear attenuation coefficient within the
sample, the use of a monochromatic radiation alltwavoid the artefacts related to the
beam hardening effect (see par. 2.7.2). For eadlodoaphic scan, 1800 projections were
acquired in propagation-based phase contrast nmemsegection 2.8) with an angular step
of 0.1° over a 180° rotation. The sample-detectstadce was kept fixed at 24 mm. Data
were collected using a high resolution FReLoN CCémera (Labiche et al., 2007)
equipped with a 2048 x 2048 pixel chip. Under teéected conditions (20x effective
magnification), the final pixel resolution was ~ @m. Small adjustments of the exposure
time, which ranged from 0.65 to 0.8 s per projettiovere necessary in order to
compensate for the different types and sizes osémeples and for the beam current decay
with time. The exposure time has to be long endogénsure an adequate signal to noise
ratio but at the same time, an excessive heatingeobample should be avoided. In fact,
especially in the very early stages of the hydragimocess, before the setting of cement has
completed, the prolonged interaction between thmelsptron beam and the sample may
lead to an evaporation of the mixing water, thuducing some undesired movements
within the fresh paste. As a consequence, stronjomartefacts may appear in the
reconstructed images and, in some cases, the dataesult completely altered and no
longer usable. Moreover, in hydrating cements, @l as in other evolving systems,
another critical aspect is related to the totalnsdaration. In fact, due to the ongoing
reactions, the microstructure of the sample mayergwl significant and rapid changes

while the radiographs are being acquired. This @iree does not represent an ideal
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situation for an accurate computed reconstructimhraay lead to undesired artefacts and,
in general, to poor image quality. In this partasutase, by using the setup described
above, each scan took less than 40 minutes whitlbeaconsidered an acceptable value
for the study of the reactions taking place in layithg cements.

Three-dimensional stacks of cross-sectional slieel600 contiguous images, each one 0.7
um-thick, corresponding to ~ 1.1 mm in height) wegeonstructed from projections data
using the filtered back-projection algorithm (Kak Slaney, 1988) for parallel beam
geometry implemented in the ESRF software packRyg¢ST(Mirone et al., 2009).

4.3 Results and discussion
4.3.1 Image analysis and grey values histograms

The stacking of the reconstructed slices allowedlisaalize in 3D the inner structure of
the investigated samples (Fig. 4.1). The attentias focused on the temporal evolution of
the cement microstructure during the setting anddrang processes. A direct comparison
of corresponding slices and volumes imaged at asing time from preparation allows to
obtain an immediate visualization of the transfarores occurring within the cement paste
that lead to the development of its mechanicahgtie These are seen as modifications in
the gray values (i.e. the mean attenuation coeffigiof the voxels in the tomographic
images, related to the dissolution of the anhydroirsker phases and the growth of
hydration products.

Broadly speaking, among the different crystallimal aamorphous phases that constitute
cement, clinker phases exhibit the highest valddmear absorption coefficieni) while

the hydration products are typically less absorlfitagle 4.3). In particular, BF shows

by far the highest absorption, followed by freedinGS, GS and GA respectively. For
what concerns the hydration phases, the valuerahges from a maximum in portlandite
(CH) to a minimum in ettringite. The absorption ffiméent of C-S-H, the major hydration
product, lies between these two end-members butvaan significantly according to its
density and to the amount of structural water. Aaywthe discrimination of each single
phase remains a difficult task, due to the verylsatesorption differences between various
phases. The difference jnbetween air and water is below the resolutiorheftechnique

at the adopted energies, hence no distinction eandile between air voids and free water
on the basis of their grey values.
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] LAC (cm™) at different X-ray energies/wavelengths
Density | Mean

Phase (g/cm3) 7z 10keV | 15keV | 20keV | 50keV | 100 keV | 150 keV | 200 keV
1.241A | 0.828A | 0621 A | 0.248A | 0.124 A | 0.083A | 0.062 A

Ferrite 3.73 16.65 279.37 91.16 40.57 3.35 090 00.6 0.50
Lime 3.32 16.58| 227.28 72.45 31.81L 2.62 0.76 0.53 .440
Alite 3.21 15.06| 17798 56.51 2481 2.14 0.68 0.49 0.42
Belite 3.28 14.56] 167.9¢ 53.24 23.38 2.0 0.68 0.50 0.43
Aluminate 3.03 14.34 148.283  46.97 20.62 1.83 0.62 .460| 0.39
Anhydrite 2.98 13.42) 12546  39.60 17.38 1.60 0.8 .440 0.39
Portlandite 2.24 1430 11896 37.91 16.68 1.46 0.48 0.35 0.30

Ci17S-His 2.60 13.11| 108.53 34.37 15.12 1.41 0.52 0.39 0.B4

Gypsum 2.32 12.12| 79.82 25.19 11.09 1.10 0.44 0.35 0.80
C.7S-H, 2.12 12.09| 75.05 23.7§ 10.48 1.03 0.41 0.32 0.28
Monosulph. 1.99 11.66 64.26 20.38 8.98 0.91 0.38 300, 0.26
Periclase 3.58 10.41  53.90 16.34 7.19 1.01 0.p8 904 044
Quartz 2.65 10.80 50.38 15.36 6.7% 0.84 0.45 0.87 .330
Ettringite 1.70 10.77] 45.35 14.33 6.39 0.70 0.32 250.| 0.23
Water 1.00 7.22 5.33 1.68 0.81 0.23 0.1)7 0.15 0.14
Air 0.001 7.37 | 0.0062] 0.0019 0.0009 0.00p3 0.0002.00@ | 0.0001

Table 4.3 — Density, mean atomic number and limgganuation coefficients at different X-ray

energies for the most common phases in cemente adglified from Promentilla et al. (2008).

Furthermore, as the size of the features to berobdeaypically approaches the spatial
resolution level of the technique, further compiimas may arise. In this situation, the
volume corresponding to a single voxel may be oetlipy two or more different phases
such as intergrown hydration products and micropditied with air or water. Hence, the
reconstruction process will attribute to these '@k voxels a gray value which is
proportional to the weighted mean of the attenmatoefficients of the different phases
contained in it. In the literature, this is commongferred to as the partial volume effect.
However, for a more accurate identification of mssther experimental tools are now
available, as for example the recently developédadiion tomography technique (XRD-
CT, Bleuet et al., 2008). This latter is a synctontbased technique which allows a non-
invasive mapping of the distribution of a selecpdrhse within a sample by combining a
spatially resolved diffraction signal with the da=l tomographic reconstruction
principles. Some preliminary results obtained byangof XRD-CT on cement samples

are presented in chapter 6.
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Glass

Clinker
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(quartz)

Figure 4.1 — Cross sectional slice and 3D recoatitru of a mortar sample in a glass capillary tube
(Sample C). A sector of the 3D dataset was digiteimoved in order to visualize the inner
structure of the sample. The brightest featuresesgmt the unreacted clinker while the darkest
ones are pores filled with air or water. The latgearticles, showing an intermediate GV are
quartz/feldspar grains and can hardly be diffeedati from the hydration products (especially C-S-
H) present in the cement matrix due to their simdhsorption coefficient. Portlandite (CH)

exhibits the higher GV among the hydrated phases.

From a qualitative point of view, one of the aspdtiat can be easily evaluated using X-
uCT is the degree of packing of clinker grains. lig.F.2, two cross sectional slices
extracted from samples A and B, prepared at differe/c ratios (0.5 and 0.37
respectively) and analyzed approximately at theeshgdration time (~ 2.5 h), have been
compared. In the sample prepared with a lower avkdgher density of clinker particles, as
well as a more compact matrix are clearly recodiearhe higher degree of packing of
cement particles leads to the development of seohgnds, thus resulting in the observed
general increase of mechanical strengths and dysrEbrmances in real applications as
w/c decreases. It has to be pointed out that tkigiad of a superplasticizer to the lower
w/c sample allowed to dramatically increase thekability of the paste; otherwise the
filling of the capillaries would have been probldrmaand much air could have been
incorporated in the paste.

In order to obtain statistical and quantitativeomfation about the evolution of the
hydrating cement system, histograms of the grayesmtistribution at different hydration

times were then calculated for each sample.
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w/c=0.5,no SP, 25h w/c = 0.37, with SP, 2.75 h

Figure 4.2 - Two reconstructed slices showing tfiece of w/c ratio on the packing of clinker
grains (brighter particles) in a cement paste.:lsftnple A, w/c ratio = 0.5, no SP. Right: sample
B, wic ratio = 0.37, with SP. The two samples wamalyzed approximately at the same hydration

time, 2.5 and 2.75 hours respectively. Internainditers of capillaries: ~ 410m and ~ 54Qum.

Corresponding volumes of interest (VOIS) were aamly selected at identical positions
from each 3D dataset and their histograms were tbempared. In particular, cylindrical
VOls, laterally delimited by the inner wall of tlggass tubes and extending for 120 slices
in height were extracted. The width of the circudatection ranged from ~ 600 to ~ 850
voxels, according to the size of the capillary tulsed, resulting in a total number of
voxels from ~ 30-10to ~ 70-16. The vertical extent of the VOIs was limited tc0Idlices

in order to restrict the selection to regions cbhamazed by a high homogeneity of the
paste. A larger VOI would have included in the sets also portions of the samples
affected by large macro-pores and air bubbles chbsethe non-perfect filling of the
tubes. This problem was particularly evident fag thortar sample whose preparation was
complicated by the presence of sand grains. Nesledh, from a statistical point of view,
all the examined VOIs can still be considered sidfitly representative of each 3D stack.
Before calculating the grey values histograms xa33x 3 median filter was applied to the
selected volumes in order to even out brightness eontrast variations between

contiguous slices and reduce image noise. It hag fmointed out that, in order to perform
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reliable comparisons between images acquired freift times (i.e. with different scans),
each single phase should display always the samae grey values in all the datasets. For
a series of technical reasons (e.g. beam flux dedtiytime, variations of the maximum
and minimum absorption values within the object doethe chemical reactions), this
aspect usually cannot be taken for granted. Tomrethe small brightness and contrast
variations arising between different datasets hause corrected prior to the calculation of
histograms. For this kind of calibration, regiorisrderest within reference materials have
to be defined and then compared between differ@anss In this particular case, the glass
of the capillary tubes, sand particles (mainly ¢glaand the internal region of the largest
clinker grains were chosen as reference materedause they can be assumed to remain
unaltered during the entire hydration process.eimegal, a good correspondence was found
between different datasets, thus only small adjesten in brightness and contrast
(typically in the order of 1 or 2 GVs in a 8-bitade) were necessary.

In Fig. 4.3 the evolution of the microstructuresaimple A (cement paste, w/c = 0.5) from
~ 2 hours to ~ 3 days is illustrated through slicesesponding to the same virtual section.
It may be noticed that the reconstruction planeosexactly the same for all the datasets.
In fact, when switching from one sample to the ptliee capillaries had to be manually
moved and remounted on the sample holder before &zan, thus introducing potential
misalignment and tilting. Anyway, the amount of @&won from perfect co-planarity has
been estimated to be less than one degree. Tha effthe hydration reactions is seen as a
progressive dissolution of the original clinker ige(brighter particles with a maximum
size of ~ 70um) and the consequent growth of lower density hyainaproducts
(intermediate GVs) which fill the pores initiallycocupied by water (darker GVs). At least
two levels of attenuation (i.e. two phases) maydeatified within the hydrated portion of
the sample. The less absorbing, which is also th&t mbundant, mostly corresponds to C-
S-H and is uniformly distributed around the unredatlinker particles. A second, higher
absorbing phase, is probably portlandite (CH), Whigically grows in large and isolated
platy crystals. The contrast within clinker graissnot sufficient to clearly recognize the
typical texture characterized bg&and GS grains in a ¢A and GAF matrix observed in
SEM micrographs (see Fig. 1.1); only some localceantrations of ferrite, corresponding
to very bright spots inside the particles can kenidied. The edge-enhancement effects
due to phase contrast can be recognized in thesgooted slices but their effect will be

discussed in detail in par. 4.4 and 4.5.
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Figure 4.3 - Reconstructed slices (before medidierifig) showing the evolution of the

microstructure with hydration time in the same srsactional plane for sample A (w/c = 0.5).
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The same kind of evolution can be seen also froen graph of Fig. 4.4 where the
histograms of the grey values distribution withirsglected VOI at different hydration

times have been reported.
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Figure 4.4 - Grey values distribution within a sébel VOI at different hydration times for sample
A (w/c = 0.5). The selected VOlI is a cylinder whasameter and height are respectively 587 and
120 voxels (voxel size = 0gm). The evolution from a bimodal distribution towaran unimodal
one is clearly recognizable. This is an effect loé fprogressive growth of hydration phases

(intermediate GVs) at the expenses of clinker phésigher GVs) and pores (lower GVs).

In an ideal case (extremely high spatial resoluéiod no mixed voxels), each phase would
be characterized by a well defined grey value &edhistogram would be constituted of a
number of sharp and isolated vertical lines; howethas is of course not true in practical
cases. Since the attenuation values for variousgshare close to each other and also due
to the effect of mixed voxels, the limits betweefiedent peaks are not well defined and
significant overlaps occur, especially between pamed initial hydration products which
are extremely intermixed. At early hydration tim@g to 7 h) the GV curves show a
bimodal distribution where the first peak (lower §Vargely corresponds to air or water-
filled pores and early hydration products while fgeond (higher GVs) has to be mostly
attributed to unreacted clinker particles. As the af the sample increases (24, 48 and 71

h), a significant change in the shape of the hrstwgis observed. The areas under the
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porosity and clinker peaks appear progressivelyged while a third, intermediate peak
continuously increases its height and sharpneading to an unimodal distribution. This is
due to the reaction of the anhydrous cement to gwer density hydration products
(mainly C-S-H and CH) which fill the pores. A lirad shift of the hydration products peak
towards higher values can also be observed bet24emd 48 hours, probably due to an
increase of the degree of compactness of the ledirptoducts. Both in slices and
histograms, a major jump in the evolution of thenmstructure can be observed between
the scans made at 7 and 24 hours, with the developof a considerable amount of
hydration products. Following the conventional slésation of the hydration stages of
cement (see par. 1.4), this can be interpretedh affact of the increased reaction rate of
CsS, corresponding to the beginning of the so-cadleckleration period. This seems to be
confirmed by the almost overlapping shape of tistograms from 1.75 to 7 hours which
are compatible with the typical behaviour of cemduating the induction (or dormant)
period that follows the initial stage of rapid dikgion of the first minutes. Although the
sequence of reaction is clear and seems to comdsjgothat investigated in macroscopic
systems by calorimetric techniques (Taylor, 1990} ipossible that the kinetics of the
reactions is modified by the small size of the sias\p

The same procedure described for sample A has fodlewed also for sample B (w/c =
0.37, with SP), even though a smaller number ohsaaere performed on this sample,
with a maximum hydration time of ~ 2 days. Crosstismal slices showing the
microstructural evolution vs. hydration time arpaded in Fig. 4.5 while the variations of
the GV distribution are shown in the graph of Hd. If compared to the previous sample,
fewer transformations can be observed within therostructure, indicating, in general, a
slower evolution trend. This can almost certaindydttributed to a sort of retarding effect
caused by the addition of the superplasticizer feee 1.5.3). In addition, also the global
shape of the GV curves appears to be considerafigraet of compared to sample A,
showing in this case an initial less defined sepamaland a lower difference in height)
between the two peaks of the bi-modal distributidhis is related to the different wi/c
ratios of the two samples and in particular toltveer amount of pores and to the higher
density of cement particles in sample B, preparsmhgua lower w/c (see Fig. 4.2).
However, the overall evolution trend is the sarhelfgh less evident) already observed for
sample A, with a progressive increase of the hyainaproducts peak (that also shifts

towards higher GVs) at the expense of the unreadiekkr.
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Figure 4.5 - Reconstructed slices showing the tiralemicrostructure of sample B (w/c = 0.37, with
SP) at 3.5, 4.5, 20 and 46 hours from preparafibe.evolution of the hydration phases appears to
be slower if compared to sample A, probably dueatoretarding effect induced by the

superplasticizer. Internal diameter of the capitlar 540um.

4.3.2 Evolution of porosity and anhydrous cementext

In order to obtain a more quantitative interpretatf the results described above, the total
porosity and the unreacted cement at different dtyain times were also calculated. This
was done by applying adequate thresholds to thehS¥bgrams (segmentation) of the
filtered datasets (3 x 3 x 3 median). Due to thghhdegree of overlap between the grey
values of different phases, the determination efdbrrect threshold values is an extremely
complicated task and represents the main potestiatce of error when quantitative

analyses have to be carried out onu&¥ data. For this reason, extreme care has to be
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taken during the segmentation step in order todawoisleading interpretations. At the
level of resolution achieved, the pore volume dretotal anhydrous cement fraction were
the easiest classes to separate while it was rssilge to accurately discriminate between
different hydration products. The volume fractionis anhydrous cement and pores in
sample A and B were calculated for each datasesilmply dividing the number of

segmented voxels by the total number of voxelsuohetl in the chosen volume of interest.

The results were then plotted as a function of &tydn time as shown in Fig. 4.7.
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Figure 4.6 — Evolution of the grey values histografnsample B (w/c = 0.37, with SP) with

hydration time. Diameter and height of the seled{€d are respectively 770 and 120 voxels. A
different shape of the curves is observed if comghedo sample A, probably due to the higher
degree of packing of particles at lower w/c. Therall slower evolution of the curves may be

attributed to the retarding effect of the supetjdazer.

The evolution of the microstructure can be mondordso by means of direct 3D
visualization as shown in Fig. 4.8. The unhydratéidker fraction in a cement paste
sample has been segmented from a selected VOI &f 7x 70um? on the basis of its
grey values and then visualized by setting the neimg parts of the sample (pores and
hydration products) to transparent. By repeatirgsdime operation on datasets acquired at
different ages, a progressive reduction in the sfzeement particles can be observed as a

consequence of their continuous reaction with watgive hydration products.
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Figure 4.7 — Temporal evolution of the unreactedest content (left) and pores (right) in sample
A (solid line-squares) and B (dashed line-circlé&3)e to the lower amount of water, a reduced
initial porosity and a larger fraction of unreactssinent are observed in sample B. Moreover, the
different evolution rates of the two samples carirtberpreted as due to the retarding effect of the

superplasticizer.

Figure 4.8 — 3D representation showing the evatwibthe unreacted cement fraction with time in
a VOI of 100x100x100 voxels (70x70x{0n) for sample A. As a result of hydration reactions

smaller clinker particles are rapidly consumed kanger grains significantly reduce their size.

4.4 Effects of phase contrast on reconstructed imag

It has to be pointed out that, due to the partical@erimental configuration adopted, the
grey values that are seen in the reconstructe@sslare not only a function of the
absorption contrast between different materials ddsb depend on the effect of phase
contrast which is related to the sample-detectstadce. As discussed in par. 2.8, phase
contrast imaging, if compared with classic absorptmaging, represents an excellent tool

for the visualization of tiny microstructural ddgaiwithin a sample due to its edge-
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enhancement capabilities. Nonetheless, when pregjsantitative analyses and
segmentations have to be performed, the effecthab@ contrast in tomographic images
may lead to undesired artefacts and erroneouspmetations. As described in par. 2.8.2,
propagation-based phase contrast is related talé¢veations of the propagating X-ray
wavefronts in response to the phase shifts gertetatehe refractive index decremenj (

of different materials. In radiographs and recardtd images, this leads to the formation
of two bright/dark fringes at the interfaces betweiferent substances, especially where
the density gradient is very high. As a resulttladl edges appear significantly enhanced,
with positive effects on the visualization of feas. This is particularly evident in the
slices of Fig. 4.3 at the interface between thesiirgapillary wall and a large macro-pore
where a bright line is clearly recognizable but tenobserved also at the edges around
clinker grains and hydration products. In pract&e,a consequence of the local alteration
of the attenuation values at the interfaces, tley gmalues distribution of an image may
undergo relevant modifications thus making segmemtaa very complicated task.
However, as shown in par 2.8.3, phase retrievalhaust (e.g. Cloetens et al., 1999,
Weitkamp et al., 2010) allow to overcome thesethtions by reconstructing quantitative
maps of the distribution of the refractive indexcidgnents (i.e. of the electron density)
within a sample, starting from projections acquiredghase contrast mode. In this way,
detailed information about density variations candbtained allowing a more accurate
classification of different materials if comparea gure absorption XCT (i.e. with the
sample placed very close to the detector). In theé paragraph, an example of application
of the phase retrieval algorithm developed by Waith et al. (2010) to phase contrast

tomographic data of cementitious samples is regdorte

4.5 Reconstruction using phase retrieval

The ANKAphasesoftware (Weitkamp et al. 2010, see par. xx) fagle-distance phase
retrieval has been tested here onu&¥F data acquired at the ID-22 beamline during a
second experimental sessi&xNKAphasds a software that processes X-ray inline phase-
contrast radiographs and reconstructs the projeabiekiness of the objects imaged in the
radiographs following an algorithm proposed by Pamgat al. (2002). The program is
designed to be used with sets of radiographs redofdr X-uCT although it does not
perform tomographic reconstruction itself. Thistdatis carried out using the software
packagePyHSTin use at ESRF (Mirone et al. 2009).

59



A phase contrast XCT scan was performed on a mature cementitious sSastple,
consisting in a simplified system constituted byadel mix of GS, GA and gypsum. The
sample was analyzed only at 7 days from hydratience the temporal evolution was not
investigated in this case. For this measurementllsochanges were made to the
experimental setup previously described in par.24 &n energy of 17 keVA(= 0.730 A)
was selected, with the storage ring current beirgdfat 200 mA. 1800 phase-contrast
projections per scan were acquired using an angtggr of 0.1° and an exposure time of
0.6 s; the sample-detector distance was set to 8 T FReLoN CCD camera was
coupled with a 40x optical system, thus pushingrtbminal pixel resolution to 0.3om.

In the reconstructed images, this resulted in armeleent visualization of the
microstructural features of cement.

Fig. 4.9 shows the appearance of one of the aajua@iographic projection before and
after the phase retrieval procedure. The edge-eehaent effect of phase contrast is
clearly recognizable throughout the radiographlenléft (see enlargement), especially at
the inner and outer walls of the glass capillarythe form of black and white fringes.
Even though the processed image (right) is appsriess contrasted and blurred, with not
well defined edges, a lot of information about Wlaeiations ofd is contained in it.

Figure 4.9 — Comparison between a normalized raapdgc projection acquired in phase-contrast

mode and the same image after having been procestbethe ANKAphasesoftware (Weitkamp et

al. 2010) for phase retrieval. Even though a Idsietail is observed in the second image, the dark
and bright fringes due to phase contrast have bigaificantly attenuated. The internal diameter of

the capillary is ~ 65@m.

60



Tomographic reconstructions were carried out fahksets of radiographs, obtaining the

results reported in Fig. 4.10.

Figure 4.10 — Sample: hydrated mix ofSC+ GA + gypsum at 7 days of hydration. A slice
reconstructed in the conventional way (left) is paned with the same image reconstructed after

having processed all the radiographs usingdREAphasesoftware for phase retrieval.

The image reconstructed from conventional phasé&astprojections shows an excellent
level of detail. The high content of macroporegeesally close to the capillary walls is
due to an inhomogeneous filling of the capillary.addition, a high degree of hydration is
observed, as clinker particles seem to have almmsipletely reacted to give hydration
products (mainly C-S-H). Large portlandite crystéighose GV is comprised between
those of clinker and C-S-H) are also clearly rewzaple. In the top left corner of the
relative enlargement, the remnants of a clinkettigdar surrounded by a thick rim of
hydration products can be observed. Furthermageiitteresting to focus the attention on
the abundant needle-like crystals which probablyespond to fibrous (or lamellar) C-S-
H. Such elongated crystals show anomalously latm@ation for an hydration product.

Again, this has to be interpreted as due to thecefif phase contrast. In practice, due to
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their high aspect ratio, C-S-H crystals result ctatgly occupied by bright phase contrast
fringes. It is clear that, when a GV segmentat®aoarried out under these conditions, such
crystals are erroneously interpreted as highly ddasg materials while their density is
actually quite low. By simply thresholding the ligtam of this slice, it is easy to
demonstrate that a large fraction of C-S-H neelle¢rystals exhibit the highest GVs in
the image, even above those of clinker, which ghbel by far the most absorbing material
in this kind of samples. On the other hand, thegeneeconstructed using the radiographs
processed for phase retrieval shows a very homogendistribution of GVs within each
particle and the effects of phase contrast are o mbserved. As a consequence, a lower
level of detail is achieved with this kind of visization (though small needle-like crystals
are still recognizable) but the various materials more easily identified. The resulting
grey values are a function of the variations ofrifeactive index decrement)(within the
sample, which is related to the electron densitgredcted clinker remnants show the
maximum GV (white), followed by portlandite crystalvhich also appear very bright. The
remaining part of the hydrated paste (mainly C-SeK)ibit an almost uniform grey values
and can be clearly differentiated from porosityjahhs practically black. This can be seen
also from the distribution of grey values in theotalices, as reported in Fig. 4.11. In the
histogram of the image reconstructed after phaseval (right) a sharp peak at low GVs,
corresponding to voxels occupied by porosity caarty be distinguished. Moreover, at
higher GVs the contributions of unreacted clinked £H are more easily identified. On
the other hand in the conventional slice, the dahaid adequate thresholds for the
classification of different materials representsrablematic issue due to marked overlaps
in the histograms, ultimately caused by the anonwal8Vs measured at the interfaces

between small crystals and air and to partial va@wfiiects (par. 4.3.1).
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Figure 4.11 - GVs histogram of the two slices shamwfig. 4.10 (only the circular region within

the inner capillary wall was included in the caftidns).
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5- Results: microfocus XuCT

In the previous chapter some of the capabilities sghchrotron X-ray computed
tomography for the study of cementitious samplesewdemonstrated. The inner 3D
microstructure of hydrating cement samples wassditigated at sub-micrometric spatial
resolution, providing cross-sectional slices shgvan image quality not far from that
achievable with SEM imaging on polished surfacdthdugh conventional laboratory X-
uCT instruments provide a spatial resolution which approximately one order of
magnitude lower than synchrotron-based systemy, ¢ha be successfully used for the
study of several larger scale features of inteéresementitious materials. In this chapter,
some results of XtCT experiments carried out using the microfocusesysin use at the
Tomolabfacility (see par. 3.1) are presented. A seriesiedsurements was carried out on
cement pastes with different w/c ratios in ordetetst the suitability of microfocus XET
for the study of subtle variations in the microstume of cements. In addition, other
experiments were carried out on cement pastes amtamsamples with the aim of

extracting quantitative information about the psize distribution.

5.1 Study of cement pastes with different w/c
5.1.1 Sample preparation and experimental setup

A CEM 1525 R (EN 197-1 classification) ordinargrland cement (OPC) was used for
the preparation of three cement pastes charaateniaéer to cement ratios of 0.35, 0.5 and
0.65 respectively; no admixtures were includedchim formulations. For each specimen, a
cement powder (including a 5 % by mass of Ca-sugs)avas mixed with de-ionized
water by means of an automatic mixer for one min8@on after mixing, the obtained
fresh pastes were injected by hand into cylindrigass tubes with an internal diameter of
~ 2.5 mm. The tubes were then sealed with plastirirorder to prevent the loss of water.
Tomographic scans were carried out on each sam@®d hours, 7 days and 28 days of
hydration using the microfocus XST system in use at the Tomolab facility (see Bét.
for details). All the experimental parameters wkept constant throughout the whole
series of experiment in order to ensure a highasl lef uniformity between different scans.
The small variations of the glass tube diameterth@ order of ~ 10-2Qum, were
considered negligible. The X-ray source operatezhadccelerating voltage of 80 kV and a

current intensity of 10QA, with a focal spot size of ~ pbm. A total number of 1440
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projections per scan were acquired over a 360%iootgangular step = 0.25°) with an
exposure time of 6 s. Under these conditions, e&@ICT scan took approximately 2.5
hours which can be considered an acceptable daoratithe selected ages of hydration (1,
7 and 28 days). The source-object and source-detgistances were set respectively to 80
and 40 mm, thus obtaining a magnification factoe&ial to 5. Considering that, in order
to improve the signal to noise ratio, the detedperated in 2 x 2 binning mode, the
effective pixel resolution on the acquired radiggra was ~ um. A 0.5um-thick Al foil
was placed in front of the source exit window imarto attenuate beam hardening by
filtering the lower energy portion of the polychratit X-ray spectrum. As the effects of
beam hardening in the reconstructed images wenelweited, the polynomial correction
described in par. 2.7.2 was not applied in ordevimid non-uniform alterations of the grey
values between different reconstructed datasetsnogoaphic reconstructions were
performed using thé&xxim Cobrasoftware in use at Tomolab and a ring artefacts
correction was successfully performed on the slicesg the ring removal algorithm (see
par. 2.7.1) developed by Brun et al. (2009).

5.1.2 Results

The effects of water-cement ratio on the microstmec of cement paste samples were
investigated starting from the analysis of 2D prog data. Absorption profiles of the
different samples (Fig. 5.1) were measured on padfhs normalized according to the
standard flat field and dark field correction désed in par. 2.6. As shown in Fig. 5.1 for
the samples at 7 days of hydration, the absormiotrays decreases with increasing w/c
as a consequence of the higher amount of watethenalverall lower density of the sample.
Despite its slightly larger diameter, the samplepared with w/c = 0.65 shows the lower
X-ray attenuation. Such variations in the densitytte cement paste are expected to
produce significant microstructural changes whieim de detected in the reconstructed
images. For this reason, volumes of interest welected from the 3D datasets of samples
prepared with different w/c ratios and then comgameeach other. For this purpose, the
first step consists in bringing all the datasetthatsame levels of brightness and contrast,
otherwise no reliable comparisons would be posslhlgractice, the same material should
exhibit the same level of attenuation (i.e. the samean grey value) throughout all the
images to be compared. This was done by selecdggpns of interests within known

materials (in this case the glass of the tube dmd unreacted cement fraction) and
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calculating their GV histograms thus assigning dohematerial its mean grey value. The
procedure is repeated for each sample, then, bynsne& simple calculations, the
histogram of each dataset is adequately shiftedoargtretched until each reference

material corresponds exactly to the same meanwgien in all the reconstructed volumes.

Transmitted X-ray intensity

0 100 200 300 400 500 600
Profile width (pixels)

Figure 5.1 - X-ray transmission (absorption) pedimeasured on normalized radiographs of three
cement pastes prepared at different w/c ratios pBemare contained within cylindrical glass tubes
with an internal diameter of ~ 2.5 mm. An increas®/c is reflected in a lower X-ray attenuation
of the sample, as a consequence of the larger @mbwater included in the mix. The plot refers
to three cement samples scanned at 7 days of lymrabwever, the trends at 1 and 28 days are

nearly identical.

Due to the high homogeneity of the paste within tillges, with very few entrained air
bubbles, it was quite easy to select, within eachgde, suitable volumes of interest for the
calculation of the grey values distribution. Theulés of a comparison carried out between
three cement pastes with w/c of 0.35, 0.5 and (8624 h of hydration) are illustrated in
Fig. 5.2 by means of both cross sectional slices@ry values histograms. Remarkable
differences can be observed between the microstegtof the three different samples,
despite the limited spatial resolution of the imagecompared to synchrotron XCT. The
first aspect that can be noticed is a general dsereof the overall brightness (i.e.
attenuation) of the paste with increasing watet&ot as a result of density variations and
in accordance with the results obtained from thikographs (it may be useful to remember

here that the grey scale adopted in the radiograptraditionally inverted if compared to
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slices). The overall darker appearance of the séterring to a w/c of 0.35 is the result of

a less dense microstructure, characterized by erldegree of packing of cement particles

and a higher porosity.
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Figure 5.2 — Effect of wic ratio on the microsturet of cement pastes, illustrated by means of
cross sectional slices and grey values histograims.voxel size in the reconstructed images is ~ 5
um. Grey values distribution histograms were caledaver cylindrical VOIs selected within the
cement paste with a diameter of 490 voxels (2.45 and a thickness of 120 slices (0.6 mm),
characterized by high homogeneity and absence wfe lanacropores. A different overall

attenuation (i.e. density) as a function of w/c bartlearly recognized.

However, as it can be seen from the GV histograitiBeoselected VOIs, the contribution
of different phases (pores, clinker, hydration peid) are not easily separated from each
other and a single broad peak is observed as # wspartial volume effects (i.e. the
presence of “mixed pixels”). For this reason, tlegrsentation of pores or unreacted

66



cement on the basis of their GV is not a straigitéod task. For instance, the contribution
of the largest unreacted clinker particle is com@ed in the right tail of the GV
distribution but smaller ones are highly intermixeith micropores and hydration products
thus resulting in intermediate grey values. Nonest the shift of the distribution towards
lower values as wi/c increases represents a direderece of the progressively lower
compactness of the microstructure which is themnate cause of the lower mechanical
strengths typically measured for samples with higtfe ratios.

Another aspect that can be easily visualized framoomstructed slices is the drying
shrinkage which is related to moisture loss from ¢ement. The amount of shrinkage in
cement and concrete is related to external fastach as temperature and relative humidity
but depends also on internal factors related tddhaulation (w/c ratio, type of cement,
use of admixtures) and on the total surface exptsail. The first water to be lost is that
held in the large capillary pores. The loss of théger does not cause significant volume
change. However, as the drying process continass,df water from small capillary pores
and later from gel pores takes place. With the ¢tdn in the vapour pressure in the
capillary pores, tensile stress in the residualewancreases. Tensile stresses in the
capillary water are balanced by compressive stsegss¢he surrounding cement and as a
result the concrete shrinks.

In the reconstructed slices of Fig. 5.2 the effgficshrinkage and its dependency on wi/c
ratio are clearly recognizable. With increasing evatontent, the development of an
increasingly well defined thin rim of voids is obged at the interface between the cement
paste and the inner wall of the glass tube. Irstraple prepared with a w/c of 0.35 drying
shrinkage is not recognizable. These evidencesaaecordance with what is commonly
observed also at a larger scale (e.g. in real eda@pplications) where higher shrinkage
occurs in the presence of higher w/c ratios. Howewv® significant cracks due to
shrinkage were detected from the inspection oBihelatasets.

Besides the effect of w/c ratio, also the tempexadlution of a sample may be visualized
and investigated using microfocuspGT in analogy with has been previously shown for
synchrotron XuCT, even though the limited spatial resolution aghble hamper a precise
quantitative analysis. Moreover, microfocusu&€T cannot provide an adequate temporal
resolution during early hydration stages, due ® ltinger acquisition time. However at
later hydration ages (as in this particular cab& is generally not a problem. From a

qualitative point of view, the typical evolution tie grey values distributions within the
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same selected VOI at different hydration ages @nrebognized, as shown both from the
slices and the plot in Fig. 5.3. A progressive paaing of the grey values distribution is

observed as a consequence of the continuous gadvitydration products at the expenses

of clinker particles (higher GVs) and pores (lov&Ys).
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Figure 5.3 - Temporal evolution of a cement pastetrated by means of corresponding slices and
GV histograms. The sample was prepared at a wi.®fand scanned at 1, 7 and 28 days of
hydration. Voxel size in the slices is ~ub. Histograms were calculated over a cylindricallVO
selected within the cement paste with a diametet96f voxels (2.45 mm) and a thickness of 120
slices (0.6 mm), characterized by high homogeramty absence of large macropores.

In chapter 7, another example of practical appboaof microfocus XuCT is presented.
The technique has been applied, in combination witier established methods, to the
performance evaluation of a method for the sobdifion and stabilization (S/S) of

contaminated soils, based on the use of Portlameice
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6 — Crystal phase mapping in cements using XRD-CT

6.1 Introduction

In the previous parts of this work, some potertesi of XuCT applied to the study of
cementitious materials have been presentedCX-provides a map of the variations of the
X-ray attenuation coefficient within a sample irtadally non-invasive manner, allowing
3D images to be reconstructed with a spatial réeollapproaching the sub-micrometric
scale when using modern synchrotron-based systé&wssthe physical properties of
cements are strictly dependent on the evolutiaihef intimate organization, the ability of
investigating such materials without perturbing ithenicro-structure represents a
fundamental advantage. However features having-dégisity contrast, such as voids and
fractures within the solid material, are clearlentified by means of XtCT, whereas
different crystalline or amorphous phases with Eimilensity and composition are hardly
distinguished. In order to overcome these limitatica new generation of non-destructive
analytical techniques has been recently developgdcdmbining microbeam-based
methods such as X-ray micro-fluorescence and nddfoaction with the tomographic
principles of reconstruction. The X-ray beams pomtlat modern synchrotron radiation
sources can be focused into a very small spoth@nrange ofum and even nm) with
extremely high intensity, by means of adequate doxu devices. The obtained
microbeams can be scanned point-by-point acroamals and the different signals arising
from the interaction of X-rays with matter can beasured and mapped, obtaining local
quantitative information about one or more selegiggperties (in analogy with scanning
electron microscopy). However, even though classicarobeam-based methods provide
a lot of information (e.g. on the local structutieat cannot be obtained when using a broad
incident beam, their application is restricted e study of surface 2D samples and no
volume 3D resolution can be achieved.

In this framework during the last decade, the ioleeombining microbeam-based methods
with the principles of tomographic reconstructiapresented a revolutionary approach
towards the development of non-destructive 3D mmobBowadays, experimental
techniques such as X-ray fluorescence micro-tonpdgra XRF-CT, Simionovici et al.
1999) or X-ray diffraction micro-tomography (XRD-CBleuet et al. 2008) allow to map
the spatial distribution of selected elements aasgls (both crystalline and amorphous)

within a heterogeneous sample at the micrometatesa a totally non-invasive approach.
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In this chapter, the first application of the XRO-@chnique to the mapping of selected
phases in cement-based materials is described eXjperiments were carried out at the
ID22 beamline of the European Synchrotron Radiatleexcility during the same
experimental session previously described in chagte The main purpose of this
experiment was to test the feasibility of XRD-CTabises on cementitious samples and in
particular to investigate the phase distribution aetfringite, one of the fundamental
hydration phases in cements. The results were toempared with those obtained by
means of XuCT on the same samples. In addition, in the lasagraph of the chapter,
some preliminary results of a second XRD-CT expental session are presented. The
aim of this second series of measurements wasvéstigate the spatial distribution of C-
S-H in hydrating cements and to prove that thertegle can be applied to amorphous or

disordered structures as well.

6.2 XRD-CT basic principles

X-ray diffraction micro-tomography (XRD-CT) is a rsghrotron-based experimental
technique recently developed at the ID-22 beandintne ESRF (Bleuet et al., 2008) and
consisting in the combination of micro-diffractievith the principles of X-ray computed
micro-tomography. The typical experimental setup ¥XRD-CT in use at the ID-22

beamline is showed in Fig. 6.1.

Figure 6.1 - The experimental setup for combinedDXRT and XRF-CT in use at the ID-22
beamline of the European Synchrotron RadiationliBaci
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A Kirkpatrick-Baez mirror system is used to obtainvell collimated pencil beam, which
scans the specimen while it is rotated and traedldly a high-precision stage; the
diffracted X-rays are detected by a FReLoN CCD can{éabiche et al.,, 2007). The
fluorescence signal emitted by the sample can rels&neously measured using an EDS
detector placed at 90° with respect to the beara.adguisition and reconstruction scheme
for XRD-CT data is illustrated in Fig. 6.2.
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Figure 6.2 - Reconstruction scheme of the XRD-OBdlianalysis: for every translation (y) and
rotation () of the sample, a 2D diffraction pattern is cakel; thus obtaining a set of integrated
linear diffraction patterns. Regions of interestresponding to a particularf2range can be
selected on the linear diffraction patterns to dwip sinograms, representing the variations of the
diffracted intensity as a function of y and Sinograms are then used to reconstruct crosesect
mapping the spatial distribution of selected phasesterest.

For each sample rotatiow) and lateral translatiory), a 2D diffraction pattern is collected
by a CCD camera. In practice, each pattern reconéds contribution to diffraction
originating from a line of material within the sal@@nd corresponding to the propagation

path of the beam. From the azimuthal integratiomlbthe acquired images, a series of
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linear (1D) diffraction profiles is obtained. Th&ask of images is thus reduced to a 3D
dataset whose dimensions gr@gosition),w (tomographic angle) arizb (diffracted angle).
A sum pattern is then calculated by summing thedlirdiffraction patterns ovgrandw, in
order to identify the major phases. The linearrddfion profiles are then integrated along
260 and the result is plotted as a functionyaind to build up a global sinogram of the
investigated slice, which is useful to reconstractross-section of the total diffracted
intensity. Regions of interest (ROIs) over artyahgular range, corresponding to a given
scattering contribution or a diffraction peak candefined to extract selective sinograms
of the corresponding individual phases. Finallynégraphic reconstruction provides a
map of the variations of the intensity of any seddcROI (e.g. a peak) in the investigated
portion of the sample corresponding to a singleesliThe vertical resolution (i.e. the

thickness of the slice) is determined by the heaftihe incident beam.

6.3 Sample preparation and experimental setup

As for X-uCT, diffraction tomography experiments were perfednat the ID-22 beamline
of the European Synchrotron Radiation Facility (ESErenoble, France) which can be
adapted for both experimental setups. XRD-CT expents were carried out on two of the
samples previously described in chapter 4 fonCXF measurements, namely sample A
(cement paste) and sample C (mortar). The cemenlsavas prepared by mixing a CEM
| 52.5 R powder with de-ionized water, using a wabecement ratio (w/c) of 0.5. For the
preparation of the mortar sample, the same cemantigr was mixed with a very fine
siliceous sand (80-100m) and de-ionized water, according to a 2:1:1 npasportion.
Both samples, after 60 seconds of hand-mixing, waanually inserted into thin,
cylindrical glass capillary tubes (& ~ 50fh) which were finally sealed with plasticine at
both ends.

For the experiments described here, a pencil bedmawsize of 4um (width) x 2um
(height) was employed; the energy of the radiati@s set to 18 keVA(= 0.689 A) by
means of a double-crystal monochromator. 2D diffoacpatterns were recorded using a
lateral stepy() of 5um and a rotational step) of 3° over a 180° rotation, obtaining a very
large number of 2D diffraction patterns (from ~ 680® ~ 8000, according to sample
diameter). An exposure time of 0.8 s per frame wadspted, resulting in a total scan
duration for a single slice of ~ 6-8 h (includirgadout time and sample movements). The

long time required for the measurements is onenefrhain drawbacks of the XRD-CT
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technique, especially when analyzing samples thatevolve during the experiment as
fresh cements. The total time required to scannglesislice is of course a function of
sample size and absorption as well as of the @Hoskl and rotational steps adopted,
which determine the spatial resolution. In practiter the investigated cementitious
samples, at the selected level of resolution, teyais was restricted to 1-2 slices per
sample.

The XRDUA software package (De Nolf, 2006) was used for é¢inéire process of
calibration and correction of 2D diffraction imageazimuthal integration, sinograms
extraction and tomographic reconstruction. Diffiactframes were corrected for spatial
distortion and dark current; sinograms were norsedlifor the incident beam intensity
(which decays with time due to the finite lifetinod the storage ring beam current).
Tomographic reconstructions were carried out ufiegmaximum-likelihood expectation-
maximization (MLEM) algorithm (Shepp & Vardi, 1982h the final reconstructed slices,
the voxel size (which is determined by the beara aizd the lateral step) was 5x5u®”>.

Two XRD-CT measurements were carried out on theecér®ample, starting at 9 h and 58
h from preparation, in order to test the capabsitof the technique in monitoring the
evolution of cement hydration over time. In additi@ single scan was performed on the
mortar sample, starting at 12 h from hydration.sTd@cond sample was chosen in order to
verify the feasibility of XRD-CT on a highly hetegeneous system, both in composition

and grain size, due to the presence of very lavngetzand feldspar crystals.

6.4 Ettringite phase mapping

Tomographic reconstructions based on several anguwgions of interest (ROIS)
corresponding to different phases were carried lbwas observed that the main factor
affecting the quality of the reconstruction procesthe grain size of the selected phases.
The ideal case for XRD-CT reconstruction is repnésg by very fine grained phases,
whose grain size is approximately one (or moregoad magnitude smaller than the X-ray
probe. Under these conditions, each sampled vol(ireea voxel in the reconstructed
image) may contain a sufficiently large number afiously oriented crystals, to give good
powder diffraction signals which are seen as shags on the acquired CCD frames. The
best results were obtained with ettringite, onetled most important early hydration
products of cement, being this phase very finengighiand well distributed in the studied

samples. In addition, the main ettringite diffractipeaks showed high intensities and no
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overlapping with other peaks (in particular thodeclinker phases), allowing a more
reliable intensity extraction. On the other han@jon problems were encountered when
trying to map the spatial distribution of other pbs, present in the studied samples in the
form of larger grains (roughly from 10 to 1@Qén), such as &, GS, GA, CH or quartz,
which behave as strongly diffracting single crystah the 2D diffraction patterns, their
effects are seen as very intense spots, oftenngarlien to an undesired saturation of the
CCD pixels. In practice, the volume elements ocedpby large single crystals can
generate diffraction effects only under those detewiewing angles where the Bragg's
conditions for diffraction are satisfied, which aeelatively limited number. As a result,
the information from such volume elements over @ I@tation is highly incomplete and
the reconstructed images are affected by seveefaets, thus hampering an accurate
mapping of those phases behaving as single crystals

An XRD-CT reconstructed slice (or tomogram) for artar sample, based on the intensity
of the (100) peak of ettringit€{AS;Hs, in cement chemistry notation), is shown in Fi§ 6.
(left). The selected angular ROI, correspondintheomaximum intensity peak of ettringite,

is also highlighted.
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Figure 6.3 - Left: 1D diffraction pattern of a martsample showing the angular region of interest
(ROI) selected for tomographic reconstruction aogesponding to the low-angle (100) ettringite
peak (doo= 9.75 A). Right: 2D diffraction pattern (CCD im3ggehere the diffraction ring of the
(100) ettringite peak has been highlighted in red.

The reconstructed XRD-CT slices are constitutedibbgatrix of voxels of 5 x 5 x gm®
whose grey values are proportional to the amourdtivingite within the corresponding

volume of the sample as shown for the mortar sanmpleg. 6.4 (left). Brighter voxels
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correspond to regions of maximum ettringite coneian while darker ones to its absence
(e.g. macro-voids, quartz grains and unreactecked)n An XuCT slice of the same
sample, corresponding approximately to the sameepdd the XRD-CT slice is also shown
in Fig. 6.4 (right). A good correspondence can bseoved between various features in the
two images despite the significant difference iatgp resolution of the two techniques (5
pm in XRD-CT, 0.7um in X-uCT). The non-perfect co-planarity of the two sliceslue to
the fact that XaCT and XRD-CT measurements are not carried outlsameously as the
experimental setup and operational mode are sogmifiy different. In order to switch
between the two techniques, it is necessary to ntlegespecimen to a different sample
holder thus introducing a potential slight tilttbe capillary tube and, as a consequence, of
the reconstruction plane which is always normathi rotation axis. The exact plane of
XRD-CT reconstruction could be retrieved by an aeg inclined digital cut of the three-
dimensional XpCT stack; however this was not done in this paldiccase because the

amount of the misalignment was very limited (ldsmntone degree).

Figure 6.4 - Left: XRD-CT tomogram reconstructed tbe basis of the (100) peak intensity of
ettringite in the mortar sample at 12 h of hydmtidRight: XuCT slice corresponding to

approximately the same cross-section at 6 h frodndtion.

Unperturbed phase distribution maps were also wbtaifor the cement paste sample
(sample A) and compared with the correspondingslextracted from XCT datasets as
shown in Fig. 6.5. Ettringite appears to be ubmusty distributed within the cement paste,

with slightly higher concentration in areas close the capillary walls. A non-
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homogeneous distribution of the paste is also kgito the XuCT image where it can be
observed that the compactness of cement increes®stlie capillary towards the centre.
The preferential growth of ettringite in less comipareas of the sample can be interpreted
as due either to the favoured circulation of sulphiech pore solution near the capillary

walls or to the difficulties in achieving an homogeus filling of the capillary.

Figure 6.5 — Left: XRD-CT tomogram based on thedjlfieak intensity of ettringite in the cement
sample at 58 h of hydration. Right: GT slice of approximately the same cross-sectiothef
cement sample at 48 h of hydration.

The evolution of the ettringite content as a fumttof hydration time was also studied by
comparing the grey values histograms of two recanstd XRD-CT slices of the same

sample measured at different hydration ages, %8nurespectively (Fig. 6.6). As the age
of the cement increases, a shift of the distributiowards higher values is observed,
indicating an increase of ettringite volume fraotjger pixel. Ettringite weight fractions in

the sampled slices were also estimated by meaRsebtfeld refinements on the averaged
diffraction patterns. The results obtained (14 va@tl 22 wt% at 9 and 58 h respectively)
confirmed the increase in ettringite concentrattaserved in the grey values histograms.
However, as it was not possible to quantify the grhous content (e.g. C-S-H) by means
of the Rietveld method, the calculated weight fraed should not be considered as
absolute values and were used just to compare elagive ettringite evolution in the

cement sample during hydration.
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Figure 6.6 - Variations in the grey value histogsamlative to reconstructed ettringite tomograms

of the cement sample at 9 and 58 h from hydration.

In order to confirm the reliability of the XRD-CTomogram reconstruction and the
reproducibility of the method, ettringite mappingsvcarried out also on the basis of the
(110) diffraction peak, which is the second mostemse peak for this phase. The
reconstructed slice was then compared with thdtsepteviously obtained using the (100)
peak. As shown in Fig. 6.7, a good correspondeanebe found between the two images
for what concerns the distribution and concentratad ettringite. The overall higher

brightness (i.e. higher concentration) in the igfite map on the left is due to the fact that

(110) tomogram normalization was biased by othekgénterfering in the selected ROI.

(100) peak (110) peak

Figure 6.7 - XRD-CT tomograms showing the intensdyiations of the (100) and (110) ettringite
peaks (gho=9.75 A and d, = 5.63 A) within a cement paste sample. Samplmeliar ~ 40qQum.
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In addition, it was demonstrated that the XRD-CGhteque can be applied also to the
mapping of non-crystalline phases as illustrated Fig. 6.8. An angular region
characterized by a high scattering contributiorgiogting from the glass capillary was
selected for XRD-CT reconstruction. As a resulhap containing only a single bright ring
corresponding exactly to the capillary tube wasamigtd. This suggested that the selection
of appropriate portions of the scattering data @oalso provide information on the

distribution of C-S-H. A second experiment was pkshaccordingly (see par 6.6).
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Figure 6.8 - Left: diffractogram illustrating theelected angular region of interest
corresponding to the scattering contribution frolasg. Right: reconstructed tomogram
showing the intensity variations of the ROI wittime investigated cement sample. The
bright ring-shaped region corresponds exactly ¢éogilass capillary tube.

6.5 XRF-CT

As previously shown in Fig. 6.1, the microbeam expental setup of the ID22 beamline
includes also an energy dispersive spectrometeS{Eplaced at 90° with respect to the
beam, for the simultaneous detection of the chariatic fluorescence radiation emitted by
the sample. In analogy with what has been showkRD-CT, for each combination gf
and o (lateral and angular position respectively) an X&fectrum of a single line of
material within the sample is collected. A specRé&ll, corresponding to the fluorescence
peak of a selected element can be defined on tipg@irad spectra. Then, by applying a
reconstruction algorithm very similar to the onedisor XRD-CT, a map of the intensity
distribution of the selected fluorescence peaksseoslice of the sample is obtained. This
Is what is commonly referred to as X-ray fluoresisemicro-tomography (XRF-CT). The
simultaneous acquisition of the XRD and XRF sign@ifers a great opportunity for a

totally non-invasive, multi-disciplinary approachithv phase and elemental sensitivity,
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whose potentialities in the field of materials scie are enormous.

The results of an XRF-CT analysis carried out anrttortar sample previously described
are presented in this paragraph. XRF-CT mappinongly suffered from the high self-
absorption of the fluorescence X-rays inside thea. Good results were obtained only
for those elements having higher emission energe®&n if present at very low
concentrations. Fig. 6.9 shows the reconstructegsnohtained for Si (i = 1.740 keV)
and Rb (kuy = 13.395 keV). Due to the strong self-absorptiérth@ emitted radiation
within the sample, the presence of Si can be dedemtly in the external portion facing the
detector (i.e. upwards in Fig. 6.9), correspondmdalf of the glass capillary. Practically
no information could be extracted from the cenprait and far side of the sample, due to
the high attenuation of the low-energy emissiore liof Si. On the other hand, the
reconstructed map for Rb, whose emission energygisificantly higher, appears more
complete even though the effect of self-absorpisostill recognizable. If the Rb-map is
compared with the correspondingwGT and XRD-CT slices (Fig. 6.4), a strong, local
concentration of Rb is observed in a single samaghgiThis latter is almost certainly a K-
feldspar (KAIS§Osg) crystal, a phase which typically includes in stsucture significant
amounts of Rb in substitution of K. It is interesgfito note that, on the basis of the simple
absorption signal, this grain could not be distisgad from the other sand particles, due to

the very similar absorption coefficient of quartdeK-feldspar.

Figure 6.9 — Maps of the distribution of silicondarubidium in the same slice shown in Fig. 6.4,
obtained by means of XRF-CT reconstruction of atarosample. Higher brightness values

correspond to higher concentrations. Sample diamesdOum.
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6.6 C-S-H phase mapping

In the previous paragraphs, the suitability of XRD-for the phase mapping of ettringite
in hydrating cementitious systems was demonstredatisfactory results were obtained
because ettringite was present in the investigséeaples in the form of very fine-grained
crystals which yield well recognizable powder difftion patterns. Under these ideal
conditions the reconstruction of the intensity &hans of selected diffraction peaks is
guite easy to achieve. In addition, it was showat #iso amorphous phases such as glass
can be successfully mapped by selecting adequapelaanregions of scattering. Major
problems were encountered when trying to map phasascterized by a “single-crystal”
behaviour because the standard requirements for-BRDeconstructions are not fulfilled
in such cases. In addition, no information was iolethabout C-S-H which is known to be
the main responsible of the development of strengtlcements. This was due to the lack
of well-defined diffraction peaks to be selected feconstruction, being this phase
characterized by a poorly crystalline structure adremely variable composition.
Historically, two C-S-H types have been describedmely C-S-H(l) and C-S-H(ll)
according to their Ca/Si ratio (Taylor, 1990). Th&tructure show similarities with those
of tobermorite and jennite, two rare Ca-silicateliaye minerals with a layered structure. A
comprehensive review on the different structuradets of Ca-silicate hydrates proposed
in the literature during the last fifty years hasehb recently written by Richardson (2008).
In a recent XRPD study, Renaudin et al. (2009) nepo the presence of strong
contributions from C-S-H in a low-angle region esponding to a broad low-angle basal
peak. A similar effect is also recognizable in tiraction patterns reported in Fig. 6.10
which were measured at different hydration ageadidS + GA + gypsum simplified
cementitious system.

During the previously described XRD-CT experimerdgatksion, it was not possible to
access the angular region corresponding to theHCHBead peak, due to the shadowing
effect of the beam stopper at low diffraction asgl€hus, a second series of XRD-CT
experiments was carried out at the ID-22 beamlindh® ESRF using a slightly different
setup, in order to try to map the spatial distiifruiof C-S-H. In this case, a smaller beam
stopper was adopted and the energy of the beamdeazased from 18 to 17 keV
(therefore increasing from 0.689 to 0.730 A) in order to access the B-®w-angle
scattering region. The size of the beam was maiethat 4 x th2 while the lateral and
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angular steps were reduced (#h and 1.5°) with respect to the previous experimént
CEM 152.5 R OPC paste, prepared at a w/c ratid.Dfwas selected for this study. As for
the previous experiments, XRD-CT measurements perf®rmed in combination with X-
uCT scans (see par. Xx for experimental detailsyrder to compare cross-sectional slices

reconstructed using the two different techniques.
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Figure 6.10 — X-ray powder diffraction patterns c{ising transmission capillary geometry)
showing in-situ evolution during hydration (from If&inutes to 14 days) of a simplified
cementitious system constituted bySCGA and gypsum. A progressive increase of the loweang
broad basal peak (d ~ 33 A) of C-S-H is observéxe fRdiation used was CuxKh = 1.541 A).

Some preliminary results of XRD-CT reconstructiafigifferent angular regions (C-S-H
and ettringite) are reported in Fig. 6.11. The rthstion of ettringite and C-S-H were
successfully mapped within a slice of the sampledapnstructing the intensity variations
of the (110) peak of ettringite {@ = 5.63 A) and the C-S-H low-angle broad peak @B~
A, unknown crystal structure). Even though the ipagsolution in the XRD-CT images is
approximately one order of magnitude lower if comggato XuCT (4 um vs 0.35um), a
high degree of correspondence can be found betwrenostructural features in the two
images. Moreover, the image quality appears sutislignimproved in comparison with
previous XRD-CT results as a consequence of theowar lateral and rotational steps
adopted. As expected, no C-S-H and ettringite ateatied in regions occupied by large
pores, clinker grains or portlandite crystals (s€@CT image), thus confirming the
reliability of the technique. Moreover, due to tiierent mechanisms of nucleation and

growth of ettringite and C-S-H, the two phases slonwsiderably different distributions
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throughout the hydrated paste. A combined comparmdeettringite and C-S-H maps with
the XuCT slice allows to identify preferential conceniwas of C-S-H around larger
clinker particles (some of them being completelplaeed by C-S-H, as shown in the red

square in Fig. 6.11) whereas ettringite appeargmoiformly distributed.

Figure 6.11 - Comparison of correspondingi®T and XRD-CT slices for a cement paste (w/c =
0.5) at 7 days of hydration, voxel size: 0.35 andrespectively. In XRD-CT maps, grey values
are proportional to the intensity of the select€dl R.e. to the concentration of the relative phase
while in X-uCT they are proportional to density. Top left: phastrieval XuCT slice (see par. 4.5).
Top right: XRD-CT mapping of the intensity variai®of the (110) peak of ettringite. Bottom left:
XRD-CT mapping of glass showing also absorptiore@# due to variations in intensity of the
selected angular ROI. Bottom right: XRD-CT mappaighe low-angle wide peak of C-S-H.
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7- Application of X-uCT to the characterization of cementitious

granular materials produced from contaminated soils

In this chapter, microfocus X-ray computed micrortgraphy has been combined with
other established experimental techniques (merdatgusion porosimetry, physico-
mechanical and leaching tests) to the characterizaf granular cementitious materials
produced from the solidification and stabilizatiprocess (S/S) of soils contaminated by
heavy metals. In particular X€T has been used to study the pore size distributithin

two sets of samples prepared following two difféfenmulations.

7.1 Introduction

The mitigation of the impact of anthropogenic atis on the environment (either
atmosphere, hydrosphere or land) represents ot ghost challenging goals in the wide
field of environmental sciences. In particular, theidy of soil pollution and the re-
qualification of lands contaminated by hazardoustes represent the major topics of
investigation wherein the cement scientific comrmymay be actively involved.

Recently, the term “brownfields” has been introdute indicate areas formerly occupied
by abandoned industrial or commercial facilitiesg(epower plants, factories, chemical
warehouses, junk yards, fuel stations, etc.) whesetilization is hindered by a strong
environmental contaminatio®Brownfield sites are often located close to urbezas and
this of course increases their degree of human emdronmental hazard. Typical
contaminants that may be found on these lands, bajanic and inorganic, include
hydrocarbons, dioxins, PCBs, PCDFs, heavy metaitalioids and asbestos. In such
critical situations, the classical approach basethe disposal of the contaminated ground
in dumps and the subsequent refilling of the sitdh vaew materials is not sustainable
anymore, both environmentally and economically.aAsonsequence, a specific treatment
and recycling of the polluted soils and sedimemts,accordance with the European
directives, has become necessary. Nowadays, thelifisation/stabilization (S/S)
techniques (Cullinane et al., 1986) allows to redilne solubility and mobility of solid and
liquid wastes by mixing the contaminated materiaith a binder (typically Portland
cement), in order to obtain a final product chaazed by increased workability and
physico-chemical stability. Their effectiveness elegs not only on the physical

mechanism of encapsulation into a high-strength lamdporous matrix, but also on
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chemical processes as the uptake of some elemgmsriain cement hydration products
such as ettringite and C-S-H (Glasser, 1994, Kleh®98). Over the past two decades,
S/S methods, botim situ andex sity have found increasing application in a large nemb

of environmental remediation actions. For instarieg,per cent of the US Superfund

Program remedial actions involving source-contnaihie period 1982-2002 were based on
S/S technologies (US EPA 2004). Laboratory amdsitu leaching tests have widely

demonstrated that S/S techniques can substanti@tuce the concentration of

contaminants into the ground, well below the linfiked by laws for the residential use.

However, some controversial issues still remainuaibloe long-term performance of such
products, due to the degradation of the cementixnaith time.

In the present work an innovative S/S processeddlapintec HPSS (High Performance
Solidification and Stabilization) and founded ore tprinciples of high performance

concretes (HPCs) is presented.

7.2 TheMapintec HPSS process

The HPSS(High Performance Solidification/Stabilization) védoped by Mapintec S.r.l.
(Mapei S.p.A. group) is an integrated solidificatistabilization and decontamination
process for the treatment of contaminated soilssauiments. The HPSS process aims at
producing cm-sized granular cementitious aggregésee Fig. 7.3) characterized by
extremely low leaching values, good environmentampgatibility, high mechanical
strength and improved durability. The granular rataf the final product is the main
aspect that differentiates the HPSS method fromveational S/S techniques; the
stabilized material can be re-usedsitu as backfillings or as aggregates in non-structural
concretes.

As mentioned earlier, the process is based on éibnblogy of high performance
concretes and in particular on the use of supdrpiziag and hydrophobic additives. The
American Concrete Institute (ACIl) defines HPCs asncretes meeting special
combinations of performance and uniformity requieems which cannot be achieved
routinely when using conventional constituents aoedmal mixing, placing and curing
techniques. One of the commentary to the definitsbates that a high-performance
concrete is one in which certain characteristies developed for a particular application
and environment. Examples of characteristics wiaigh considered critical in HPCs are:

long term mechanical properties, permeability, dgnsolume stability and long life in
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severe environment. All these properties are catedland largely depend on the amount
of water used in the concrete mixture. It is welbkn that water to cement ratio (w/c) is
the main factor which determines most of the progeiof hardened concrete; by lowering
w/c, also the porosity of the microstructure of ttwment paste and consequently its
permeability to liquid and gaseous aggressive ageotn the environment are reduced and
all its properties are consequently improved. Spipsticizers (see par. 1.5) are essential
ingredients for the production of HPCs; they cansik water soluble polyelectrolytes
which dramatically reduce the viscosity of freshmeat mixtures and allow to cast
flowable, easy to place concretes characterizeldwyw/c ratios € 0.4). Other important
ingredients for the production of HPCs are minadthixtures, such as natural pozzolanas,
silica fumes, fly-ashes and other pozzolanic mal®riPortlandite produced from the
hydration of clinker's Ca-silicates, due to its lnigolubility (about 2 mg/L) can be
dissolved by the water present in the pores anth&hsff from the cement microstructure.
This process causes the progressive broadeninbeotdpillary pores and favours the
intrusion of aggressive agents from the environmé&ulphates, chlorides) which
accelerate the degradation of concrete microstreictdozzolanic materials are added to
cement mixtures at dosages from 5 to 30% and wegiletcalcium hydroxide present in
cement mixtures forming additional silicate hydsatgccording to the following reaction:

Amorphous silica (S) + CH=C-S-H (7.1)

This produces the double beneficial effect of tfamsing the highly soluble portlandite
into the less soluble C-S-H and reducing the pbtrosi cement microstructure by the
formation of new silicate hydrated products. Thenbmation of superplasticizers and
mineral admixtures presently represents the best twamprove the microstructure of

cement paste and consequently to produce HPCsitler durability (Collepardi, 2006).

The HPSS method consists of two main steps:
- inorganic decontamination (mainly heavy metals aredalloids) and production of
the granular conglomerate by means of specificyrton apparatuses;
- removal of organic volatile compounds and semi-elasubstances directly from
the solidified granular material by means of a ihedr desorption process. Of
course, in situations where the nature of the comation is exclusively inorganic,

this second step is not necessary.
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At the beginning of the process, the contaminataternal is excavated and trasported to a
dedicated plant placed directly on the remediatsttie. The procedure of inorganic
decontamination is subdivided into the followingifstages (Fig. 7.1):

- Sieving In order to remove the coarser fraction (diamet@ mm) of the ground,
typically constituted by gravel, bricks or genewaste materials, the excavated
material undergoes a preliminary sieving treatmdiftis is done because the
granulation process is effective only on the fingcfion of the soil or sediment
which is generally the most contaminated. The @rarmaterials are easily
separated (e.g. by means of vibro-sieving) andgareerally re-used after being
washed in order to remove the superficial contatianalf the contamination of
the coarse fraction is stronger, the materialspaed in specific dumps.

- Water content reductionThe ideal humidity content for the production tbe
HPSS grains is generally comprised between 10 @f@ éh the total weight of the
soil or sediment. For soils excavated in the presesf water, these values are
commonly exceeded and the excess of water hasebrbmated. This is generally
done by means of filter press or air drying proesss by adding a small amount

of CaO that reacts with water.
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Figure 7.1 - Schematic representation of the imuigadecontamination and granulation

(pelletization) step of the HPSS process.

- Mixing. The contaminated material is then mixed with Rod cement, additives
and, if required, additional mixing water in aneinsive mixer (Fig. 7.2) for a few
minutes. The two additives employed, Mapeplast E@GiIhd Mapeplast ECO1 B
have been specifically developed by Mapei S.p.A.elovironmental applications
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and are characterized by high biodegradability wd toxicity. The Mapeplast

ECO1 B superplasticizer (PCE-type, see par. 1.B.2)onstituted by a mix of

hydrosoluble polymers that, by reducing the regluisgnount of mixing water,

allow to significantly reduce the porosity of thiedl granular material thus limiting

the leaching of contaminants and the penetratiomggfessive fluids. This aspects
are further limited by the hydrophobic properties tbe Mapeplast ECO1 A

additive.

The resulting mixture is a wet, finely divided magsth the same aspect of the starting
soil/sediment, but due to the intensive mixing &imel effect of the superplasticizer, the
nucleation of micro-seeds takes place within theleimass.

- Granulation The fresh mixture is then transferred onto ariined rotating plate (Fig.
7.2) where the nuclei start to increase their #izeugh a mechanism similar to that of a
growing snowball. In this way, a granular matefeko referred to apellety is formed
whose final size depends on the rotational speddfainclination of the plate as well as
on the duration of the treatment and on the amaoointgater and additives employed (Fig.
7.3). Typically, the pellets exit the rotating @atith a final diameter ranging from 4 to 16
mm and are finally stored and cured properly. # tfature of the contamination is also
organic, the granular material undergoes the secstade of the process (thermal

desorption) before being re-used.

Figure 7.2 - An industrial intensive mixer (lefgrfblending the initial components and an inclined
rotating plate (right, diameter ~ 3 m) for the protion of HPSS granular material.

During the thermal desorption stage, the granulatenals produced in the first step are

heated in a reactor at temperatures comprised bati@0 and 250 °C at reduced pressure
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(P ~ 0.1 bar), in order to distillate the orgarmeotaminants directly from the grains. In this
way it is possible to drastically reduce the praiderelated to the development of dusts
during distillation with a consequent simplificati@f the dust control system. More than
95% of volatile and semi-volatile organic contanmitsa(light and heavy hydrocarbons,
dioxins, PCBs, PAHSs) as well as volatile metalshsais Hg can be removed after this stage.
Due to the mild operating conditions, the cementrastructure is not substantially
degraded and the mechanical properties of the tamaterials remain essentially the

same.

Figure 7.3 - Artificial granular material obtainéalowing the HPSS process. The diameter of the

grains ranges approximately from 4 to 16 mm.

7.3 Experimental
7.3.1 Site description and sample preparation

The samples studied in this work were preparedguaicontaminated soil from the "ex-

Conterie" industrial site (Fig. 7.4) in Murano, Vem (Italy). In this area the HPSS process
is currently being applied for the first time atlustrial scale for the re-qualification of a
contaminated site. In the "ex-Conterie" area, aciesm factory for the manufacture of

artistic glass had been operating until 1990. Saclivity introduced a significant

environmental contamination, mainly due to inorgapigments and additives, based on
heavy metals and arsenic. In the glass industryeatgvariety of compounds (oxides,
chlorides, sulphates, etc.) may be added duringptbduction process in order to modify
the final properties of the glass, especially mmie of colour, opacity and refractive index.
A total volume of ~ 30000 mof ground is estimated to have been affected ey th

contamination.
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Figure 7.4 - An aerial view of the “Ex-Conterietes{circle) in Murano (photo from Google Maps).

The ground of the "ex-Conterie" area may be roughdgsified as a sandy silt, containing
also a minor amount of coarser particles; only drenulometric fraction thinner than 2

mm (the same used for the production of the S/&ts¢iwas studied here. The results of
an XRF analysis performed on the original soil @gorted in Tab. 7.1. The significant
amount of Pb, Ba, Sr, Zn, Cu and Cr detected, ouosfithe presence of a real
contamination on the area. In a recent work (Ptioisd al. 2011), the contamination of the
"ex-Conterie" site and the mechanisms of fixatidncontaminants in the cementitious
matrix of the pellets was studied by means of SEM micro-PIXE (particle-induced X-

ray emission) analyses.

Major elements (wt %) Trace elements (ppm)
Na,O 0.96 CaO 35.62 S 5040 | Zn 398 | Ba 529
MgO 7.97 TiO, 0.51 \Y 73 Rb 59 La 19
AlL,O3 7.47 MnO 0.09 Cr 105 Sr 490 | Ce 42
SiO, 40.32 Fe,0; 4.08 Co 9 Y 23 Nd 20
P,Os 0.22 Total 98.55 Ni 35 Zr 150 | Pb 719
K,0 131 L.O.l 28.75 | Cu 201 Nb 16 U 3

Table 7.1: Quantitative XRF analysis of a soil skfpom the “ex-Conterie” site. As, Cd and Hg
were not included due to their volatile behaviond @he lack of appropriate calibration standards.

The analysis was carried out using a Philips PWOZ#Euential WDS spectrometer.
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The S/S granular materials were prepared by mixhmg "ex-Conterie” soil with an
ordinary Portland cement (CEM | 52.5R), water amel Mapeplast ECO1 (part A and B)
additives. Two distinct sets of granular samplegehaeen produced with the soil and then
investigated here. The grains included in the figch (sample A) were prepared with the
wet granulation step without additives, while thésdonging to the second group (sample
B) were produced according to the HPSS method,diet) the Mapeplast ECO1 additives.
The formulations of the investigated samples apented in Tab. 7.2. Both sets of samples
were cured for more than 60 days in normal conalti(23 °C and 95% relative humidity)
before being analyzed by means of X-ray computemtaytomography, mercury intrusion
porosimetry, leaching and physico-mechanical teststhermal analyses.

Ingredient/Property Composition (g)
Sample A| Sample B
“Ex-Conterie” soil 1000 1000
Portland cement (CEM | 52.5R) 400 400
Mapeplast ECOL1 (part A+B) - 11
Water 280 210
w/s") 0.20 0.15

Table 7.2 - Composition of the two investigated si#tgranular samples. Water to solid ratio (w/s)
refers to the ratio between water and total sdjigs the sum of cement and soil). It can be easily
seen that sample A, produced by means of the aetugation process without additives, required
25 % more water in comparison with sample B, preduwith a dosage of 0.8 % of additives by

weight on the whole solid material.

7.3.2 X-uCT setup

Tomographic scans on S/S products were carriediagy the microfocus system in use at
the Tomolab facility, Basovizza (Trieste, Italy)camplete description of the instrument is
given in section 3.1. The microtomography experiteetlescribed here were mainly
focused on the investigation of the microstructofethe pore system that plays a
fundamental role in cement-based materials not @mytheir mechanical properties but

also for their durability (e.g. freeze-thaw resmst®) and transport properties. A few
samples, approximately 6-8 mm in diameter, werecsetl from the two groups (sample A
and B) of solidified grains; the chosen size wasg@d compromise between

representativeness, overall X-ray absorption amdiapresolution achievable. The source

voltage and the beam current were slightly adjustectach experiment according to the
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amount of absorption shown by the sample and vani¢de range of 70-74 kV and 108-
110pA. 1440 projections over a 360° rotation (angutaps0.25°) were acquired per each
scan, with an exposure time per frame ranging fono 5.3 s. The source-object and
source-detector distances were set at 80 and 330espectively (M = 4.125). With this
experimental setup, the voxel size in the final gewm was approximately gm (the
detector operated in 2x2 binning mode during datpisition, i.e. with a pixel size on the
scintillator of 25 um). A 0.5 mm thick Al filter veaplaced in front of the source in order to
suppress the low energy portion of the spectrumraddce the beam hardening effect.
After reconstruction, each entire original datassetomposed by more than 1000
contiguous slices, was down-sampled from 16-b&-tot grey scale, in order to reduce the
file size and the computational demand for the ymisl The contrast of the reconstructed
images was then enhanced by stretching the GVdnatts of the stacks, trying to keep
brightness and contrast as constant as possibtedorarious samples. A gentle smoothing
of the images was then performed by using a 3x3g8iam filter that allowed to reduce
the noise without significantly modifying the infoation contained in the datasets. For
each sample, the pore fraction was then extractedadrurately thresholding the
reconstructed images on the basis of their greyevhlstograms, thus obtaining a stack of
binary images where voids are represented in b{&k = 0) and the solid fraction in
white (GV = 255). It should be pointed out thatgiigant errors may be introduced during
this step, so particular care has to be takenearchwoice of the threshold value, especially
when comparisons between different samples havee tmade. For each sample, almost
the entire reconstructed volume has been considkredhe calculation of porosity,
excluding only a few upper and lower slices of ¢ieck. In order to work with a larger,
more representative volume, no cropping of the reénportion of the slices was
performed; this was possible because the edgetefidee to beam-hardening were
adequately corrected using the polynomial correctiescribed in section xx.x. After the
segmentation of the pore fraction, the total engdi air content and the pore size
distribution were calculated. All the image prodegsoperations described here were

carried out using the ImageJ software (Abramo#le2004) and related plugins.

7.3.3 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is a widely aseechnique for the characterization of

the pore space properties of many materials, imeudement-based materials. MIP can
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provide indirect measurements of total porosityrepsize distribution and other related
properties, detecting pores ranging from a few netsl ofum down to the nm scale. In
the present study, MIP experiments have been dawig in order to estimate the
differences in total porosity and pore size disttitn between S/S grains produced by the
wet process without additives (Sample A) and thpsespared using superplasticizers
(Sample B). MIP is based on the fact that mercsry inon-wetting fluid, therefore a
pressure needs to be applied in order to forcdiguél metal into the empty pores of a
certain material. By progressively incrementing thessure applied to the mercury
surrounding the sample, increasingly smaller paras be intruded. The well-known
Washburn’s equation relates the diameter of theidied pore to the applied pressure, in a
porous system assumed to be constituted of a nletefocylindrical pores, entirely and
equally connected to the exterior of the sampleshdarn’s equation is usually written as
follows:

_—49 cosg
P

d 7.2

where d is the diameter of the cylindrical porenpeintruded, g is the surface tension of
mercury (~0.48 N/m at 20 °C under vacuufn)s the contact angle between mercury and
the solid (typically between 135° and 142°) and the applied pressure.

MIP measurements were carried out at the Envirotshégronomy Department of the
University of Padua (Italy) using two Thermo SciBotPascal 140/240 porosimeters. The
first instrument can reach an intrusion pressur8.4fMPa, detecting pores ranging from
~200 to ~4um in diameter while the second one can measurdiriee pore fraction
(diameter up to 6-8 nm) with a maximum pressur@0ff MPa. For each measurement, in
order to improve the statistical significance ofe tlexperiment, several S/S grains
(previously dried) were put inside the porosimetieamber at the same time, for a total
mass of approximately 4 grams of material.

7.3.4 Leaching tests, physico-mechanical testslagwinal analyses

Leaching tests were carried out on fractions oihgla materials of sample A and B
according to the EN 12457/2 method. 100 grams oh eample, after reduction of the
grain size below 4 mm, were mixed with 1 litredaf-ionized water (liquid to solid ratio,
I/'s = 10) for 24 hours. Eluates from the leachiests were then analyzed according to the
EPA 6020A method by means of a Perkin-Elmer ELANEORP-mass spectrometer.
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The physico-mechanical properties of the artific@ment-based granular materials,
prepared both with and without additives were measuaccording to the standard
methods commonly used for concrete aggregates.ifépgravity and water absorption
were measured according to the EN 1097-6 methodisRace to fragmentation was
measured with two different methods: aggregatehengsvalue (ACV), according to BS
812-110 and Los Angeles test, according to EN 1D9Freeze-thaw resistance was
measured according to the EN 1367-1 norm whileliadiiéca reactivity was evaluated
following the UNI 8520-22 method.

The thermogravimetric technique was used to evaltla presence and the amount of
portlandite originated from the hydration of ceméntthe artificial aggregate produced
with the presented method. Analyses were perforinedneans of a Netzsch STA 409
thermo gravimetric analysis/differential scanniragocimeter (TGA/DSC) on 40-50 mg of
sample after 48 h of hydration, with an heating parate of 40 °C/min (from 20 to
1100 °C) in static air.

7.4 Results
7.4.1 XuCT

The stacking of all the reconstructed)XT slices allowed the internal structure of the

investigated samples to be visualized in 3D, asvaha Fig. 7.5.

Figure 7.5 - 3D reconstructions of two cement-baS&sl grains prepared according to the HPSS
method. A portion of each dataset has been digitalihoved in order to visualize the interior of
the samples. Darker grey values correspond to temaation (air voids) and brighter ones to high-

absorbing particles (metals, lead-containing glass)
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Several distinct features were clearly recognizedthe reconstructed images as for
example entrained air bubbles, heterogeneous nhigeaans, glass fragments, vegetal
remains, mollusc shells and several very highlyodtiag particles of probable metallic
nature. All these elements were of course contaiméite original contaminated soil, some
of them naturally included, others introduced bg tilass production activity formerly
operating in the “ex-Conterie” site. The mentiorprdsence of dense, highly attenuating
particles was a problematic issue during the imagalysis procedure. In fact, if these
particles are large enough to cause the incominmgyXbeam to be completely stopped,
severe artefacts can be introduced into the reaartet slices. These are generally seen as
black shadows and streaks around the high-absorpengicles, creating a region
characterized by a total lack of information thaynibe mistakenly considered as a void.
This problem could be partially overcome by incnegghe energy of the beam but this
would of course cause a loss of contrast in albther portions of the image. Therefore, in
some cases, a manual correction was necessaryrezicsuch artefacts, in order to avoid
an overestimation of the entrained air content.

Fig. 7.6 shows a comparison between two reconsilustices obtained from two S/S

grains prepared without and with superplasticizer.

Figure 7.6 - Cross-sectional reconstructed sliltestiating two S/S grains prepared without (left)
and with (right) additives. A more compact mattth a significantly lower air void content can

be achieved following the S/S procedure presented. h

By looking at the two images, a significant diffiece in total air void content as well as in

void shape and size can be clearly recognized.tdta¢ entrained air content, calculated
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(over the entire 3D volume) after the segmentatibthe pore fraction by simply dividing
the number of black voxels by the total number @fels (solids and voids) is 5.17 % for
the conventional S/S grain (Sample A) and 1.97 % tfe sample prepared using
superplasticizers (Sample B). It should be pointedl that the size of a considerable
amount of pores in cement-based materials is welbvib the resolution level of the
technique (voxel size ~ jom in this specific case), thus making their disaniation from
the solid matrix practically impossible. Hence, onvestigation was limited to larger,
isolated (at least at this spatial resolution)vaids with a diameter greater than (. It
should also be noted that some low-attenuatingnicgaarticles may show very low gray
values in the reconstructed images, so they cdrabi#ly discriminated from pores just by
thresholding the GV histogram. The volume of eauatividual pore was calculated using
the Object Counter 3plugin of thelmageJsoftware and their size was then approximated
according to the equivalent sphere diameter (he.diameter of the sphere having the
same volume as that pore). Significant differenmese found between the two series of

samples as illustrated by the histograms of pae distribution of Fig. 7.7.

| [ Conventional S/S i | 1 S/S with additives

% of total pore volume
% of total pore volume

L ”ﬂﬂﬂﬂﬂﬂ I

0 80 160 240 320 400 480 560 640 720 800 0 80 160 240 320 400 480 560 640 720 800
Equivalent sphere diameter (um) Equivalent sphere diameter (um)

Figure 7.7 - Pore size distribution histograms waled from the analysis of tomographic data for
two S/S grains formulated without (left) and witight) superplasticizers. The relative fraction of
the total pore volume was plotted versus the edgimtasphere diameter. The bin width is 2.
Due to limitations in the spatial resolution of tteezhnique, pores smaller than L& were not

detectable, so they were not included in the catmnis.

Even without taking into account the few very lar@e 500 um) air voids, the pores
contained in the conventional S/S grain result eéodistributed over a broader range of

sizes if compared to the sample prepared usingieelsli Moving from the conventional
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sample to that produced with the superplasticieg, relative amount of pores whose
equivalent diameter is smaller than 108 increases from 21.7 % to 39.9 %. Moreover, in
the first case, the maximum peak of the distributtorresponds to the 100-18éh class
while in the second one the dominant interval @86 um. The comparison of the
reconstructed slices of Fig. 7.6 and the resultSigf 7.7 clearly confirm that the use of a
superplasticizer in the wet S/S granulation procégbe “Ex-Conterie” contaminated soil
significantly reduced the entrained air contentr¢psizes from 10 um to 400 pum) of the
final product. This is a direct effect of the retlan in the viscosity of the soil-water-

cement fresh mix, induced by superplasticizers.

7.4.2 Mercury intrusion porosimetry

A comparison between two porosimetric curves olethifor the samples prepared without

(dashed line) and with superplasticizer (solid)liisereported in Fig. 7.8.
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Figure 7.8 - Porosimetry curves obtained for S/&ng prepared with (solid line) and without
(dashed line) superplasticizer. The cumulative nawf mercury intruded per gram of sample was

plotted versus the applied pressure.

As a first result, it can be easily seen that tbheve referring to the samples with the
superplasticizer lies below the curve measuredttier conventional S/S grains, clearly
indicating a reduced total connected porosity.drtipular, the measured total void content
decreases from 20.07 % to 15.34 % of the entirepamolume. In this graph, the
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minimum and maximum data points of the curves rbugbrrespond to intruded pores
with diameters of 10@m and 6 nm respectively. A slight change in th@ealof the two
curves at 0.4 MPa of intruding pressure is indeedadefact due to the non-perfectly
smoothed connection between the data points mehswitd the first and the second
porosimeter. The use of superplasticizers seerhe &ffective in reducing porosity both at
the larger and the thinner pore level. During tbeywearly stages of intrusion (up to 0.04
MPa) a significantly larger volume of mercury isruded in the conventional S/S sample
if compared to the additivated one, as confirmedhaydifferent slopes of the two curves.
This indicates that the coarser pore fraction, irapg@pproximately from 100 to 4@m (as
calculated from pressure values), is far more spred in the first sample. From that
point, the two datasets assume a nearly paradietituntil 5-6 MPa (roughly corresponding
to a pore diameter of 04m), where the upper curve starts increasing agaislope. A
remarkable change in the lower curve is seen ohlyeay high pressure values thus
indicating that the great majority of porosity isncentrated in the dimensional interval
below 15-20 nm. This evidences seem to confirm éha&dwer w/c ratio and the use of
superplasticizers substantially contribute to thegluction of micrometer and sub-
micrometer scale porosity, creating a more dengexnaccording to many authors, pores
larger than 50 to 100 nm may be detrimental tongtie and permeability of cement paste
(Mehta 1986, Goto and Roy 1981). Therefore, theolesl decrease of the porosity in the
sub-micrometer scale of the granular material pceduwith the superplasticizer are
expected to produce an improvement of the enviroaheand mechanical properties of
the artificial aggregates.

For what concerns the differences between the tvoptes in the low-pressure (high
diameter) part of the graph, a major role may lagqd by the region commonly referred
to as the interfacial transition zone (ITZ). In cogtes and mortars ITZ is a thin,
heterogeneous region of paste existing betweendmentitious matrix and the surface of
the aggregate particles, characterized by incregseasity and concentration of
portlandite crystals if compared to the matrix pagtee for example Bonen 1994,
Scrivener and Nemati 1996, Shane et al. 2000).umspecific case, the aggregates are
represented by the grains included in the contamdhaoil that was used for the
preparation of the S/S products. Though there iscamplete agreement about the
mechanisms of formation, ITZs are likely to formasesult of an inefficient packing of

cement grains at the aggregate surface (Olliviealetl995). The relevant amount of
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coarser porosity (left part of the graph) detedgtedonventional S/S samples is probably
related to the presence of a percolating netwonkooés originating from contiguous ITZs
around the aggregate grains. Superplasticizergledwith a lower w/c ratio of the mix,
are thought to inhibit the growth of ITZs, thus hmaring the formation of a preferential
pathway for the percolation of fluids. This is demtrated by the very low amount of
mercury intrudable during the initial, low-pressagtages for the additivated samples.

For the interpretation of pore size distributionghe region of the micropores (right part
of the graph), extreme care has to be taken whalindewith cement-based samples. In
fact, in this kind of materials, the pore systemally does not satisfy the requirements of
the classical model, thus giving rise to problematitefacts in the output data. For
example, as shown by electron microscope investiggt the shape of the pores in an
hydrated cement paste is far more complex thandéed network of cylindrical tubes of
the classical Washburn’s model. Anyway, this can cdoasidered a minor problem,
affecting to different extents also many other male A major issue is related to the fact
that the great majority of the pores are not diyelatked to the outer surface and can be
reached by mercury only after it has travelled tigio a long and complex series of
intermediate pores of different sizes and shap&n{Bbnd 2000). A critical role is played
by the presence inside cement pastes, mortars @mtetes of a significant fraction of
relatively large entrained air voids, as shown disomeans of XtCT. It is widely
accepted that these air bubbles are not isolatedrbyart of the percolating pore system.
In practice, a large air void inside the matrix mainbe reached by mercury until a certain
threshold pressure value is reached, necessail tioef smaller channels that lead to the
said void. At that point, the large pore startsath as a reservoir for mercury and the
corresponding intruded volume is mistakenly refén® the threshold pressure and hence
attributed to a much finer pore fraction which wihen result overestimated. This
phenomenon is commonly referred to as the “inkleatffect”. Due to these intrinsic
limitations related to the microstructure of cembased materials, some authors (e.g.
Diamond 2000) suggested that MIP should not beiderexd a completely reliable method
for the determination of the pore size distributiand other associated parameters.
However, this technique still remains an invaluable for the determination of the total
intrudable volume enabling to detect pores haviimgss several orders of magnitude

smaller than those measurable with other technjqeefor example X:CT.
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7.4.3 Leaching tests, physico-mechanical testslagwinal analyses

The concentration of heavy metals in the eluatethef‘Ex-Conterie” soil exceeded the
regulatory standard of the Italian Government foe treusable materials (Decree of
Ministry of the Environment n. 186/2006) for As,,@Qu and Pb, as shown in Tab. 7.3. The
eluates of the pellets produced without the supstiglizer (sample A) complied with the
standards for all the metals except for coppes thetal, most at the high values of pH
typical of Portland cement mixtures, forms comptexath soil soluble organic matter and
therefore increases its solubility (Xue and Sig§99). On the other side, sample B,
produced according to the HPSS formulation (with), S®@mplied with the regulatory
limits for all the contaminants. These results aomf the importance of using
superplasticizers in S/S processes, in order toawgthe environmental compatibility of
the solidified products. The results of physicatl anechanical tests performed on the

granular materials without and with the superptistr (Sample A and B, respectively) are
shown in Tab. 7.4

Element| Unit . . Concentration. —
Sall S/S without SP| HPSS with SP Reg. limits
As pno/l 1254 7 <1 50
Cd pg/L 3.9 <0.1 <0.1 5
Cr pg/L 64 <1 <1 50
Cu pa/l 175 100 20 50
Hg pg/L <0.1 <0.1 <0.1 1
Pb ug/L 218 25 10 50

Table 7.3 - Results of leaching tests carried @gbading to the EN 12457-2 norm on the “ex-
Conterie” untreated soil and the pellets producgl and without SP. The Italian regulatory limits
for residential use are also reported. The eluatesz then analyzed by means of ICP-MS,
according to the EPA 6020A method.

Test Reference norm| Unit| S/S without SB  HPSS withFS
Specific gravity EN 1097-6 - 2.17 2.33
Water absorption EN 1097-6 % 6.6 2.5
Aggregate crushing value BS 812-110 % 29 24
Los Angeles (abrasion) EN 1097-2 % 42 35
Freeze/Thaw EN 1367-1 % 5.5 3.2
Alkali-silica reactivity ASTM C1260 - negative negee

Table 7.4 - Results of some physico-mechanicak testnmonly used for concrete aggregates,

carried out on S/S grains prepared with and witlsoperplasticizers.
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A general improvement of all the investigated pbgsnechanical properties can be
observed for S/S granular materials prepared imetu8Ps in their formulation. This is a
direct effect of the lower water to solid ratio asfable when using such additives. Due to
the lower amount of mixing water, a more compactrixacharacterized by higher
strength and reduced porosity, can be obtained {F. As a result, also the resistance to
aggressive fluids from the environment and to fedkaw cycles is improved, with
positive effects on the durability of the S/S proigu

-2
= ~ X
g

Figure 7.9 - Effect of the reduction of w/c on the&rostructure of cement-based S/S products. Due

to the closest packing of cement particles andhéoréduced porosity, higher mechanical strengths

and improved resistance to aggressive agents cachieved, with beneficial effects on durability.

The results of thermal analyses carried out on taogegrains from sample B (with
additives) are reported in Fig. 7.10. Such analysexe performed in order to verify the
occurrence of pozzolanic reactions (eq. 7.1) batwtbe highly soluble portlandite and
some of the soil components. This is commonly dbgemonitoring the reaction of

decomposition of portlandite at ~500 °C.:

Ca(OH) > CaO+HO1 (7.3

The absence of a significant loss of weight at ~8D@eems to indicate that a considerable
amount of Ca-hydroxide produced by cement hydrateaets during the first two days of
hydration with some pozzolanic materials includedhe original soil, most likely clay

minerals, forming more stable calcium silicate fagds (C-S-H).
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Figure 7.10 - Thermogravimetric analysis (TGA, ddiihe), differential thermal gravimetry (DTG,

dash-dotted line) and differential scanning caletijm (DSC, dashed line) curves of granular

cementitious materials produced following the HP@®cess (after 48 h of hydration). No

significant loss of weight is detectable at ~ 500 the dissociation temperature of portlandite.
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8- Conclusions

The results obtained in this PhD thesis clearly aestrate the suitability of X-ray
computed micro-tomography (X€T) as a non invasive technique for the three
dimensional (3D) investigation of cement-based melte In particular, synchrotron based
X-uCT is at present the only non-destructive imagieghhique capable of sub-
micrometric resolution, thus representing a fundaaletool for thein-situ study of the
reactions taking place during the hydration of cetmelt was demonstrated here that
synchrotron XnpCT allows small microstructural variations to be mtored with a
sufficiently high temporal resolution. This is alucial importance, especially in the study
of the early hydration stages that are known tdheemost critical. The development of
hydration products at the expenses of anhydrookeligrains and pores was demonstrated
by means of comparisons between cross-sectiorwssIBD reconstructed volumes and
grey values histograms extracted from datasetsirgchat different hydration ages. The
amount of pores and unreacted clinker as a funaifomydration time were successfully
quantified. Moreover, this technique allowed to adbta direct visualization of the
microstructural changes induced in cements by rdiffewater-cement ratios and by the
addition of superplasticizers. At present, the mdiawback of XuCT is related to its
lower spatial resolution if compared to SEM imagiMpreover, due to the similar values
of the attenuation coefficient between differenteat phases, their discrimination may
represent a very complicated task. However, tha@ toan-invasiveness and the access to
the third dimension provided by XET definitely represent two major advantages. Fairth
technological developments, especially for whatceons the detectors, are expected to
lead in the future to an improvement of the achis@patial resolution as the theoretical
limits have not been reached yet. It was also shdiat, due to their intrinsic
microstructural complexitycement-based materials represent an ideal cashefarisualization

of edge-enhancement effects caused by phase doratsabey are characterized by a large amount
of crystal-air interfaces and high surface-volumatios. However it was also demonstrated that
the effects of phase contrast may lead to erronéutespretations of the grey values
distribution in the reconstructed images. A methiaded on phase retrieval has been
successfully tested in order to overcome this &tron.

The capabilities of conventional laboratory&-T were also investigated. Though being

characterized, due to intrinsic technical reasbgsa lower spatial and temporal resolution
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and by a general higher occurrence of image attef#élais technique allowed to obtain
satisfactory results from the analysis of cememnigisamples. Even though the resolution
of microfocus XuCT limits its use to the investigation of largeralec features (e.g.
macropores) important qualitative information céh Be achieved. It was shown that the
effects of different water-cement ratios on the nestructure of cement pastes (e.qg.
compactness of the paste or drying shrinkage) easabily visualized. This results can be
directly correlated with the mechanical propertiesasured in macroscopic samples.

The capabilities of a novel technique called ddfien tomography (XRD-CT) were also
tested for the first time on cement materials. Tésults of XRD-CT test measurements
indicate that this technique can be successfulbfieg to the non-destructive investigation
of cement materials. The main advantage of XRD-€heé access to the real distribution
of selected crystalline or amorphous phases. Thathod allowed to map the ettringite
distribution in mortar and cement samples and vidution with hydration. In addition,
also the poorly crystalline C-S-H phase was sudeiganapped. The main problems
encountered concerned artefacts in tomographicnstagection for phases with crystal
sizes comparable or larger than the dimension efirthident beam. Other drawbacks are
related to the limited spatial resolution (448 in the present study) if compared tQuET
and especially to the long acquisition time foroanplete XRD-CT scan. At present, the
long duration of the scan does not match the tiesmlution required for studying the
cement paste evolution during the early stageydifation. This limitation can partially be
overcome by reducing the size of the measured w@luhus reducing the total acquisition
time. As a general conclusion, it can be said tiatimits of applicability of the technique
concern the dimensions of the crystalline objebtt tan be mapped in relation to the
desirable spatial resolution. The main constrasntoi investigate crystals which are one
order of magnitude smaller than the incident X-beam size. By increasing the probe
dimensions, crystalline materials with larger cajstcan be mapped but of course at the
expense of spatial resolution. Despite the presiemtations, XRD-CT represents a
powerful and very promising method for the mappioigthe distribution of phases,
irrespective on their crystalline nature, with atatly non-invasive approach. Its
combination with XuCT (but also XRF-CT) will surely represent a new ltimodal
approach to the understanding of the physical &edhical processes occurring in cements.
In the last part of the work, microfocus @CT was successfully applied (in combination

with other established experimental methods) to peeformance evaluation of an
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innovative method for the remediation of contanedasites. Microfocus XCT was
employed to characterize cementitious granular mnadde produced from the
solidification/stabilization (S/S) of contaminatebils. The pore size distributions of
samples prepared with different formulations (wéthd without superplasticizers) were
successfully investigated. The results obtainedcatdd that PCE-based superplasticizers
(SPs) play a fundamental role in the achievememproved properties also for materials
produced with S/S methods. As a result of the reduamount of mixing water required
when SPs are included in the formulation, all thysco-mechanical properties (e.g.
permeability, strength) of the final S/S produats significantly improved, with beneficial
effects on their durability and environmental cotiiphty.
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