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Abstract

The use of supplementary cementitious materials (SCMs) is widely considered the most
promising approach to reduce CO> emissions relative to cement production. SCMs are not commonly
present in binders used for special applications. On the other hand, due to their low reactivity at early
age, cements incorporating SCMs such as Limestone calcined clay cement (LC?) exhibit low early
age strength when compared to PC. This could restrict their field of applications and therefore
solutions have to be found.

This thesis focused on two main axes. The first one is to lower the CO; footprint of ternary blends
composed of Portland cement (PC), calcium aluminate cement (CAC) and calcium sulfate (Cs) using
calcined clay as clinker substitute. The hydration of simple systems composed of PC with an
increasing amount of CAC and Cs with and without calcined clay from 3 hours up to 90 days of
hydration helped to understand and identify the contribution of each component. The results showed
that increasing the CAC and Cs content in a PC system with and without calcined clay led to an
increase of the ettringite content and a decrease of the portlandite content due to the portlandite
consumption to form ettringite. The C3S hydration was not delayed in presence of CAC and Cs.
However, the presence of CAC, Cs and calcined clay led to slightly lower degree of hydration
especially at later ages. The hydration and strength of a more realistic system “a fixing mortar
formulation” with and without calcined clay was investigated. Overall, results showed that calcined
clay can replace Portland cement by up to 20% with acceptable strength results.

The second aspect on which this thesis focused was the influence of incorporating CAC and Cs as
limestone substitute in LC3. The effect of the C/A molar ratio of the used CAC and its content were
the main parameters investigated. The incorporation of 10%(CAC, Cs) improved the strength
compared to LC? at all ages. The massive ettringite formation during the first hours of hydration
explained the early age strength improvement. Results showed that the C3S hydration was hindered
when the C/A ratio of the CAC is equal to 1.7. The calculation of saturation indices indicated that a
super saturation with respect to portlandite is likely needed to trigger the CsS hydration. The high late
age strength in LC3>-CAC blends was explained by a high volume occupied by hydrates in comparison
with LC? blends. In terms of durability, the resistance to chloride ion penetration was investigated
through the mini-migration method. LC*-CAC blends showed a better chloride resistance than LC3,
which is mainly explained by the porosity refinement compared to PC, and the decrease of the total
porosity in comparison with LC?. On the other hand, the natural carbonation study showed that LC>-
CAC blends have a higher carbonation rate when compared to PC. Contrary to PC, forced carbonation
of LC? and LC*-CAC blends resulted in a decrease of the strength. However, the strength of
carbonated LC*-CAC specimens is still at least similar to the non-carbonated PC specimen.

Keywords SCMs, LC?, fixing mortar formulation, hydration, C/A ratio, LC*-CAC, durability.
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Résumeé

L'utilisation de matériaux cimentaires de substitution (MCS) est largement considérée comme
l'approche la plus prometteuse pour réduire les émissions de CO; liées a la production de ciment. Les
SCMs ne sont pas couramment présents dans les liants utilisés pour les applications spéciales. D'autre
part, en raison de leur faible réactivité a jeune age, les ciments incorporant des MCS, tels que le
ciment calcaire argiles calcinées (LC?), présentent une faible résistance au jeune age par rapport au
PC. Cela pourrait restreindre leur champ d'application et il faut donc trouver des solutions.

Cette these s'est focalisée sur deux axes principaux. Le premier consiste a réduire l'empreinte CO>
des mélanges ternaires composés de ciment Portland (PC), de ciment d'aluminate de calcium (CAC)
et de sulfate de calcium (Cs) en utilisant 1'argile calcinée comme substitut de clinker. L'hydratation
de systémes simples composés de PC avec une quantité croissante de CAC et de Cs avec et sans argile
calcinée de 3 heures jusqu’a 90 jours d'hydratation a permis de comprendre et d'identifier la
contribution de chaque composant. Les résultats ont montré que l'augmentation de la teneur en CAC
et Cs dans un systeme PC avec et sans argile calcinée a entrainé une augmentation de la quantité
d’ettringite et une diminution de la quantit¢ de portlandite. Ceci est di a la consommation de
portlandite pour former de 'ettringite. L'hydratation du C3S n'a pas été retardée en présence de CAC
et de Cs. Cependant, la présence de CAC, Cs et d'argile calcinée a conduit a un degré d'hydratation
légérement plus faible, surtout a long terme. L'hydratation et la résistance d'un systéme plus réaliste
"une formulation de mortier de fixation" avec et sans argile calcinée a été étudiée. Dans I'ensemble,
les résultats ont montré que l'argile calcinée peut remplacer le ciment Portland jusqu'a 20% avec des
résultats de résistance acceptables.

Le deuxiéme aspect sur lequel cette thése s'est focalisée était I'influence de I'incorporation de CAC et
Cs comme substitut du calcaire dans le LC3. L'effet du rapport molaire C/A du CAC utilisé et sa
teneur ont été les principaux parametres étudiés. L'incorporation de 10% (CAC, Cs) a amélioré la
résistance par rapport au LC? a tous les Ages. La formation massive d'ettringite pendant les premiéres
heures d'hydratation explique 1'amélioration de la résistance au jeune age. Les résultats ont montré
que I'hydratation du C3S était réduite lorsque le rapport C/A du CAC est égal a 1.7. Les calculs des
indices de saturation ont montré qu'une super saturation par rapport a la portlandite est probablement
nécessaire pour déclencher I'hydratation du CsS. La résistance élevée a long terme dans les mélanges
LC3*-CAC s'explique par un volume d’hydrates élevé en comparaison avec le LC?. La résistance aux
ions chlorures a été testée par la méthode de la mini-migration. Les mélanges LC?*-CAC ont montré
une meilleure résistance aux chlorures que le LC?. Ce résultat s'explique principalement par
l'affinement de la porosité par rapport au PC et la diminution de la porosité totale par rapport au LC>.
D'autre part, 1'étude de la carbonatation naturelle a montré que les mélanges LC3-CAC ont une vitesse
de carbonatation plus ¢€levée par rapport au PC. Contrairement au PC, la carbonatation forcée des
mélanges LC? et LC3-CAC a entrainé une diminution de la résistance. Cependant, la résistance des
spécimens LC3-CAC carbonatés est toujours au moins similaire a celle du spécimen PC non
carbonaté.
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Mots-clés SCMs, LC3, formulation de mortier de fixation, hydratation, rapport C/A, LC3-CAC,
durabilité.



Contents

Acknowledgements v
Abstract vii
Résumé viii
List of Figures Xiv
List of Tables Xix
Glossary XX
Chapter 1 Introduction 1
1.1  Background of the thesis..........cccueeiiiiiiiiiiieiiecieee et 1
1.2 Portland COMENL ........cc.eiiiiiiiiiiieiieceeee ettt 1
1.3 Clinker with Supplementary Cementitious Materials (SCMS) ......ccccecuerverierieenucnne 3
1.4 Calcium aluminate CEMENL........c.eveeruiriiriiertieie ettt ettt seeens 5
1.4.1 Hydration of calcium aluminate cement .............cecuerveevieenreeriienieeieeereeenenn 5
1.4.2 Hydration of calcium aluminate cement with calcium sulfate....................... 5
1.4.3 Hydration of systems composed of CAC/PC/CsHx ......ccceevvieviieniieiienrennn. 6
1.4.4 Objectives and content of the thesiS.........cccccieriieiieiiiieniecieceee e 8
1.4.5 MEthOOLOZY .....eoeuvieiieeiiieiieeie ettt ettt ebeessaeennees 9

Chapter 2 Understanding interactions between calcined clay, Portland cement, calcium
aluminate cement and calcium sulfate in a fixing mortar formulation.................... 11
2.1 INErOAUCTION. ..ottt ettt ettt et sttt et b et et e e e b eneas 12
2.2 Materials and MethodS .........ccovviiiiiiiiiiiieeeee e 13
2.2.1 Raw mMaterials ......cceeiiiiiiiiiiiiiet e 13
2.2.2 Mixture design and sample preparation ...........ccceeeeveerveeeieeneeenreeneesnveesneens 15
2.2.3 MEROMS ...ttt 17
2.3 Results and diSCUSSION .....ocueeuirieriieiieiieieeie ettt eaees 19
2.3.1 Hydration of simple systems with and without calcined clay...................... 19



2.3.2 Hydration and strength development of fixing mortar formulation with CClay 26

2.4 CONCIUSIONS. ..ceutiiietieiteiteet ettt ettt ettt et eat et e e sae e bt eneeebeenbeenneseeenseeneas 32
Chapter 3 Effect of calcium aluminate cement addition on the hydration and strength of
Limestone calcined clay cement 35
3.1 INEFOAUCTION. ..etiitieiieceiete ettt ettt et et b et e seeenbeeneas 35
3.2 Materials and methods ..........ccooiiiiiiiniiii e 36

3.2.1 RaW MAteTialS ....coouiiiiiiiiiiiiiiiieieeeeete e 36
3.2.2 Mixture design and sample preparation .............ceeceeeeveeeeeerieenieenreeneeeneennns 39
3.2.3 MELhOAS ..ttt et 39
3.3 Results and diSCUSSION ....ceuueruieriiiiieiieiieie ettt ettt s e e eeeas 41

3.3.1 Effect of the ACACI1.7 and Cs contents on the hydration and strength of LC? 41
3.3.2 Effect of the ACAC2.2 and Cs contents on the hydration and strength of LC? 46
3.3.3 Effect of CAC on C-A-S-H composition and the degree of metakaolin reaction

...................................................................................................................... 50
3.3.4 LC? substitution by ACAC2.2 and CS......cooveveeveveeiereeieeeeeeeeeeeeeeeeenes 52
3.4 CONCIUSIONS. ..euiiutieiiietieteet ettt ettt ettt ettt ettt et st e et e be e st e bt enbesaeesseenseeneas 53
Chapter 4 Understanding reasons of delaying alite hydration in LC?® incorporating
ACAC1.7 55
4.1 INErOAUCTION. ..coutiiiieitieiteee ettt ettt ettt et b et et e seeeneeneas 55
4.2 Materials and MethodS .........ccooviiiiiiiiiiiiieeee e 57
4.2.1 RaW MAtEIIALS ..cutiiiiiiiieiieeieeeeee e 57
4.2.2 Mixture design and sample preparation .............cceeeveeveerveeeieeneeecreenneennens 58
4.2.3 MEROMAS ...ttt 58
4.3 Results and diSCUSSION .....ecueeiirieriieiieiieitete ettt eeees 60
4.3.1 Effect of decreasing the setting retarder content............cccceeevverveereennennnn. 60
4.3.2 Early age hydration comparison between LC? blended with ACAC2.2 and
ACACT.T ettt ettt 61
4.3.3 Effect of calcium hydroxide addition on the hydration, microstructure and strength
development of LC3-10%(ACAC1.7,Cs) blend..........c.ccoeveevveveiireieenenann. 63
4.4 CONCIUSIONS. ..ceutiiieitieiieiiest ettt sttt ettt ettt ettt e it e bt et eseee bt e s teebeebeennesseanseeneas 71
4.5 APPENAIX.cciriiiiiiiieiieeieeiee et ettt et e st e este e et e e bt e sbeebeestae e beeesaeebaensaeenbeensaeenras 72
Chapter 5 Understanding the late age strength of LC3-CAC blends.........ccceereeeene. 73
5.1 INEOAUCHION. ...ttt ettt ettt et sttt e s aeesbeeneesaeens 73
5.2 Materials and MethOdS ........coevuiiiiiiiiiiiiieieeeeeeee e 73

xi



5.2.1 RAW MAETIALS ..ot e e et e e e e e e e e e eaaeeeaeeeaaaees 73

5.2.2 Mixture deisgn and sample preparation .............ceeceeeeveeeieerieenieenreeneeeneennns 73

5.2.3 MEHOGAS ..ottt et 74

5.3  Results and diSCUSSION .......evuieriiiiiiriieriieieeiierte ettt sttt 76
5.3.1 Late age compressive Strength ..........coceeevieeiieiieniieiiecee e 76

5.3.2 Understanding the late age strength ...........ccccoevieviieiieniieiieieeeeeee 77

5.3.3 Saturation limit of water filled POTes.........ccccvevieviierieiiieiecieeeee e 81

5.3.4 CA-S-H MOIPholOZY ...c.eeoiuiiiiiieiiieiieeie ettt 83

5.4 CONCIUSIONS. ....eiutieiiiiiieie ettt ettt ettt ettt et s e bt et e saeenbeeneesneans 85
Chapter 6 Durability properties of LC3-CAC blends 86
6.1 INETOAUCTION. ..c.uiiiieiiieeieieete ettt st ettt et saeeseeenseeeeas 86
6.2 Materials and MethodS ..........ccooiiiiiiiriii e 89
6.2.1 RaW MaterialS .....cc.oooiiiiiiiiiiiiieie e 89

6.2.2 Mixture design and sample preparation .............ceeceeeeveeeeeenieenieenreeneeeneennns 91

0.2.3 MEhOAS ...ttt et 92

6.3 Results and diSCUSSION ....eeuviruieriieiiiiieiieie ettt ettt eeees 96
6.3.1 Mini-migration STUAY .......cccveerieeiiierieeieeiieeie et ere e see e e sseeereeseeeesseenes 96

6.3.2 Natural Carbonation StUAY..........ccccecveeriiieiiienieiiieieeieeeee e 100

0.3.3 Forced carbonation ............cceeoueeieriieiienienieeieeeeeie e 108

0.4 CONCIUSIONS.....eeutieiiitieieeiie ettt ettt ettt ettt e bt et sseeseeenbesseenseenee 110
Chapter 7 Conclusions and Perspectives 112
7.1 CONCIUSIONS. ...ttt ettt sttt ettt et e st ettt e b e te s e s bt enbesseenbeenee 112

7.2 Interactions between calcined clay, PC, CAC, Cs and calcined clay in a fixing mortar
FOTIMIULATION. ...t ettt e et e e et e e e eaaeeeeeeaaeeeeenes 112

7.2.1 Effect of incorporating CAC and Cs in an LC? blend............c.ccocveveuennnnee. 113
7.2.2 Reasons of delaying alite hydration in LC? incorporating low C/A ratio CAC 113

7.2.3 LONG-EIM PrOPEITICS ..veeuvreerieeieeiieeiieereeteeeeteeteeeseeeseessseeseessseeseesssessens 113

7.3 PEISPECLIVES .evveeiiieeiiieeiiieeiiee ettt eette e st e e et e e st eeeaaeeesteesnaseesssaeesnseeennseesnnseeennes 115

7.3.1 Adjusting the MiX deSIZN........ccceevvieriieeiieiiieeieeieeeie ettt eee e 115

7.3.2 Assessment of metakaolin reactivity........cceeeveerieeieerieenieerieenieereesere e 115

7.3.3 LONG tEIM PrOPEITIES ..oeevvveeerieeieeiieeiieeiieeteeeereeteessseeaeessaeeseessneesseesssesnsens 115

7.3.4 FUIther PErSPECHIVES ....eccviieeiieeieeiieeiieeiieeieeeive et e eeae e esiae e esaaeebeensaeenneas 116

Appendix 117

xii



References 120

Curriculum vitae 133

Xiil



List of Figures

Fig. 1-1 Heat release during a typical PC hydration [8]........cccccvevviiiiiennn. 2
Fig. 1-2 Compressive strength of PC and LC3-50 from [23]......ccccceveriennees 4
Fig. 1-3 Areas of interest in PC, CAC, CsHy ternary diagram [42]. .............. 7
Fig. 2-1 PSD for the main materials. ..........cccoeceeririienienineeceesceeen 14
Fig. 2-2 Heat release per gram of paste for 20CClay and PC-20CClay-15(CAC,Cs).
...................................................................................................................... 16
Fig. 2-3 Ettringite (a) and AFm (Hc+Ms) Rietveld quantification for the reference
PC and PC systems containing 5, 10 and 15(CAC,CS). ..cccevvvverveervenerennen. 19
Fig. 2-4 Degree of hydration of alite (DoHcss) for the reference PC and systems
With 5,10 and 15(CAC,CS). cueeiiriiiieieieeieeeeeeee e 20
Fig. 2-5 Portlandite content per 100g of solid (a) and per amount of reacted CsS (b)
for PC reference and systems with 5, 10 and 15(CAC,CS). ..coevveeveenvrennnnn. 20
Fig. 2-6 Ettringite (a) and AFm (Ms+Hc) Rietved quantification for PC-20CClay
reference system and PC-20CClay with 5, 10, 15(CAC,CS)....cccvvevvvenerennne. 21
Fig. 2-7 Degree of hydration of alite (DoHcss) for the reference PC-20CClay and
PC-20CClay with 5,10 and 15 (CAC,CS)...cevuerieniiiienieieeeeeeeeieseeeeee 22

Fig. 2-8 Portlandite content per 100g of solid (a) and per amount of reacted C3S (b)
for the reference PC-20CClay and PC-20CClay with 5,10 and 15(CAC,Cs).22

Fig. 2-9 Effect of calcined clay on the ettringite content (a) and on the portlandite
content (b) as a function of the amount of CAC and Cs. ........ccccveevvererennnen. 23

Fig. 2-10 Determination of the degree of reaction of metakaolin by thermodynamic
modelling (a) and the amount of reacted metakaolin in calcined clay (b) for PC-
20CClay and PC-20CClay-10(CAC,Cs) at 90 days. .......ccceevuverveecreerrennnenn 24

Fig. 2-11 SEM pictures of PC, PC-20 CClay, PC-15(CAC, Cs) and PC-20 CClay-
15(CAC,Cs) at 7 and 28 days for 1500x magnification. ............cecceeeeveennnnne 25

Fig. 2-12 Cumulative pore volume curves for PC, PC-20CClay, PC-15(CAC,Cs)
and PC-20CClay-15(CAC,Cs) at 28 days. ......cccecveerrieeiienieeieerieeeveesere e 26

Fig. 2-13 Phase assemblage by in-situ XRD up to 4 hours (a,c) and up to 72 hours
(b,d) for OCClay and 20CClay........cccueevvierieeiiienieeieerie e esee et esere e ees 28

Fig. 2-14 Heat release per gram of paste (a,b) and per gram of cement (c,d) of fixing
mortar formulations with 0, 5, 15 and 20CClay. .........ccceeeveevvercieerieenreenen. 29

Fig. 2-15 Ettringite (a) and AFm (Hc+Ms) (b) Rietveld quantification for systems
containing 0, 5, 15 and 20CCIaY. ......ccoeoveeeiierieeiieieeie e 30

Fig. 2-16 Degree of hydration of alite (DoHcss) (a) and the amount of reacted C3S
(b) for systems with 0, 5, 15 and 20CClay. ........ccceeveeriercrienieeiienre e 30

Xiv



Fig. 2-17 Portlandite content per gram of PC (a) and per amount of reacted C3S in

a fixing mortar formulation containing 0, 5, 15 and 20CClay. .................... 31
Fig. 2-18 Compressive strength development for fixing mortar formulation with 0,
5, 15 a0d 20CCIAY. ..cuveuiiririeieiirieeeeeeeee e 32
Fig. 3-1 PSD for all powders except admiXtures. .........cccceevvereeererceeneenuennnnn 37

Fig. 3-2 Compressive strength development for PC, LC?, LC?® with different
ACACIL.7 and Cs CONLENLS. ...cc.eerueeeieieriierieeieeiiete e seeeee et eee e eneas 42

Fig. 3-3 Heat release per gram of paste during the first 4 hours (a) and up to 150
hours (b) for PC, LC?, LC3-10%(ACAC1.7,Cs) and -15%(ACAC1.7,Cs). .43

Fig. 3-4 Phase assemblage by in-situ XRD up to 10 hours (a) and up to 70 hours (b)
fOr LC3-10%(ACACIL.7,CS). wveveeiriierereiiieereeieeeee et 44

Fig. 3-5 Ettringite Rietveld quantification for PC, LC?® and LC? with
10%(ACAC1.7,Cs) and 15%(ACACL.7,CS)..ueeceieriecieeiiecieeieeeie e 44

Fig. 3-6 Degree of hydration of alite (DoHcss) (a) and the portlandite content (b)
for PC, LC? and LC? with 10%(ACAC1.7,Cs) and 15%(ACAC1.7,Cs)......45

Fig. 3-7 AFm-type phases (Hc+Mc+Ms) Rietveld quantification for PC, LC? and
LC? with 10%(ACAC1.7,Cs) and 15%(ACACL.7,CS). c.ovvererrrererererererennens 46

Fig. 3-8 Compressive strength development for PC, LC?, LC® with different
ACAC2.2 and Cs CONLENLS. ...ccueerueerieieriierieeieeitesie et sieente et eeeseeenaeeneas 47

Fig. 3-9 Heat release per gram of paste during the first 4 hours (a) and up to 150
hours (b) for PC, LC? and LC? with -10%(ACAC2.2,Cs) and -15%(ACAC2.2,Cs).

Fig. 3-10 Phase assemblage by in-situ XRD up to 10 hours (a) and up to 72 hours
(b) for LC3-T0%(ACAC2.2,CS).ocveveeieieerereieieiereieieeeeeeese e 48

Fig. 3-11 Ettringite quantification by XRD-Rietveld for PC, LC3, LC? blended with
-10, -15%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,CS). cevveverrrerereenrerenene. 49

Fig. 3-12 Degree of hydration of alite (DoHcss) (a) and the portlandite content (b)
for PC, LC?, LC? blended with -10, -15%(ACAC2.2,Cs) and LC3-
LOYO(ACACT.7,CS). vttt ettt 49

Fig. 3-13 AFm-type phases (Hc+Mc+Ms) quantification by XRD-Rietveld for PC,
LC3, LC? with -10%, -15%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs)....50

Fig. 3-14 Al/Ca atomic ratio as a function of Si/Ca atomic ratio determined by
SEM-EDX for LC? (a), LC3-10%(ACAC2.2,Cs) (b) and LC3-10%(ACAC1.7,Cs)
(©) AL 28 AAYS. 1eeuviiiiieiieeieete ettt ettt e sbeenaee e 51

Fig. 3-15 Determination of the degree of reaction of metakaolin (%) by
thermodynamic modelling (a) degree of reaction of metakaolin (%) and amount of

XV



reacted metakaolin (b) for LC?, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs)
AL 28 AAYS «oeiiiiieieeee e et e e eenaaeenraas 52

Fig. 3-16 Compressive strength development for PC, LC’, LC*-
10%(ACAC2.2,Cs): limestone substitution by ACAC2.2 +Cs and 90%LC3-
10%(ACAC2.2,Cs): LC? substitution by ACAC2.2 +Cs. ...cocvevvrverererrnnnn. 53

Fig. 4-1 PSD for calcium hydroxide (CH). .......ccceeeiieviieniieiecieeeeeee e 58

Fig. 4-2 Heat release per gram of paste for PC, LC3-10%(ACAC1.7,Cs) and -
10%(ACAC1.7,Cs)-0.31ret (decreased setting retarder amount) up to 150 hours.

Fig. 4-3 Heat release up to 80 hours, ettringite (Ett) content and DoHcss at 4, 10, 24
and 72 hours for LC3-10%(ACAC1.7,Cs) and LC3-10%(ACAC2.2,Cs).....61

Fig. 4-4 Elemental concentrations of Ca, Al, S, Si and hydroxide in the pore solution
over time for LC3-10%(ACAC1.7,Cs) (a) and LC3-10%(ACAC2.2,Cs) (b).62

Fig. 4-5 Saturation indices of ettringite, C-S-H, CH and CsS for LC3-

10%(ACAC1.7,Cs) (a) and LC3-10%(ACAC2.2,CS) (b)...ocveveererrerererennn. 63
Fig. 4-6 Phase assemblage by in-situ XRD for LC3-10%(ACAC1.7,Cs)-2%CH up
to 10 hours (a) and up to 70 hours (D). ......ccceeviieiieeiieiieeieeeeeeeeecee e 64

Fig. 4-7 Ettringite and AFm type phases (Hc+Mc) quantification by XRD-Rietveld
for LC3-10%(ACAC1.7,Cs) and LC3-10%(ACAC1.7,Cs)-2%CH. ............. 65

Fig. 4-8 Heat release results and degree of hydration of alite (DoHcss) for LC-
10%(ACAC1.7,Cs) and LC3-10%(ACAC1.7,Cs)-2%CH blends up to 170 hours.

...................................................................................................................... 65
Fig. 4-9 Portlandite quantification by XRD-Rietveld for LC3-10%(ACAC1.7,Cs)
and LC3-10%(ACAC1.7,C8)-2%CH. ......cocoevererriiererereeeeieeieeeeeee e 66
Fig. 4-10 Elemental concentrations of Ca, Al, S, Si and hydroxide in the pore
solution over time for LC3-10%(ACAC1.7,Cs)- 2%CH. .......cocevvevereennee. 67
Fig. 4-11 Saturation indices of ettringite, C-S-H, CH and CsS for LC3-
10%(ACAC1.7,Cs) (a) and -10%(ACAC1.7,Cs)-2%CH (b). ...cccvevvrerrennne. 67
Fig. 4-12 Compressive strength development for PC, LC?, LC?- 10%(ACAC1.7,Cs)
and -10%(ACAC1.7,C8)-2%CH. ......coccvrieieieieieeece et 68

Fig. 4-13 SEM-BSE micrographs of LC3- 10%(ACACI1.7,Cs) (a) and -
10%(ACAC1.7,Cs) -2%CH (b) at 1 day for 1000x and 2400x magnification.69

Fig. 4-14 The mask of ettringite, limestone and portlandite in SEM-BSE image of
LC3-10%(ACAC1.7,Cs) (a) and the ratio plot of Al/Ca vs. Si/Ca (b) at 1 day. 70

Fig. 4-15 The mask of ettringite, limestone and portlandite in SEM-BSE image of
LC3-10%(ACAC1.7,Cs)-2%CH (a) and the ratio plot of Al/Ca vs. Si/Ca (b) at 1
A, ettt e e b e e taeebe e teeenbeenseeentaan 70

XVi



Fig. 4-16 Cumulative pore volume curves for LC*- 10%(ACAC1.7,Cs) and -

10%(ACAC1.7,Cs) -2%CH blends at 1 day. .......cccceevveevienieeiiecieeiieees 71
Fig. 5-1 Compressive strength development for PC, LC?, LC3-10%(ACAC2.2,Cs)
and -10%(ACAC1.7,Cs) at 7, 28, 90 and 365 days, w/b=0.5. ..................... 77

Fig. 5-2 Phase mass from thermodynamic modelling (a) and calculated volume
fraction of predicted phases (b) at 28 days for LC3, LC3- 10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs): MK (metakaolin),Cc (calcite), AFm (Hc+Mc), CH
(portlandite), Ett (ettringite), Other (brucite + hydrogarnet), w/b=0.4........ 78

Fig. 5-3 Identification of Hc+ Mc, C-S-H/AFt mix, inner C-S-H, CH and ACAC
using BSE images, Al/Ca vs. Si/Ca and S/Ca vs. Al/Ca for LC? (a) LC-

10%(ACAC2.2,Cs) (b) and -10%(ACACT.7,CS) (€). crrrrroooeereerreeoreoereoo 79
Fig. 5-4 Cumulative pore volume curves for PC, LC? and LC3-10%(ACAC2.2,Cs)
and 10%(ACAC1.7,Cs) at 28 days, w/b=0.4 (a) and W/b=0.3 (b). vr........... 80

Fig. 5-5 Compressive strength vs. total porosity from MIP and GEMS
porosity+voids for PC, LC?, LC3-10%(ACAC2,2,Cs) and -10%(ACAC1.7,Cs). 81

Fig. 5-6 Relative humidity of cement paste at 28 days for PC, LC? and LC?-

LOYO(ACAC2.2,CS). ettt ettt ettt e e e naeenes 82
Fig. 5-7 Cumulative pore volume curves for PC, LC? and LC3-10%(ACAC2.2,Cs)
at 28 and 90 days, W/D=0.4. ......c.ccoiiriiiieeieeeee et 83
Fig. 5-8 Microstructure of LC? from [108] and LC3-10%(ACAC2.2,Cs) at 28 days
in bright field (BF) and high angle annular dark (HAADF) modes. ............ 84
Fig. 6-1 Exposed cement paste to natural carbonation (a) and mortar cubes to forced
CATDONALION (D).vviiiiieiieciie ettt e be et e earaes 92
Fig. 6-2 Mini-migration test SCtUP ........ccvveerrierireiiieeieeieeeieeieeereeveesere e 93

Fig. 6-3 Evolution of chloride mass mci. in the downstream cell from titration as a
function of tiME (dAYS). .eoveevviiriieiieeie et 94

Fig. 6-4 Effective chloride diffusion coefficients measured from chloride flows in
mini-migration tests for PC, LC?, LC?® with 10%(ACAC2.2,Cs) and -
LOYO(ACACT.7,CS). vttt ettt 96

Fig. 6-5 Friedel's salt, Friedel’s salt solid solution (SS), CO3-AFm (Hc+Mc) and
ettringite content before (B) and after (A) mini-migration test for PC, LC3, LC?-
10%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,CS). ..ooveveerrrerereeeieeerereeneens 97

Fig. 6-6 Hemicarboaluminates (Hc), Friedel’s salt (Fs), Friedel’s salt solid solution
(SS) and Monocarboaluminates (Mc) XRD peaks for PC, LC3, LC*-
10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) after the mini-migration test.97

Fig. 6-7 Al/Ca atomic ratio as a function of Si/Ca atomic ratio after chloride ingress
determined by SEM-EDX for PC (a), LC? (b) and LC3-10%(ACAC2.2,Cs) (c). 98

XVvii



Fig. 6-8 Cumulative pore volume curves (a) and their first derivative (b) for PC,

LC? and LC3*-CAC blends at 28 days. .........ccccveveeeveeeeereeeeeeeeeeeeeeevenens 100
Fig. 6-9 Carbonation depth for PC, LC3?, LC*® -10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) determined using Thymolphthalein............................ 101

Fig. 6-10 Carbonation coefficient for PC, LC?, LC*-10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) of natural carbonation on cement paste cured for 3 days before
CXPOSUIEC. c.vreenereeeereeeareeetreesueeesseeeasseeeasseeenssaeasseeassesansseessssesssseesnsseesnsses 101

Fig. 6-11 Phase assemblage by XRD-Rietveld analysis for PC, LC3, LC3-
10%(ACAC1.7,Cs) and -10%(ACAC2.2,Cs) after 4 and 7 months of exposure.

Fig. 6-12 SEM pictures of PC, LC? and LC3-10%(ACAC2.2,Cs) of a non-
carbonated (NC) and carbonated (C) front after 7 months of exposure. ....104

Fig. 6-13 Al/Ca vs. Si/Ca atomic ratios of C-S-H_ C: bright outer rim in a
carbonated region, C-S-H_C (d): dark inner rim in a carbonated region and C-S-H__
NC: inner C-S-H in a non-carbonated region from SEM-EDX measurements for PC
(a), LC3 (b) and LC*-10%(ACAC2.2,Cs) (c) after 7 months of exposure. 105

Fig. 6-14 Cumulative pore volume curves for PC (a), LC? (b) and LC>-
10%(ACAC2.2,Cs) (c) carbonated: C and non carbonated: NC blends after 7
MONES OF EXPOSULE....ccuviiiiieiieiiieiieeie et eie ettt e reesreeebeesaeesbeesee e 107

Fig. 6-15 Mortar specimens split and sprayed with Thymolphthalein to measure the
carbonation depth for PC (a), LC? (b), LC3-10%(ACAC2.2,Cs) (¢) and LC3-
LO%(ACACT.7,CS) (A): weveereenieiesieeieeieeteeieeee ettt 108

Fig. 6-16 Compressive strength development for PC, LC?, LC3-10%(ACAC2.2,Cs)
and LC3*-10%(ACAC1.7,Cs) each time for non-carbonated (NC) and carbonated
(C) SPECIMENS. .euevieeiiieeiiieeiieeeiteeeiteeetteeeteeestaeesaaeeenseeessseeennseeennseeennes 109

Fig. 8-1 Compressive strength development for PC, LC? and LC*-CAC blends
cured at 5 and 20°C. ..o 117

Fig. 8-2 Degree of hydration of clinker for PC, LC? and LC*-CAC blends cured at
R 0 Lo B2 SRR 118

Fig. 8-3 Ettringite and AFm type phases (MstHc+Mc) Rietveld quantification
results for PC, LC? and LC3-CAC blends at 5 and 20°C.........ccoeeveeuenne... 118

Fig. 8-4 SEM pictures of PC, LC?, LC-10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) after 7 days of hydration cured at 5°C. ...................... 119

Xviii



List of Tables

Table 2-1 Physicochemical properties of PC, CAC, Cs and CClay............. 14
Table 2-2 Phase composition of PC, CAC and Cs. ........ccccevvvverieeireneennnn. 15
Table 2-3 Mix compositions of the investigated systems (wt. %). .............. 16
Table 3-1 Physicochemical properties of PC, ACAC1.7, ACAC2.2, Anhydrite (Cs)
ANA CCIAY L. 1ttt be et e e sseesaaeensaas 38
Table 3-2 Cements phase composition from XRD-Rietveld analysis (wt. %).38
Table 3-3 Mix compositions of the investigated systems (wt.%) ................ 39
Table 3-4 Al/Ca, Si/Ca and Ca/Si atomic ratios of C-A-S-H by SEM-EDX at 28
QAYS. eteeeie ettt et ettt e e e et e b e e taeebeeteeenbeensaeentaan 51

Table 4-1 Mix compositions of the investigated systems (wt. %). .............. 58
Table 4-2 Pore solution extraction time of the investigated systems. .......... 59

Table 4-3 The Na, K, Ca, Al, Si, SO4 and hydroxide concentrations in the pore
solution and pH of LC3- 10%(ACAC2.2,Cs), -10%(ACAC1.7,Cs) and -

10%(ACACT.7,C8-2%CH. ..ceiiiiiiiieiiieeeeeee e 72
Table 5-1 Mix compositions of the investigated systems (wt. %). .............. 74
Table 5-2 Total porosity for all the investigated systems at 28 days. .......... 80

Table 6-1 Properties of portlandite, C-S-H, ettringite and calcite from [16,55]. 88
Table 6-2 Physicochemical properties of PC, ACAC1.7, ACAC2.2, Anhydrite (Cs)

ANA CCIAY L. 1ttt ettt e eeteeebeesaaeensaas 90
Table 6-3 Cements phase composition from XRD-Rietveld analysis.......... 90
Table 6-4 Mix compositions of the investigated systems (wt. %). .............. 91
Table 6-5 Applied voltage for PC, LC? and LC3-CAC blends..................... 93
Table 6-6. Al/Ca and Si/Ca atomic ratios of C-A-S-H after chloride ingress by
SEME-EDX. ..ottt sttt et sbene s 99

Table 6-7 C-A-S-H content determined using thermodynamic modelling and the
amount of chloride chemically bound to C-A-S-H for PC, LC? and LC3-
LOYO(ACAC2.2,CS). ittt 99

Table 6-8 Carbonation depth for PC, LC?, LC3-10%(ACAC2.2,Cs) and LC3-
TO%(ACACT.T,CS).orrreeeeeeeeeee oo eseeeeeeeee e seeeeeseeee e eeeeeeeeee 109

Xix



Glossary

Cement notation is used throughout the document:
A= Al,03, C= Ca0, S= Si0,, F= Fe,03, s= SO3, c=CO3, H= H,0

For SOs and COs, s and ¢ were used instead of S and C to simplify the typing.

Materials

PC Portland cement

SCMs Supplementary cementitious materials

CAC Calcium aluminate cement

CsHx Anhydrite for x=0, Hemihydrate for x= 0.5, Gypsum for x=2)
CClay Calcined clay

LC Limestone calcined clay cements

Cce Limestone

General abbreviations

C/A Calcium oxide to aluminum oxide molar ratio
w/b Water to binder ratio

wt % Weight percentage

Methods

XRF X-Ray Fluorescence

PSD Particle Size Distribution

XRD X-Ray Diffraction analysis

MIP Mercury intrusion porosimetry

GEMS Gibbs energy minimization software

IC Ion chromatography

SEM Scanning electron microscopy

XX



Definition

“Building chemistry” refers to the use of formulated cementitious mixes in applications such as tile
adhesives and self levelling floor screeds. These are special blends that are usually made of calcium

aluminate cement, Portland cement and calcium sulfate as well as chemical admixtures in powder
form [1] .
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Chapter 1  Introduction

1.1 Background of the thesis

Concrete is the second most consumed substance on earth after water, with more than 4 billon tons
produced per year. This material is composed of basic ingredients water, cement, and aggregates
(sand and gravels). Concrete is one of the most energy-efficient construction material [2]. However,
the continuous rise in world population, means there is an increasing need for concrete as a key factor
for human development. This does not come without an environmental cost. The extensive production
of concrete and thus of cement is responsible for approximately 7% of the global carbon dioxide
(CO») emissions [3]. Specifically, one ton of cement produced releases about 0.8 ton of CO» [4].

In the cement industry, the production of clinker is the most significant source of greenhouse-effect
gases and CO; is the main greenhouse gas of concern. Clinker is a key ingredient of cement that is
obtained by calcining limestone and clay at about 1450°C. At about 700-800°C, limestone
decomposes (CaCO3—> CaO+CO») and this accounts for about 60% of the total CO, emissions. The
rest arises from the combustion of fuel needed to reach 1450°C.

Several sustainable approaches have been proposed to reduce cement CO emissions [3,5,6]. One of
the proposed approaches suggests to reduce the use of conventional fossil fuels and to maximize the
use of alternative fuels to produce cement. The most commonly used ones are waste materials and
biomass. The most interesting approach focuses on reducing the clinker to cement ratio by using
supplementary cementitious materials (SCMs) such as slag, fly ash and silica fume, limestone and
calcined clay. The availability of blast furnace slag and fly ash is not in the range of massive cement
production [7], whereas, Kaolinitic clays (suitable for calcination) and limestone are some of the most
abundant materials worldwide [7].

1.2 Portland cement

In concrete, cement acts as the glue that holds the aggregates together. Portland cement (PC) consists
of a mixture of clinker and a calcium sulfate source in a ratio of about 95:5 [8]. Clinker is a multi-
phase compound that comprises four main phases:

. Alite, tricalcium silicate (C3S: Ca3SiOs)

. Belite, dicalcium silicate (C2S: Ca2SiOs)

. Tricalcium aluminate (C3A: CazAl,Og)

] Ferrite solid solution (C2(A,F), (Ca0)2((Al203)x, (Fe203)1x)
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Hydration is the used term to describe the reaction of water with cement. Hydration is a complex
phenomenon that leads to the precipitation of hydrates from the dissolution of the above-mentioned
anhydrous phases. Most of cement hydration reactions are exothermic and the overall heat released
during the process can be followed with isothermal calorimetry [9]. A typical calorimetry curve up
to 50 hours of hydration is shown in Fig. 1-1.
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Fig. 1-1 Heat release during a typical PC hydration [8].

The hydration of alite is a dissolution-precipitation process leading to the formation of crystalline
calcium hydroxide (Ca(OH). or CH), known as portlandite, and calcium silicate hydrate (C-S-H) as
described in Eq.1. It is well known that C-S-H is the major hydration product in cement paste and
determines the mechanical properties of cementitious material. The hydration reaction of belite is
slower and same hydration products are formed according to Eq.2.

yC3S+H-> @By—x)CH+C,—S,—H €))
yC,;S+H - 2y —x)CH+C,—S,—H 2)

C3A reaction with water leads to fast setting and calcium aluminate hydrates are formed as shown in
Eq.3.

2C,A + 21H - C,AHys + C,AHg 3)

The addition of gypsum (CsH2) or any other sulfate source delays its reaction and ettringite
(C¢AszH;,) also known as AFt (Aluminate Ferrite trisulfate) is formed according to Eq.4.

CsA + 3CsH, + 26H — C4AssHa, (4)

Once all the sulfate is depleted, ettringite reacts with the remained aluminate phase. Monosulfate
phase AFm (Aluminate Ferrite monosulfate) is formed [10] according to Eq.5.

The hydration of Ferrite solid solution C2(A,F) is slower than C;A.
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1.3 Clinker with Supplementary Cementitious Materials (SCMs)

Blending clinker with SCMs has a great potential to save clinker costs and use. Among all the
commonly used SCMs, limestone and calcined clay are the most widely-available materials in
sufficient quantities to reduce the clinker factor on a large scale of production [7]. Calcined kaolinitic
clays are of particular interest due to their high reactivity.

There are different types of clays. These clays need to be thermally-activated to become reactive.
Kaolinitic clays were shown to be the most reactive after calcination [11]. During the calcination
process, the dehydroxylation of kaolinite (AS2Hz) occurs between 400°C to 600°C and gives rise to
an amorphous metastable phase that is called metakaolin (AS;) [12]. Metakaolin is composed of
alumina and silica and is formed according to Eq. 6.

AS,H, — AS, + 2H (6)

Previous studies have shown that the high reactivity of metakaolin is linked to the change in the
coordination number of aluminum and especially the presence of Al (V) in its structure [13,14]. Since
aluminum groups are at the surface, they are directly exposed on metakaolin surface [14].

Substituting clinker with SCMs has two distinct effects: physical and chemical. During the first hours
of hydration, the physical presence of SCMs enhances the hydration of cement. This is explained by
a higher shearing during mixing since the interparticle distance is reduced by adding fine SCMs to
the system [15]. Second, SCMs act as a nucleating agent. They provide nucleation sites for hydration
products [15,16]. Moreover, replacing clinker with SCM results in an effective increase in the water
to cement while the water to solid ratio is constant. More space is thus available for hydrates to form.
The physical effect is usually known as the filler effect. Limestone and calcined clay are also known
to chemically react. After sulfate depletion, limestone reacts with aluminates to form Hc and Mc
(hemicarbo- and monocarbo- aluminate phases) [17]. In presence of limestone, ettringite dissolution
is reduced after sulfate depletion [18]. Eq.7 and 8 summarizes the reactions. The limestone reaction
is limited by the amount of alumina available to react. During the hydration of Portland cements, only
2-5% of limestone reacts [19,20].

CsA + 0.5Cc + 0.5CH + 11.5H — C,AcosHyy  He 7

Metakaolin reacts as a pozzolanic material. This aluminosilicate amorphous phase reacts in presence
of water and portlandite (CH) to form additional hydrates, mainly C-A-S-H and stritlingite (C2ASHs)
[21,22] as presented in Eq.9. This reaction results in higher compressive strength.

AS,+CH+6H >C—A—S—H+ C,ASH,q )

Limestone calcined clay cement is one of the most promising alternative cements. The combination
of calcined kaolinitic clays and limestone allow the clinker content to be reduced by around 50%
while maintaining similar strength to PC from 7 days onwards [23]. This is explained by the limestone
reaction (Eq.7 and Eq.8), the pozzolanic reaction of metakaolin (Eq.9), and the synergetic reaction
between alumina in calcined clay and limestone as presented in Eq.10. Thanks to the synergetic
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reaction more carboaluminate phases are formed which results in an important porosity refinement
and strength development [24].

A (from AS,) + Cc+ 3CH + 11H - C,AcHq4 (10)

Nearly all concrete has an early age strength requirement. As shown in Fig. 1-2, the 1 day strength
performance of LC? is relatively low compared to PC. This means that LC? formulations needs to be
adapted to make it suitable. Few studies have focused on enhancing the early age strength
performance of LC? and on identifying hydration mechanisms responsible for strength development.
Adjusting the sulfate content showed a positive influence on the early age strength [23]. However,
using a proper sulfation did not allow to reach equivalent strength to PC at 1 day. The other proposed
way was to add alkanolamines. These alkanolamines are known to improve the grindability of cement
as well as its hydration. Huang et al. studied the effect of triethanolamine (TEA) or
triisopropanolamine (TIPA) on the hydration and strength performance [25]. The use of TEA was
observed to enhance the strength at all curing ages which was not the case for TIPA [25]. TIPA has
been found to positively impact the later age strength [26]. Zunino et al. confirmed that the use of
TEA has a high potential to improve the early age strength [27]. These studies showed an
enhancement compared to the LC? reference but no comparison with PC was made. Additionally, at
1 day, the observed improvement compared to the LC? reference, was about 3MPa and the strength
tests were carried out on paste and with a water to binder ratio of 0.4. Furthermore, the use of alkali
such as KOH was observed to improve the 1 day strength but negatively impacts the later ages
strength [28]. A new solution that consists in incorporating CAC and Cs in LC? formulation is
proposed in this study.
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Fig. 1-2 Compressive strength of PC and LC3-50 from [23].

Corrosion of steel reinforcement is due to the chemical attack of chloride ions. LC? blends are known
to have a better chloride resistance than PC. Important factors behind this improvement in resistance
include the alkalinity of the pore solution, the binding capacity and the porosity refinement [29,30].
On the other hand, carbonation of blends incorporating SCMs (such as LC? blends) is known to be
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higher than PC [31,32]. It was shown that the carbonation resistance of LC? blends can be improved
by increasing the curing time [28].

1.4 Calcium aluminate cement

Calcium aluminate cement (CAC) is one of the most important non-Portland cements. This cement
offers unique mechanical properties and chemical resistance [33-36] which makes it suitable for
special applications such as refractory concrete, chemical resistant concrete and building chemistry
products. The building chemistry market is one of the main markets of CAC, it offers a range of
products such as specialist mortars for fixing, self-leveling compounds, tile adhesives and fast repairs.
Depending on the alumina content, CAC is produced rather by sintering or fusing a mixture of low
silica bauxite and limestone (T= 1450-1600°C). Reactive aluminate phases are formed. Monocalcium
aluminate (CA) is the main anhydrous phase. Amorphous CACs are more reactive than crystalline
CACs [37]. They consist in a chemically reactive phase composed of Al,O3 and CaO with some iron
oxide (Fe>03) and Magnesium oxide (MgO) present as impurities.

1.4.1 Hydration of calcium aluminate cement

As for PC, the hydration of calcium aluminate cement is driven by a dissolution and precipitation
process. The hydration of CA at a temperature below 15°C leads to the formation of metastable
calcium aluminum hydrates (CAHi0) according to Eq.11. At temperatures between 15 to 27°C,
CAHjo coexists with C;AHg and AH3 as described in Eq.12. At T >50°C, stable hydrogarnet (C3AHs)
is formed as shown in Eq.13.

CA+ 10H > CAHy, T<15C (1)
2CA + 11H — C,AHg + AHs ; CA+ 10H » CAH,, 15°C <T <27°C (12)
3CA + 12H > C;AH, + 2AH; T>50°C  (13)

Metastable hydrates transform over time to the stable hydrogarnet (C3AHsg) according to Eq.14 and
Eq.15 [10,38]. The final hydration product has a higher density than metastable calcium aluminate
hydrate This reaction termed “conversion” is known to induce a volume modification and more
precisely an increase of porosity [33]. As a result, the strength decreases which leads to a considerable
susceptibility to failure [39].

2CAH,, » C,AHg + AH; + 9H (14)

3C,AHg > 2C3AHg + AHs + 9H (15)

1.4.2 Hydration of calcium aluminate cement with calcium sulfate

Metastable aluminate hydrates formation can be avoided by adding a sulfate source [40]. New
hydrates are formed and the setting is delayed. The hydration of binary blends composed of CAC and
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sulfate source (CsHx) leads to ettringite (AFt, C3A-3Cs-32H,0) and amorphous aluminum hydroxide
(AH3) as described in Eq.16.

3CA + 3CsH, + (38 —3x)H —» (C3A-3Cs - Hs, + 2AH, (16)
with x=0 for anhydrite, x=0.5 for hemihydrate and x=2 for gypsum.

If the amount of calcium sulfate is below the stochiometric ratio, the non-reacted CA will react with
ettringite and as a result calcium monosulfoaluminate phases (AFm, 3C3A.Cs.Hi2) and aluminum
hydroxide (AH3) will form according to Eq.17.

6CA + C3A * ?)CS * H32 + 16H i 36314 * CS * H12 + 4‘AH3 (17)

1.4.3 Hydration of systems composed of CAC/PC/CsHx

CAC is a versatile material that can be blended with PC and CsHx when specific properties are
required. These ternary binders are used to achieve strength much faster than Portland cement.
Additional properties such as shrinkage compensation and fast setting are provided. Depending on
application requirements, the mix proportions of CAC, Cs and PC can be varied. Fig. 1-3 shows three
interesting areas for applications [41]:

= Area 1: Mixes of PC and CAC. These binary mixes can be only used in small repairs work
since such mixes give quick or flash setting and have low strength.

= Area 2: This range contains mainly PC and a limited amount of CAC and Cs. Systems in
this area are known as PC-rich formulations. Mixes with such a composition are generally
used to produce fixing mortars, tile adhesives and fast repairs. The early ettringite formation
offers high early strength (e.g. 20MPa at 3h), a better shrinkage compensation and accelerated
hardening compared to PC.

= Area 3: CAC and Cs are the main binders. Systems in this area are known as CAC-rich
mixes. A small amount of PC is added to provide extra lime to enhance ettringite formation.
Higher CAC content means higher costs. This area provides higher early age strength, better
shrinkage compensation and faster moisture reduction (“drying”’) compared to area 2. Such a
mix is used for floor leveling. The need for specific properties justifies the higher cost of
cement.
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CsHx

CAC

Fig. 1-3 Areas of interest in PC, CAC, CsHx ternary diagram [42].

In presence of calcium hydroxide, more ettringite can form relative to aluminum hydroxide, according
to Eq.18.

3—y)CA+3CsHy, +yCH+ (38—3x—4y)H - (3A-3Cs-Hs; + (2—y) AH3 (18)
with x=0 for anhydrite, x=0.5 for hemihydrate and x=2 for gypsum.

The hydration of ternary binders is different from that of the individual cements. The sequence of
hydration reactions varies with the initial mix composition of the ternary blends. Many researchers
reported the hydration mechanisms taking place in ternary binders [42—46]. Amathieu et al. [47] and
Kighelman et al. [45] showed that in these ternary binders ettringite is a key hydrate. The reactivity
and the amount of calcium sulfate has been observed to control the amount and the kinetics of
ettringite formation [46]. Nehring et al. highlighted the importance of the PC/CAC on the kinetics of
hydration [42]. The principal hydration mechanisms taking place were described in [42,43,48]. These
studies showed that the hydration is always first dominated by the ettringite formation then followed
by PC hydration.

There is little literature on the effect of incorporating SCMs in CAC rich or PC rich formulations
(area 2 or 3). Previous studies were focused on mixes made of CAC/SCM [49] or CAC/Cs/SCM
(slag, limestone, fly ash) [44,50,51]. In ternary binders, the effect of incorporating SCMs was only
investigated in CAC rich systems (area 3) and in most of cases slag was used as SCM [52,53].
However, no systematic study investigated the effect of incorporating calcined clay as a potential
SCM in ternary binders specifically PC rich systems. More generally, the influence of calcined clay
on the hydration mechanisms, the phase assemblage and strength performance of PC rich binders is
unknown.
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1.4.4 Objectives and content of the thesis

The aim of this thesis is to identify and understand hydration mechanisms taking place in PC, CAC,
Cs based formulations incorporating SCMs particularly limestone and calcined clay. The long-term
properties such as late age strength, chloride ingress and carbonation were also studied.

As a first step, the influence of incorporating calcined clay in a PC rich system more precisely a fixing
mortar formulation was investigated. This study provides insights that could allow the replacement
of calcined clay in ternary binders based on PC, CAC and Cs.

Second, to improve the early age strength performance of LC? blends, the effect of adding a CAC and
Cs (1:1) to LC? was investigated. The effect of the CAC content and its C/A ratio on the strength and
hydration mechanisms was studied. Then, particular attention was given to understanding the reasons
for the delay of alite hydration in LC? incorporating low C/A ratio CAC.

Finally, understanding the long-term properties is of great importance to ensure the serviceability of
LC3-CAC blends over their lifespan. For this reason, a part of this project was dedicated to the
investigation of the long-term properties. The main focus was on understanding the later age strength.
Additionally, the resistance of LC3-CAC blends to chloride and carbonation was assessed. Most of
the chapters detailed below are written in the form of papers prepared for submission in peer-reviewed
journals. They will be further edited before submission. A patent on LC3-CAC blends was aleady
submitted.

The outline of the thesis is organized as follows:

Chapter 2: focuses on understanding interactions between calcined clay, Portland cement, calcium
aluminate cement and calcium sulfate in fixing mortar formulation. The first step in this chapter is to
study the hydration of simple systems (PC with an increasing amount of CAC + Cs with and without
calcined clay). The goal is to better see the effect of each component on the hydration and phase
assemblage. This study gives better insights on reaction mechanisms taking place in a complex fixing
mortar formulation with and without calcined clay.

Chapter 3: provides a first insights on the effect of calcium aluminate cement addition on the
hydration and strength of LC?. The effect of the C/A molar ratio of CAC and its content were the
investigated parameters.

Chapter 4: investigates the reason of delaying alite hydration in LC3-CAC formulation using low
C/A ratio CAC. The effect of adding calcium hydroxide was also studied.

Chapter 5: focuses on understanding the late age strength of LC3-CAC blends. The phase
assemblage, the microstructure and the pore saturated limit were investigated.

Chapter 6: reports the results related to durability properties of LC?*-CAC blends. The resistance of
LC3-CAC blends to chloride was assessed using the mini-migration test method and compared with
well-known systems: PC and LC?. Regarding the carbonation study, both natural and forced
carbonation were studied.

Chapter 7: summarizes the conclusions and gives suggestions for the future work.
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1.4.5 Methodology

1.4.5.1 Characterization of the raw materials

The particle size distribution (PSD) and specific surface area (SSA) are important parameters that
provide information about the fineness of a powder which is known to have an impact on the fluidity
of cementitious materials and their reactivity. The particle size distribution was measured by laser
diffraction. Mie theory was used to estimate the size of the particles. The specific surface area was
determined using the gas adsorption technique. The SSA of the investigated materials was determined
based on the BET theory.

1.4.5.2 Methods to investigate cement hydration and strength
Compressive strength

To assess the mechanical performance of the investigated systems, compressive strength tests were
carried out on mortar cubes.

Isothermal calorimetry

Hydration of cementitious materials is an exothermic process. Isothermal calorimetry measures the
heat release from hydration reactions. This technique provides reliable information about the kinetics
of hydration.

X-Ray diffraction (XRD)

This technique was used to identify the crystalline phases present during hydration. Rietveld analysis
allowed to quantify formed and consumed crystalline phases during hydration. In-situ XRD was also
carried out to identify hydration reactions taking place at early age.

Scanning electron microscopy (SEM)

This technique provides useful information about the topography, morphology and phase
composition. To observe the microstructure, backscattered electron images (SEM-BSE) was carried
out. The C-A-S-H composition was obtained by energy dispersive X-Ray spectroscopy (EDX) point
analysis on inner C-S-H. SEM-EDS mapping together with image analysis was carried out to identify
and confirm the presence of phases of interest.

Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry is a powerful technique to characterize the pore structure of
cementitious materials down to 2 nm. In this project, MIP was used for different puroposes: study the
effect of changing the mix compostion on the pore structure (Chapter 2), assess the evolution of the
pork network at late age (Chapter 5) and investigate the effect of carbonation on the pore structure
(Chapter 6).
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Thermodynamic modelling

The geochemical gibbs free energy minimization software (GEMS) [54,55] together with the PSI-
nagra thermodynamic database [56] and Cemdata 18 [55] were used to estimate the degree of reaction
of metakaolin (DoRwmk) in blends containing calcined clay (Chapter 2 and 3), calculate saturation
indices at early age (Chapter 4) and preditct the phase assemblage at 28 days (Chapter 5).

Internal relative humidity (RH)

To understand the late age strength, measurements of the internal relative humidity (RH) of cement
paste samples and their pore solution were carried out. Based on the Kelvin Laplace equation, the
water filled pore limit was estimated. Above the estimated pore limit, vapor rather than water is
present and precipitation of hydrates should not be possible.

Transimission electron microscopy (TEM)

This technique provides details that can not be obtained with SEM. It allows a very local observation
of the sample. In this study, this technique was used to compare the C-S-H morphology between
systems of interest.

1.4.5.3 Methods to assess the durability

One of the most durability problems in reinforced concrete structures is corrosion of steel rebars. To
ensure the serviceability of the investigated blends throughout their working life, the resistance of
blends to chloride ingress and carbonation was assessed.

Mini-migration test method

This method allows to estimate the effective diffusion coefficient (Desr) at cement paste scale. It
measures Defr without having the contribution of macro-scale effects and chloride binding. Additional
techniques such as XRD and SEM-EDS were used to estimate the chemically and physically bound
chloride.

Carbonation

The estimation of the carbonation coefficient based on the carbonation depth under natural conditions
gives a good idea about the resistance of the investigated systems to natural carbonation. The effect
of natural carbonation on the phase assemblage, the microstructure development and the C-S-H
chemical composition were investigated using XRD, MIP and SEM.

Carbonation of mortar cubes under a high CO> concentration was studied. After 6 months of exposure,
strength test was carried out. The aim was to study the impact of carbonation on the strength.
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Note: This chapter is based on an article in preparation for submission to a peer reviewed journal
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writing of the first manuscript draft.

Abstract

Blends composed of Portland cement, calcium aluminate cement and calcium sulfate are often used
when rapid strength development, rapid drying and shrinkage compensation are required such as in
fixing mortar formulations. The aim of this study was to provide a fundamental understanding of the
hydration mechanisms taking place in a fixing mortar formulation. First, the hydration and the
microstructure development of simple systems composed of PC+CAC+Cs with and without calcined
clay was investigated. The results showed that substituting PC by CAC and Cs leads to a lower
portlandite amount. This was explained by the portlandite consumption to form ettringite. The AFm
content (the sum of hemicarboaluminate and monosulfoaluminate (Hc+Ms)), decreases after 3 days
of hydration when CAC, Cs and calcined clay were present, due to the clay reaction leading to a
conversion of Ms to strétlingite. However, strétlingite was only detected by X-Ray diffraction (XRD)
at 28 days. While CAC+ Cs or calcined clay alone with PC did not have an impact on the C3S
hydration at later age, combining them together reduced slightly the degree of C3S hydration.

Subsequently, the influence of calcined clay on the hydration and strength performance of a fixing
mortar formulation was investigated. Incorporating calcined clay in a fixing mortar formulation led
to lower early age strength. At later age, although the degree of hydration of C3S in presence of
calcined clay was lower, similar strengths as for the reference were obtained, due to the pozzolanic
reaction of metakaolin.

11
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2.1 Introduction

Calcium aluminate cement (CAC) is an alternative cement to Portland cement (PC). It was first used
in the United Kingdom after the World War I for constructions where rapid strength development and
a good sulfate resistance were needed [1]. The volume used per year is very small compared to PC
[1]. The small production level (less than one thousandth of the volume of PC) together with the high
expense of bauxite needed for production makes it four to five times more expensive than PC [57].
This limits its use to specific applications.

The hydration of CAC leads initially to metastable phases formation, C;AHg and CAHjio. These
phases convert over time to a denser phase C3AHs [10,38]. As a consequence, the pore volume
increases and causes a decrease in the strength performance [39]. Calcium sulfate (Cs) changes the
reactions and leads to the formation of ettringite (C3A-3Cs-32H>0), hydrous alumina hydroxide
(AH3) and eventually monosulfate (C4AsHi2) formation [40].

Ternary blends composed of PC, CAC and Cs have been developed to benefit from the special
properties that CAC offers while maintaining an acceptable product cost. These blends are widely
used in building chemistry application where fast setting, rapid drying and shrinkage compensation
are required [41].

Overall, the cement industry accounts for about 7% of man-made CO; emissions [3] while cement
and concrete account for more than half of all materials produced. Nevertheless, due to its large scale
of production, coupled with an increasing market demand, therefore, the need for a more sustainable
cementitious materials becomes a major challenge. In order to limit the global warming, several
potential solutions, have been proposed by the [IEA/WBCSD Roadmap to reduce the CO; impact of
cement [58]. Among the proposed solutions, partial replacement of clinker by supplementary
cementitious materials (SCMs) is the most promising approach [7,59]. Limestone and clays (suitable
for calcinaton) are the some of the most widely available materials and the potential of using them as
SCMs has not been fully exploited. Kaolinitic clays are the most suitable type of clays. After
calcination, metakaolin forms as a highly reactive aluminosilicate amorphous phase. Metakaolin is
an excellent pozzolanic material that reacts with portlandite to form C-A-S-H and strétlingite [23,60].

Blending PC with calcined clay has been extensively investigated in PC based systems [61-63]. A
few studies were done on the effect of incorporating SCMs, such as limestone or slag, in ternary
binders based on PC, CAC and Cs [44,64—-66]. However, there is no study on the influence of calcined
clay as partial PC substitute in blends made of PC, CAC and Cs. More generally, information about
the hydration mechanisms that could take place with and without calcined clay is missing. The aim
of this chapter is to understand the hydration reactions taking place in a fixing mortar formulation
with and without calcined clay.

First, simple systems were investigated:

- PC with various CAC and Cs amounts, to provide a baseline understanding of the effect of CAC
and Cs addition on PC hydration.

12
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- PC + calcined clay with an increasing amount of CAC and Cs, to see how the hydration reactions
are influenced in the presence of calcined clay. The PC: calcined clay is always 4:1.

Several analytical techniques, such as X-Ray diffraction (XRD), scanning electron microscopy
(SEM), mercury intrusion porosimetry (MIP) were used. The Gibbs energy minimization software
(GEMS) was also used to estimate the degree of reaction of metakaolin.

Secondly, the effect of replacing a part of PC by calcined clay in a fixing mortar formulation in terms
of kinetics of hydration, phase assemblage and mechanical performance was investigated. Isothermal
calorimetry measurement together with XRD in-situ were used to identify the main hydration
mechanisms taking place.

The evolution of the anhydrous and the hydrated phases over time was followed by XRD ex-situ
combined with the Rietveld method. The evolution of compressive strength tests was measured to
assess the feasibility of substituting PC by calcined clay in the fixing mortar formulation.

2.2 Materials and methods

2.2.1 Raw materials

PC from HeidelbergCement conforming to EN197-1 and classified as CEM I 52,5R was used. The
CAC used in this study was provided from Imerys Technology Center Lyon (ITC Lyon). It is
amorphous and it has a C/A molar ratio of 1.7. The Cs is a natural anhydrite. Calcined clay (CClay)
was an Argical M-1200S from Imerys Refractory Minerals (IRM). The kaolinite content was
estimated as ~ 80% from thermogravimetric analysis (TGA) of the raw clay, from the weight loss
between 400°C-600°C [13], as detailed in [63]. The oxide composition of the materials was measured
by X-ray fluorescence (XRF) analysis. The particle size distribution (PSD) of the main materials,
determined by laser diffraction with a Malvern Mastersizer is plotted in Fig. 2-1. The optical model
parameters were selected according to [67]. The specific surface area was obtained by nitrogen
adsorption using the BET model. The physicochemical properties of the PC, CAC, Cs and CClay are
shown in Table 2-1. The phase composition of the main materials is shown in Table 2-2. XRD-
Rietveld analysis is not shown for calcined clay as it is mainly amorphous. Citric acid (setting retarder,
from Citrique Belge, Fine granular 51N,) and Na,COs (setting accelerator, Solvay) were used as
admixtures to control the setting time of cement. For mortar preparation, AFNOR sand was used.
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Fig. 2-1 PSD for the main materials.

Table 2-1 Physicochemical properties of PC, CAC, Cs and CClay.

(Wt.%) PC CAC Cs CClay
ALO; 3.88 45.71 0.00 38.88
SiO» 22.47 4.75 0.00 54.06
CaO 65.88 43.68 42.0 0.12
Fex0Os 1.42 1.74 0.00 1.99
MgO 0.88 0.90 0.00 0.32
K>O 0.71 0.26 0.00 1.22
Na>O 0.27 0.07 0.00 0.07
P,0s 0.15 0.13 0.00 0.06
SO3 3.37 0.10 57.0 0.00
TiO» 0.17 2.21 0.00 1.99
Cr203 <0.01 0.13 0.00 0.02
MnO 0.05 0.07 0.00 0.01
SrO 0.18 0.00 0.00 0.00
ZnO 0.02 0.00 0.00 0.00
CO, 0.30 n.d n.d n.d
Specific surface 0.85 0.88 0.97 18.70

area (m?/g)
D, 50 (um) 7.20 6.00 5.20 5.50
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Table 2-2 Phase composition of PC, CAC and Cs.

Phase (wt.%) PC CAC Cs
CsS 65.8 - -
CaS 15 - -

C4AF 1.5 - -
GA 11.5 - -
Dolomite 0.6 - -
CsH» 0 - -
Cs 4.3 - 99.4
Cc* 1.3 - 0.6
CA - 7 -
C2AS - 0.15 -
CFT* - 1 -
CiA7 - 0.45 -
Magnetite - - -
Amorphous - 91.40 -

*Cc: CaCOs, CFT: Perovskite

2.2.2 Mixture design and sample preparation

In this study, simple systems (SSs) were first investigated. They consist in samples composed of PC
with an increasing amount of CAC+Cs and samples composed of PC-CClay with an increasing
amount of CAC+ Cs. The CAC: Cs was always 1:1. More details about all the mixes compositions
are shown in Table 2-3. As a second step, a fixing mortar formulation with about 84.34% PC was
used as a reference to investigate the influence of incorporating calcined clay on the hydration and
strength performance. Then, 5, 15 and 20% of PC was substituted by CClay. For all the mixes, cement
pastes were prepared by mixing distilled water with dry powder using a high-speed mixer at 1600
rotations per minute for 2 min. A water-to-binder ratio (w/b) of 0.46 was used for the study of pastes.
To assess the compressive strength performance of fixing mortar formulations, mortars were prepared
with a w/b ratio of 0.5.
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Table 2-3 Mix compositions of the investigated systems (wt. %).

Notation PC CAC CClay Cs Citric Na,CO;s
acid
PC-0(CAC,Cs)  99.06 - - - 0.33 0.61
PC-5(CAC,Cs)  94.10 2.47 - 247 033 0.61
SS PC-10(CAC,Cs) 89.15 4.95 - 495 033 0.61
PC-15(CAC,Cs) 8421 7.42 - 742 033 0.61
PC-0(CAC,Cs)- 7925 - 19.81 - 0.33 0.61
20CClay

SS- PC-20CClay- 7528 247 1882 247 033 0.61

with 20CClay 5(CAC,Cs)
PC-20CClay- 7132 495 1783 495 033 0.61

10(CAC,Cs)
PC-20CClay - 6737 742 1684 742 033 0.61

15(CAC,Cs)
0CClay 8434 7.43 0 743 0.28 0.52
Fixing mortar 5CClay 80.12 7.43 422 743 028 0.52
formulation 15CClay 71.68 743 1265 743 028 0.52
20CClay 67.47 743 1687 743 028 0.52

The admixture content is slightly higher in simple system compared to the ordinary fixing mortar
formulation. To check the effect of such a difference on the hydration kinetics, the evolution of the
heat of hydration was followed by isothermal calorimetry for 20CClay and the simple system: PC-
20CClay-15(CAC,Cs). The latter has the same mix composition as 20CClay but with higher citric
acid and Na>COs contents. The calorimetry results presented in Fig. 2-1, show a small difference in
terms of kinetics of hydration, but three main peaks are observed in both cases. The hydration peaks
(#1, #2 and #3) are slightly delayed in the fixing mortar formulation where lower admixtures contents
are used.

60 - 3
#1 —ZOCClay —20CC1ay

#3

—PC-20CClay-15(CAC,Cs)
—PC-20CClay-15(CAC,Cs)

Simple system, higher

/ admixtures amount

Fixing mortar formulation,
lower admixtures amount

'S
(=4

Heat flow (mW/g)
Normalized per gram of paste

S
Heat flow (mW/g)
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Fig. 2-2 Heat release per gram of paste for 20CClay and PC-20CClay-15(CAC,Cs).
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2.2.3 Methods

For the simple system study, the following methods were used:

After mixing, the cement pastes were placed in plastic cylinders bottles and sealed with parafilm. At
the required age, a fresh slice of cement paste of few mm thickness was cut with a saw and then
analyzed by XRD. Experiments were carried out on fresh cement paste slices at 3 hours, 1, 3, 7, 28
and 90 days. For the first sample (nominally 3 hours), the measurement was made when paste is hard
enough to cut a slice. Measurements were made with a PANalytical X’pert Pro with a copper source
working at 45kV and 40mA. Scans were collected between 5 and 70° 26 with a 1/2° divergence slit
in 15 minutes, which represents a step size of 0.017° 20. Anhydrous and hydrated phases were
quantified with the Rietveld method using HighScore Plus program. The external standard method
was used to get the K factor of the device and the amorphous phases in the paste. A scan of Rutile
powder was used to calculate the K factor.

XRD-Rietveld data on fresh paste at time, t, are per 100g of paste. For cement powder carried-out at
to, results are measured per 100g of solid. To calculate the degree of hydration and compare between
to and t, results on paste need to be rescaled according to Eq.1. The quantification is normalized per
100g of solid according to the water to binder ratio (w/b) used:

w
Wtirescatea = (Wti,Rietveld . (1 + E)) (1)
Wt is the weight percent of a phase at a t time.

From the Rietveld quantification data, the hydration degree of C3S (DoHcss) was determined
according to Eq. 2.

C3Sy — C3S
39(t) 39(t0) (2)

Hydration degree of C3S (t) = S
39(t0)

Where CsS (t) is the amount of the unreacted C3S (g/100g of solid) from XRD-Rietveld analysis at a
t time. C3S (to) is the amount of the initial C3S obtained from the Rietveld quantification of the initial
dry mix.

The microstructural development was studied with scanning electron microscopy (SEM) (FEI Quanta
200 equipped with BrukerXFlash 4030 energy dispersive spectroscopy (EDS) detector). The cement
hydration was stopped by solvent exchange with isopropanol [67]. At a specific age, 2 slices of 2 mm
thickness were immersed in 200 mL isopropanol for 7 days. The solvent was replaced after 1 hour,
1, 3 and 5 days. After stopping the hydration, samples were dried and stored in a dessicator under
vacuum for at least 48 hours to ensure a complete evaporation of the remaining isopropanol.
Afterwards, a small piece of dried cement paste was impregnated in low viscosity resin then polished
using a diamond abrasive sprays from 9um to 1um and finally carbon coated. An accelerating voltage
of 15 kV and a working distance of 12.5 mm were used. The C-A-S-H composition at 90 days was
determined by SEM- EDS according to the method of Rossen [68].
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The Gibbs energy minimization software GEMS [54] was used to estimate the degree of reaction of
metakaolin at 90 days. The PSI-Nagra database [56] and the Cemdatal8 database [55] were used.
The CSHQ model for C-S-H was selected. The C-A-S-H composition was corrected for Al uptake
based on the estimated composition from SEM-EDS. The degree of hydration of anhydrous phases
(CsS, CaS, C3A, C4AF, Cs) calculated from the Rietveld refinement at 90 days was used as input.
GEMS gives the evolution of the portlandite content as a function of the degree of reaction of
metakaolin. Knowing the amount of the portlandite content at 90 days from XRD-Rietveld method,
it is possible to determine the DoRwmk. The amount of reacted metakaolin was calculated according to
Eq.3.

Amount of reacted metakaolin = DoRy .wt calcined clay. calcined kaolinite content (3)

Where DoRwik is the degree of reaction of metakaolin from GEMS (g/100g of solid), wt calcined clay
is the amount of calcined clay in the formulation (g/100g of solid) and the calcined kaolinite content
is given by TGA.

For the fixing mortar formulation study, the following methods were used:

To follow the kinetics of hydration, the heat released during the hydration of cement was monitored
by a TAM air isothermal calorimeter at 20°C for up to 7 days. After mixing, 10g of paste was placed
into a glass ampoule. The ampoule was then sealed and introduced inside the calorimeter.

To relate the phase development of the cement paste to the hydration kinetics, in-situ XRD was
carried out. The sample preparation is the same as for the isothermal calorimetry experiment. After
mixing, the cement paste was placed in a sample holder. To minimize the carbonation of the cement
paste and water loss from evaporation, cement paste was covered with a Kapton film of 12.5um
thickness. Similar scan parameters were used as for the ex-situ XRD measurements except for the
divergence slit which is 1°. A water-cooling system was used to ensure a constant temperature at
20°C. A diffractogram was recorded every 15 minutes during the first 2 hours of hydration and every
30 minutes between 5-12 hours of hydration, then every 2 hours up to ~ 72 hours of hydration. The
Rietveld refinement was conducted using the HighScore Plus software. A scan of Rutile powder under
the same measurements conditions was carried out to calculate the K factor. XRD on fresh slices as
already described above was also carried out.

To assess the compressive strength, 4x4x4cm mortar cubes were used. Samples were prepared and
stored in a humidity chamber until the testing date. Strength measurements were carried out at 1, 3,
7, 28 and 90 days of hydration. The loading rate was 2.4kN/s.
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2.3 Results and discussion

2.3.1 Hydration of simple systems with and without calcined clay

2.3.1.1 Impact of the CAC and Cs amount without calcined clay

The influence of increasing the CAC and Cs amount on the ettringite content is shown in Fig. 2-3(a).
The control system (PC) has the lowest ettringite amount at all ages. An important increase of
ettringite is observed between 1 and 3 days. The citric acid can retard both the CAC and PC hydration.
Contrary to systems that contain CAC and Cs, citric acid in the PC system is fully available to delay
the aluminate phases (C3A, C4AF) from clinker to react and to form ettringite. From 3 days onwards,
the ettringite content remains unchanged. The ettringite content significantly increases when the CAC
and Cs are added. As both hemicarboaluminate (Hc, CsAcosHi2) and monosulfate (Ms, C4AsH12)
were detected in XRD, results are shown as the sum of these two AFm phases in Fig. 2-3(b). The
quantification of the AFm phases by XRD-Rietveld is challenging due to the poor crystallinity of
these phases and their variable compositions leading to a change in their peak positions and intensities
[69]. However, it can is clear that an increase of the CAC and Cs amount leads to an increase of the
AFm amount. For PC-10 (CAC, Cs), a slight decrease of the AFm content is observed but the
difference is within the error.
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Fig. 2-3 Ettringite (a) and AFm (Hc+Ms) Rietveld quantification for the reference PC and PC systems containing 5,
10 and 15(CAC,Cs).

Fig. 2-4 shows the degree of hydration of alite (DoHcss) for the PC reference system and systems
containing 5, 10 and 15% of CAC and Cs. In the PC system, the degree of hydration of C3S is low,
at 1 day. This is attributed to a delaying effect caused by citric acid. It can be seen that at 1 day a
higher DoHcss is observed when CAC and Cs are present. In the reference, citric acid is more
available to delay the C3S hydration. However, when CAC and Cs are added, citric acid will act first
on the early ettringite formation. Thus, it might be less available to delay alite hydration that occurs
later. In the PC system, there is an important increase of C3S hydration between 1 and 3 days. From
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3 days onwards, the hydration of alite seems to be similar between all the systems. The small
differences are within the error. This indicates that the use of CAC and Cs does not have an impact

on the C3S hydration.
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Fig. 2-4 Degree of hydration of alite (DoHcss) for the reference PC and systems with 5,10 and 15(CAC,Cs).

The quantitative analysis of portlandite by XRD-Rietveld is shown in Fig. 2-5(a). To remove the
effect of differences in terms of cement content and degree of hydration of CsS, the portlandite content
was also normalized per the amount of reacted C3S. Results are shown in Fig. 2-5(b). It is evident
that the portlandite content, as a proportion of C3S reacting, decreases with the CAC and Cs content.
The higher the CAC and Cs content, the higher the ettringite content, but the lower the portlandite
content is. This can be explained by the fact that a part of the calcium hydroxide is used to form

ettringite (Chapter 1, Eq.18).
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Fig. 2-5 Portlandite content per 100g of solid (a) and per amount of reacted CsS (b) for PC reference and systems
with 5, 10 and 15(CAC,Cs).
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2.3.1.2 Impact of the CAC and Cs amount with calcined clay

The evolution of the ettringite content over time is plotted in Fig. 2-6(a). As for systems without
calcined clay, the ettringite content increases with the CAC and Cs amount. The quantification of
AFm phases is shown in Fig. 2-6(b) as the sum of Ms and Hc. It can be seen that AFm phases start to
form from 1 day in presence of CAC and Cs. AFm phases are detected later (at 3 days) for the
reference system (PC). This could be explained by the different Al/S ratio and also a delay caused by
the citric acid. The AFm amount in systems containing CAC and Cs, in presence of calcined clay,
starts to decrease after 3 days. This could be due to the stritlingite formation. By XRD, the two
characteristic peaks of stritlingite (7° and 21°) were only detected from 28 days in systems that
contain CAC, Cs and calcined clay.
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Fig. 2-6 Ettringite (a) and AFm (Ms+Hc) Rietved quantification for PC-20CClay reference system and PC-20CClay
with 5, 10, 15(CAC,Cs).

The degree of hydration of alite for PC-20CClay and PC-20CClay- with 5,10 and 15 (CAC, Cs) is
plotted in Fig. 2-7. The C3S hydration is delayed in PC-20CClay and mainly occurs between 1 and 3
days. As it was previously explained, this is a citric acid delaying effect. For the system with both
20CClay and 15 (CAC, Cs), it can be seen that a lower degree of hydration is obtained at all ages.
This shows that the combination of CAC, Cs and calcined clay slows down the hydration of alite.
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Fig. 2-8(a) shows the evolution of the portlandite content normalized per 100g of solid. To remove
the effect of differences in terms of cement content and degree of hydration of Cs3S, the portlandite
content was also normalized per the amount of reacted CsS, as shown in Fig. 2-8(b). It is clear that
higher CAC and Cs leads to a lower portlandite content. It can be also observed that the portlandite
content decreases mainly between 1 and 28 days. This can be explained by the pozzolanic reaction of
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2.3.1.3 Assessment of metakaolin reactivity

To check whether the calcined clay contributes to form additional ettringite or not, the ettringite
content of various systems was plotted in Fig. 2-9(a). It can be seen that similar ettringite amounts
are obtained when Portland cement is substituted by calcined clay. Fig. 2-9(b) shows the portlandite
content normalized per amount of reacted Cs3S as a function of the amount of CAC and Cs at 7 and
28 days. It is clear that with and without calcined clay the amount of portlandite decreases by
increasing the amount of CAC and Cs. In addition, a slight decrease in the portlandite content is
observed in some systems between 7 and 28 days. This can be explained by the pozzolanic reaction
of metakaolin. Independently of the CAC and Cs amount, the portlandite content is lower in presence
of calcined clay, which shows the portlandite consumption by the reaction of the calcined clay.
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Fig. 2-9 Effect of calcined clay on the ettringite content (a) and on the portlandite content (b) as a function of the
amount of CAC and Cs.

Fig. 2-10(a) shows the degree of reaction of metakaolin at 90 days estimated from the comparison of
the amount of portlandite measured with the amount predicted by thermodynamic simulation by
GEMS. Results show that a higher degree of reaction of metakaolin is obtained at 90 days of hydration
with PC-20CClay-15(CAC,Cs) compared to PC-20CClay. However, the amount of reacted
metakaolin is more or less the same, as shown in Fig. 2-10(b). This indicates that the combination of
CAC and Cs together with calcined clay does not negatively affect the pozzolanic reaction of
metakaolin. Since the overall amount of calcined clay reacted is quite small, it should be possible to
use lower grade calcined clay.
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Fig. 2-10 Determination of the degree of reaction of metakaolin by thermodynamic modelling (a) and the amount
of reacted metakaolin in calcined clay (b) for PC-20CClay and PC-20CClay-10(CAC,Cs) at 90 days.

2.3.1.4 Microstructure observation at 7 and 28 days

SEM pictures of the microstructure of PC, PC-20CClay, PC-15(CAC,Cs) and PC-20CClay-
15(CAC,Cs) at 7 and 28 days are shown in Fig. 2-11. At 7 days, PC system with both 20 CClay and
15(CAC,Cs) has a less porous structure compared to the other systems. It is also more difficult to
observe portlandite (light grey) compared to PC-20CClay. This is in agreement with the portlandite
Rietveld quantification results, presented in Fig. 2-9 (b), where it was shown that PC blended with
CAC, Cs and CClay has a much lower portlandite amount compared to the system with only 20%
CClay. At 28 days, it can be seen that for all systems the porosity is reduced. A dense structure is
observed for PC-20CClay-15(CAC,Cs) compared to PC with only 15(CAC,Cs).
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2.3.1.5 Porosity characterization at 28 days

The pore size distribution plots for PC, PC-20CClay, PC-15(CAC, Cs) and PC-20CClay-15(CAC,
Cs) at 28 days are shown in Fig. 2-12. The PC reference has the smallest breakthrough pore entry
radius (~40 nm), which corresponds to the point at which the mercury starts to intrude throughout the
cement matrix. PC with calcined clay or PC with CAC, Cs gives bigger breakthrough radius and
higher porosity compared to PC reference. The breakthrough radius of CAC, Cs together with
calcined clay is smaller than either of the two alone and only slightly bigger than PC reference. PC-
20CClay-15(CAC,Cs) has a similar relative low total porosity as PC. Although the C3S hydration was
limited when CAC, Cs and CClay are incorporated, smaller total porosity and lower breakthrough
pore entry radius are reached compared to PC-20CClay.
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Fig. 2-12 Cumulative pore volume curves for PC, PC-20CClay, PC-15(CAC,Cs) and PC-20CClay-15(CAC,Cs) at 28
days.

2.3.2 Hydration and strength development of fixing mortar formulation with CClay

In order to identify reaction mechanisms taking place, isothermal calorimetry was carried out together
with XRD in-situ. The heat of hydration and the phase assemblage quantification are shown in Fig.
2-13(a) and (b) for the reference system “OCClay”. Results up to ~72 hours of hydration are
shown. The calorimetry curves show five main peaks. During the first hour of hydration a high
intensity peak is observed (#1). A part of this peak can be attributed to introducing the ampoule into
the calorimeter. As the C3S amount is lower after 0.33 hour compared to t= Oh, this peak is partially
also due to the dissolution of C3S. Afterwards, a second peak (#2) is observed, at this stage the amount
of ettringite increases rapidly and anhydrite is dissolving. This confirms that the second reaction peak
is the ettringite formation resulting from the hydration of amorphous CAC with sulfate from
anhydrite. The C3S and C,S contents are not changing. After 3 hours of hydration, a third peak (#3)
is observed. This peak is better seen in Fig. 2-13(b). It corresponds to an ettringite formation and also
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a small amount of C3S dissolution. After 6 hours of hydration, a fourth peak (#4) is observed, which
is mainly attributed to the dissolution of C3S. Portlandite starts to precipitate after 12 hours. The
anhydrite amount becomes very low (<1%) after ~13 hours. The C3S hydration is delayed in this
ternary binder formulation compared to a typical heat flow curve of PC system. A hump (#5) is
observed in calorimetry results. This might correspond to AFm formation after sulfate depletion,
although no AFm phases were detected. This might be due to their poor crystallinity at this stage and
also due to the presence of a hump (from the Kapton film) in the diffractogram close to their peak
position.

The heat release during the first 72 hours of hydration together with XRD in-situ results are shown
in Fig. 2-13(c) and (d) for the fixing mortar formulation incorporating 20% CClay “20CClay”. Similar
events to the reference system can be identified (peak #1, #2, #3, #4). The difference to the reference
system is that when 20%CClay is added, the clinker from PC hydration looks more like an ordinary
PC hydration. The fifth peak (#5) represents the sulfate depletion peak also known as the second
ettringite formation peak. At the same time, portlandite starts to form. Its formation occurs 10 hours
later compared to the reference system. It can be noticed, that its formation is occurring when the
sulfate is depleted in presence of CClay while it starts before the sulfate depletion in the reference
system. In addition to that, 50% less CH is formed when CClay is added to the system.
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Fig. 2-13 Phase assemblage by in-situ XRD up to 4 hours (a,c) and up to 72 hours (b,d) for 0CClay and 20CClay.

Results of the heat released per gram of paste during the first days of hydration for systems containing
0,5, 15 and 20CClay are plotted in Fig. 2-14(a) and (b). Only peak #1, #3, #4 and #5 will be discussed.
The height of the first peak (#1) decreases as the CClay content increases. As a part of this peak
represents the C3S dissolution peak, decreasing the PC content and thus the Cs3S content by
substituting PC by calcined clay have an impact on this peak. Calorimetry results of Fig. 2-14(c) show
similar peak height when the results are normalized per gram of PC. A third peak (#3) is observed for
all the systems. This peak is delayed by increasing the calcined clay content. The onset of this peak
is respectively reached after 3.1, 3.1, 3.2, 4.1 and 5 hours for 0, 5, 10, 15 and 20% of calcined clay.
As this peak represents the ettringite formation and a small C3S dissolution, calcined clay
incorporation seems to have an impact on the C3S hydration. This peak is followed by the main C3S
hydration peak (#4). It is also delayed as the calcined clay content increases. The height of this peak
also decreases by increasing the substitution rate. Fig. 2-14(d) shows that the clinker hydration that
is mainly the C3S hydration (#4) is diminished at higher calcined clay content.
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Fig. 2-14 Heat release per gram of paste (a,b) and per gram of cement (c,d) of fixing mortar formulations with 0, 5,
15 and 20CClay.

The evolution of the ettringite content over time is shown in Fig. 2-15(a). Increasing the calcined clay
content did not increase the ettringite content. This indicates that the amount of ettringite formed is
determined by the Cs addition. Furthermore, lower ettringite is observed at higher calcined clay
content. The lower PC content (and thus C3A content and Cs in PC) at higher calcined clay content
could explain the lower ettringite obtained. The AFm phases quantification results are plotted in Fig.
2-15(b). Similar to the simple systems study, both Hc and Ms were detected in the investigated
systems. Thus, the results will be presented as the sum of these two phases. The reference system (0
CClay) has lower Hc+Ms amounts compared to the other systems up to 28 days. The addition of
CClay leads to an increase of the Hc+Ms content. As the addition of calcined kaolinitic clay provides
additional Al,O3,the Hc+Ms amount is higher in CClay blends compared to 0CClay. However, results
show at higher calcined clay content no further increase in the Hc+Ms content. It can be seen that for
higher CClay content (20CClay), the Hc+Ms content is reduced from 3 days onwards, while silicate
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containing AFm, CoASHs, was detected in the 20 CClay at 28 days. This result can explain the
decrease of the Hc+Ms content, more particularly of the Ms content.
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Fig. 2-15 Ettringite (a) and AFm (Hc+Ms) (b) Rietveld quantification for systems containing 0, 5, 15 and 20CClay.

Fig. 2-16(a) shows the evolution of the degree of hydration of alite (DoHcss) of systems with 0, 5, 15
and 20CClay. Lower DoHcss are observed in the system containing 20 CClay up to 90 days, in
comparison with the control system. This is in agreement with calorimetry results where a lower
intensity C3S hydration peak was observed with 20CClay. At 90 days, the hydration of CsS is
enhanced with 15CClay compared to 28 days but it is still lower than the control system. For 20CClay,
the hydration of C3S did not further improve. When the absolute amount of reacted CsS is plotted in
Fig. 2-16(b), it is clear that it decreases with decreasing the cement content.
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Fig. 2-16 Degree of hydration of alite (DoHcss) (a) and the amount of reacted Cs3S (b) for systems with 0, 5, 15
and 20CClay.
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Fig. 2-17(a) shows the evolution of the portlandite content normalized per gram of cement. Results
demonstrate that a higher calcined clay content leads to a lower portlandite amount. This indicates
the portlandite consumption by metakaolin. To consider both the different cement contents and the
different degree of hydration of C3S, the portlandite content was normalized per the relative amount
of reacted C3S as shown in Fig. 2-17(b). Systems with 15 and 20CClay, the portlandite content is
lower compared to the reference.
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Fig. 2-17 Portlandite content per gram of PC (a) and per amount of reacted CsS in a fixing mortar formulation
containing 0, 5, 15 and 20CClay.

Fig. 2-18 shows the effect of the calcined clay content on the mortar compressive strengths. Increasing
the calcined clay amount (except SCClay) decreases the strength at 1 and 3 days. At early age (1 and
3 days), calcined clay incorporation did not show a positive impact yet and thus the loss in strength
due to the lower PC content and the lower amount of reacted CsS is not compensated neither by the
filler effect nor by the pozzolanic reaction of calcined clay. From 7 days onwards, although a lower
amount of C3S has reacted, similar or even higher strengths compared to the control system are
observed. This highlights the positive impact of incorporating CClay in fixing mortar formulation. At
90 days, although a lower amount of C3S had reacted at high CClay contents, similar strengths are
obtained for different CClay content. In fact, the portlandite consumption over time in systems
containing CClay, as presented in Fig. 2-17(b), shows the pozzolanic reaction of calcined clay and
explains the improvement of strength compared to the reference system. Results also show that higher
substitution of PC by CClay is possible.
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Fig. 2-18 Compressive strength development for fixing mortar formulation with 0, 5, 15 and 20CClay.

2.4 Conclusions

In this study, the effect of incorporating calcined in ternary binders composed of PC, CAC and Cs
blends was investigated. In the first part, blends called “simple systems”, were studied:

- PC with an increasing amount of (CAC+ Cs)
- PC-20CClay with and increasing amount of (CAC + Cs)
The main findings of the simple systems study are summarized below:

= The higher the CAC and Cs dosage the higher the ettringite but the lower the portlandite
content. However, the decrease in the portlandite content seems to not have a negative impact
on the pozzolanic reaction of metakaolin.

= The content of Hc+Ms decreases after 3 days of hydration when CAC, Cs and calcined clay
are used which was not the case when only CAC and Cs are added to the PC system. The
reason is the conversion of Ms to strétlingite.

= The CAC and Cs addition alone to PC does not delay the C3S hydration. However, combining
CAC, Cs and CClay leads to lower degree of hydration of C3S, even at later age.

In the second part, the effect of substituting a part of Portland cement by calcined clay in a realistic
mix design: a fixing mortar formulation was assessed. The effect on the hydration kinetics, phase
assemblage and compressive strength was particularly investigated. Lower strengths were obtained

32



Chapter 2 Understanding interactions between calcined clay Portland Cement, Calcium aluminate cement and Calcium sulfate in a fixing mortar
formulation

at early age due to the lower amount of reacted C3S at higher calcined clay substitution. From 7 days
onwards, similar or even higher strengths are obtained with higher CClay substitutions. This was
explained by the pozzolanic reaction of metakaolin.
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Chapter 3  Effect of calcium aluminate cement
addition on the hydration and strength of
Limestone calcined clay cement

Note: This chapter is based on an article in preparation for submission to a peer reviewed journal

Contribution of the doctoral candidate: conceptualization, methodology, experiments, analysis and
writing of the first manuscript draft.

Abstract

The effect of incorporating calcium aluminate cement and calcium sulfate on the hydration and
strength of LC? system was investigated. The influence of the C/A molar ratio and the amount of
CAC were studied. Two types of amorphous CAC were studied: ACAC1.7 with a C/A = 1.7 and
ACAC2.2 with a C/A = 2.2. An improvement of strength development compared to LC® was
observed, which is explained by ettringite formation during the first hours of hydration.

ACACI1.7 showed slower strength development and reached PC performance only from 7 days
onwards due to a delay of the C3S hydration. At higher ACAC1.7 contents, the C3S hydration was
more delayed and led to lower strengths. When ACAC2.2 is used, particularly 10%(ACAC2.2,Cs),
at least similar strengths to PC were obtained from 1 day onwards due to the combined massive
ettringite formation and the C3S hydration.

3.1 Introduction

The global rise in concern about the environment pushes industries to find solutions and approaches
to cut their CO; emissions. The cement industry is involved as the clinker production accounts for
about 7% of man-made CO; emissions [3] and those emissions are expected to rise with the growth
of the world population and urbanisation. To obtain large scale CO, reductions, the incorporation of
supplementary cementitious materials (SCMs) as a partial replacement for clinker seems to be the
most successful strategy.

Limestone calcined clay cement (LC?) is an alternative cement that allows reduction by up to 40% of
the CO, emissions per ton of cement produced. With this green, binder it is possible to replace up to
50% or more of Portland cement (PC) by combining two widely available SCMs: limestone and
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calcined clay. Kaolinitic clays are the most suitable clays to produce reactive calcined clays. These
two materials are available in sufficient quantities for the scale of cement production and well
distributed in the earth crust [7]. From durability point of view, this eco-efficient binder shows a
better chloride resistance than PC and alkali-silica-reaction (ASR)[28,70,71].

At 40% calcined kaolinite content, LC? can reach equivalent mechanical strength performance to PC
from only 7 days onwards [63]. LC? blends have lower strength before 7 days due to the low reactivity
of calcined clay at early age [72].

Calcium aluminate cement (CAC) is also an alternative cement. This type of cement is preferred to
conventional cement, for special requirements which cannot be attained with PC. Calcium aluminate
cement is usually used in blends with calcium sulfate (CsHx) and Portland cement. Ettringite
(C3A-3Cs'32H20) is the first hydration product that forms from the hydration of CAC with CsHy. It
is responsible for rapid strength development, fast setting and shrinkage compensation [73].

Early age strength enables fast demolding on the field. It is also a key parameter for specific
applications such as precast concrete. Few studies have proposed solutions to boost the early age
strength performance of LC3. Antoni et al. investigated the impact of the sulfate content addition in
blends containing Portland cement, limestone and calcined clay on the strength [23]. The sulfate level
controls the degree of aluminate reaction. It was found that using a proper sulfate addition,
significantly improves the early age strength of the blend. However, the strength at 1 day did not
achieve Portland cement strength performance. Huang et al. investigated the influence of
alkanolamines addition on the strength performance of LC? [25] and found that triethanolamine
(TEA) promotes the strength of LC? at all ages. It particularly accelerates the aluminate reaction and
reduces the porosity at early age. Huang et al. showed that triisopropanolamine (TIPA) has a positive
impact on the strength only from 28 days as TIPA causes the formation of large capillary pores at
early age. Another study showed that going to high TEA content can alter the strength by delaying
the C3S hydration [74]. Early age strength of blended cements can be improved by separate grinding
of clinker grains and SCMs.

In this paper, calcium aluminate cement and anhydrite (Cs) were used as a partial replacement of the
limestone in LC3. Two calcium aluminate cements with different C/A molar ratios were studied. To
understand the reaction mechanisms underlying the strength results, the hydration kinetics and phase
assemblages were investigated. To reduce costs, the effect of replacing a fraction of the overall LC?
by CAC and Cs on the strength was investigated. This will also allow to use CAC + Cs as mineral
accelerator on site.

32 Materials and methods

3.2.1 Raw materials

The Portland cement (PC) was a commercial clinker, ground with gypsum and classified as CEM 1
42.5R. Two amorphous calcium aluminate cements provided by Imerys Technology Center (ITC)
Lyon were used. The CAC "ACAC1.7" is amorphous and has a C/A molar ratio of 1.7. The CAC
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"ACAC2.2" is also amorphous and has a C/A molar ratio of 2.2. These calcium aluminate cements
are trial products. The limestone used was Imercarb3 from Imerys. Commercial gypsum (Emprove
ESSENTIAL) from Sigma Aldrich (CsHz) was added to ensure a proper sulfation of the LC? blends.
Natural anhydrite (Cs) was also added with the CAC at a CAC/Cs mass ratio equal to 1. Calcined
clay (CClayl) was an Argical M-1000S from Imerys Refractory Minerals (IRM). The kaolinite
content of the raw clay, as determined by Thermogravimetric Analysis (TGA) using the tangential
method [67], is about ~ 71%. Citric acid (setting retarder, Citrique Belge, Fine granular 51N) and
Na»COs (setting accelerator, Solvay) were used as admixtures to control the reactivity of the CAC.
The particle size distribution (PSD) was estimated by laser diffraction with a Malvern MasterSizer S
and are presented for all the materials in Fig. 3-1. The specific surface area was measured by nitrogen
adsorption technique using the BET model with a Micromeritics Tristar II plus apparatus. The
physicochemical properties of PC, ACAC1.7, ACAC2.2, Cs and CClay]1 are presented in Table 3-1.
The phase composition of the different cements, shown in Table 3-2, was computed by the X-ray
diffraction-Rietveld quantification method [67]. For mortar samples, AFNOR sand was used.

100 -
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—ACAC2.2

80 4

—CClay 1

- Limestone
B --Cs
0 601 __csH,
g
E
B 40
|
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Fig. 3-1 PSD for all powders except admixtures.
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Table 3-1 Physicochemical properties of PC, ACAC1.7, ACAC2.2, Anhydrite (Cs) and CClay].

(Wt.%) PC ACAC1.7 ACAC2.2 Cs CClayl
ALOs 4.56 45.71 40.12 - 31.74
SiO; 20.08 4.75 4.55 0.18 62.91
CaO 63.59 43.68 49.36 42.00 0.07
Fe20; 3.18 1.74 1.90 0.01 1.15
MgO 1.85 0.90 0.48 1.14 0.19
K>0O 0.95 0.26 0.23 - 0.42
NaxO 0.16 0.07 0.06 - 0.00
P20s 0.18 0.13 0.11 0.01 0.05
SO; 3.27 0.10 0.04 56.62 -
TiO, 0.35 2.21 1.78 - 1.50
Cr203 0.01 0.13 0.04 - 0.02
MnO 0.04 0.07 0.03 0.00 0.01
SrO 0.06 0.00 0.04 0.13 -
ZnO 0.00 0.00 0.00 0.02 0.00
CO, 1.15 n.d n.d n.d n.d
LOI* 1.65 0.10 0.12 - 2.3
SSA* (m?/g) 1.41 0.50 0.70 0.97 17.24
Dy 50 (um) 13.67 11.75 12.7 5.20 7.31

*LOI Loss of ignition, SSA Specific surface area

Table 3-2 Cements phase composition from XRD-Rietveld analysis (wt. %).

Phase (wt.%) PC ACACI1.7 ACAC2.2
(N 70.4 - -
CaS 7.8 - -

C4AF 8.5 - -
GA 6.3 - -
Dolomite 0.9 - -
CsH» 2.4 - -
Cs 0.3 - -
Cc* 2.6 - -
CA - 7 -
C2AS - 0.15 -
CFT* - 1 -
Ci2A7 - 0.45 7.3
Magnetite - - -
Periclase 0.5 - -
Amorphous - 91.40 92.7

*Cc: CaCOs, CFT: Perovskite
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3.2.2 Mixture design and sample preparation

In this study, the systems investigated were PC, LC? and LC? with different CAC and Cs amounts.
For LC3-CAC mixes, the limestone was substituted with 5, 10 and 15% either by ACAC1.7 and Cs
or by ACAC2.2 and Cs. The admixtures content was adjusted in LC? blends with 5%(CAC,Cs). The
effect of substituting 10% of LC?* with ACAC2.2 and Cs “90%LC>*-10%(ACAC2.2,Cs)” on the
strength was also studied. The full mix compositions are detailed in Table 3-3.

Table 3-3 Mix compositions of the investigated systems (wt.%)

PC CAC Cs CClay CsH» Ce Citric  NaxCOs
acid

PC 100 - - - - - - -

LC3 52.66 - - 25 2.34 20 - -
LC3-5%(ACAC1.7,Cs) 52.27 2.57 2.57 24.83 241 1488 0.16 0.30
LC3-10%(ACAC1.7,Cs) 52.15 5 5 24.76 234 9.8l 0.33 0.61
LC3-15%(ACAC1.7,Cs) 52.15 7.5 7.5 2476 234 481 0.33 0.61
LC3-5%(ACAC2.2,Cs) 52.27 2.57 2.57 24.83 241 1488 0.16 0.30
LC3-10%(ACAC2.2,Cs) 52.15 5 5 24.76 234 9.8l 0.33 0.61
LC3-15%(ACAC2.2,Cs) 52.15 7.5 7.5 2476 234 481 0.33 0.61
90%LC3-10%(ACAC2.2,Cs)  46.90 5 5 22.27 208 1781 0.33 0.61

Cement paste samples were used to study hydration by isothermal calorimetry, X-Ray diffraction
(XRD) and scanning election microscopy (SEM). Pastes were prepared with a water to binder ratio
(w/b) of 0.4. A high-speed mixer was used to mix the cement paste for 2 minutes at 1600rpm. Samples
were cast in a 50mL cylindrical polyethylene container (diameter: 35mm), which was sealed with
parafilm and a lid. Samples were stored up to 90 days of hydration in a controlled temperature room
(20°C). At a specific testing ages, two slices of 2-3mm thickness were cut from the hardened cement
paste using a diamond saw and water as lubricant.

Mortar samples were prepared according to the European EN196-1 standard. The water /binder (w/b)
ratio was 0.5 (which is roughly the same as 0.4 in paste due to extra water in the interfacial transition
zone around aggregates). Mixing was conducted at room temperature. Mortars were cast in a steel
moulds, then, demolded after 1 day. Prisms were cut to 4x4x4cm cubes and were kept in plastic bags
in a humidity chamber (~ 95%) until the required testing age.

3.2.3 Methods

Compressive strength tests were performed according to EN196-1. Strengths were measured at 1, 3,
7, 28 and 90 days with a loading rate of 2.4kN/s. Three cubes were tested for each age.

Exothermic reactions taking place during cement hydration were followed by an isothermal
calorimeter (TAM air) for ~ 6-7 days of hydration. Directly after mixing, around 10g of fresh paste
was introduced into a glass ampoule. After sealing the ampoule, it was placed in the calorimeter.
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To identify observed peaks and quantify crystalline phases present during the first 70-72 hours of
hydration, X-Ray diffraction (XRD) in-situ was done. After mixing, paste samples were put in a
sample holder. To avoid water evaporation, a Kapton film of 12.7um thickness was used to cover the
sample holder and was secured with a ring. The temperature was fixed at 20°C and was controlled
with a cooling system. The Bragg-Brentano mode with a X ’Pert PANalytical diffractometer using a
CuK142 source was used to analyze samples. The X-ray source was at 45kV and 40mA. Scans were
recorded from 5 to 70° 26 with a 1° divergence slit in 15 minutes with a step size of 0.017°20. A
diffractogram was recorded every 1.25 hours during the first 10 hours of hydration, then every 2.5
hours up to ~ 70-72 hours of hydration. The quantification of consumed and formed crystalline phases
during the hydration was conducted by XRD-Rietveld refinement method using the High Score Plus
Software. To determine the total amount of amorphous phase, rutile was used as an external standard.

To identify and quantify more accurately the phase assemblage up to 90 days of hydration, X-Ray
diffraction (XRD) was carried-out on the dry mix powder and fresh slices at 1,3, 7, 28 and 90 days.
Similar parameters to XRD in-situ were used, except the divergence slit that was 1/2° in this case.
According to Eq.1, the degree of hydration of C3S was calculated at a time, t, from the mass fraction
of remained C3S relative to the initial C3S amount.

C3S (t) — C3S (to)
C3S(to)

Hydration degree of C5S (t) = (1)
XRD-Rietveld data on fresh paste at time, t, are per 100g of paste. For cement powder carried-out at
to, results are measured per 100g of solid. To calculate the degree of hydration and compare between
to and t, results on paste need to be rescaled according to Eq.2. The quantification is normalized per
100g of solid according to the water to binder ratio (w/b) used:

w
Wt rescatea = (Wti,Rietveld . (1 + E)) 2)
Wt is the weight percent of a phase at a t time

Scanning electron microscope-energy dispersive X-Ray (SEM-EDX) was used to determine the C-
A-S-H chemical composition at 28 days according to Rossen et al. [68] . Analysis were carried-out
using a FEI Quanta 200 equipped with Bruker XFlash 4030 EDS detector. An accelerating voltage
of 15kV on polished sections was used. The working distance was 12.5mm. Due to intermixing of C-
A-S-H with other phases and for better accuracy, analysis was done on 150 points per sample. Before
doing the analysis, samples were prepared as follows: the hydration was stopped at 28 days by the
isopropanol solvent exchange method [67]. After 28 days of hydration, fresh slices were immersed
in 200mL isopropanol for 7 days. Isopropanol was changed after 1 hour, 1 day, 3 and 5 days. After
that slices were stored in a dessicator to dry for at least 2 days. A small piece of sample was
impregnated under vacuum with a low viscosity resin. Samples were first manually pre-polished with
a sand paper (SiC Paper #1200) to uncover the surface using isopropanol as lubricant. After that,
samples were polished using an automatic polishing machine (Struers RotoForce-1 connected to
Struers RotoPol-25). Samples were polished using polishing disc (MD Largo Struers) and diamond
suspensions (DP-Spray M) of 9, 3, 1um. Deodorized petroleum was used as lubricant. Samples were
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stored under vacuum in a desiccator for 2 days to remove isopropanol and finally coated with carbon
to achieve a conductive surface.

The degree of reaction of metakaolin was estimated by calculating the expected amount of portlandite
by geochemical modelling with the Gibbs energy minimization software (GEMS) [54] and the
Cemdatal8 database [55] using the CSHQ model to represent C-S-H. The degree of hydration of
anhydrous cement phases, limestone and gypsum from XRD-Rietveld at 28 days and the C-A-S-H
composition were used as inputs. As it is amorphous, the amount of unreacted CAC could not be not
quantified directly and was assumed to completely react in the simulations. Based on these inputs
GEMS predicts the phase assemblage as a function of the degree of reaction of metakaolin. By
comparing for each computed DoRwmk the predicted portlandite content with the experimental one
given by XRD-Rietveld quantification method, it is possible to estimate the degree of reaction of
metakaolin.

3.3 Results and discussion

3.3.1 Effect of the ACAC1.7 and Cs contents on the hydration and strength of LC?

3.3.1.1 Strength development

The strength development of the reference PC, LC? and LC? blended with different ACAC1.7 and Cs
contents are shown in Fig. 3-2. LC? starts to have strength close to PC from 7 days onwards, while
lower strengths are obtained with LC® compared to PC at 1 and 3 days. The incorporation of
ACAC1.7 together with Cs significantly improves the strength of LC® at 1 day. LC? with
5%(ACAC1.7,Cs) has a lower early age strength than PC at 1 and 3 days. LC? blended with
10%(ACACI1.7,Cs) gives almost similar strength to PC at 1 day and higher strength from 7 days
onwards. The increase of the ACAC1.7 and Cs amount to 15% did not further improve the strength
and lower strengths compared to the system with 10% were obtained at 3 and 7 days. At 28 and 90
days, systems with 10 and 15% show much higher strength compared to the reference PC; the
maximum strength values are observed for 10%(ACAC1.7,Cs). The system with 5% was not further
studied as it did not show a sufficient improvement of the strength at 1 day.
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Fig. 3-2 Compressive strength development for PC, LC3, LC? with different ACAC1.7 and Cs contents.

3.3.1.2 Kinetics of hydration

The heat release during the first 4 hours of hydration is shown in Fig. 3-3(a) and up to 150 hours of
hydration in Fig. 3-3(b) for PC, LC? and LC3-10%(ACAC1.7,Cs) and -15%(ACAC1.7,Cs). Fig.
3-3(a) shows a first peak (#) that is mainly due to the introduction of the ampoule into the calorimeter.
This peak is followed by two peaks during the first hour in the case of the LC3-CAC blends. These
two peaks correspond most probably to the early ettringite formation resulting from the fast reaction
of ACAC1.7 and Cs. They are absent for the reference PC and LC?. Fig. 3-3(b) clearly shows the C3S
hydration main peak and the sulfate depletion peak for PC and LC3. The maximum of the C3S
hydration peak is reached after 11 hours of hydration for PC and after 8 hours for LC?. SCMs are
known to accelerate the cement hydration due to their filler effect [75]. It can be seen that in the case
of LC? lower intensity peaks are observed, due to the lower clinker content in the LC? system. The
incorporation of -10%(ACAC1.7,Cs) leads to a two well separated peaks, which are more delayed
and less intense at a ACAC1.7 and Cs content of 15%. These two events correspond most likely to
PC hydration peaks, which are known to take place after the reaction of CAC and Cs, indicating a
strong effect of CAC and Cs on the kinetics of PC reaction.
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Fig. 3-3 Heat release per gram of paste during the first 4 hours (a) and up to 150 hours (b) for PC, LC?, LC>-
10%(ACAC1.7,Cs) and -15%(ACAC1.7,Cs).

3.3.1.3 In-situ XRD

Fig. 3-4 shows the phase assemblage for LC3-10%(ACAC1.7,Cs) up to 10 hours (a) and up to 70
hours of hydration (b). Fig. 3-4(a) shows that the 2" peak (#2) following the introduction peak (#1)
mainly represent the ettringite formation. The C3S might be slightly dissolving. The amount of
gypsum decreases and becomes very low after 2.5 hours of hydration. It can be seen that anhydrite is
dissolving slower than the gypsum. Its content is below 1% after 5 hours of hydration. Fig. 3-4(b)
shows that during the peaks (#3) and (#4), C3S dissolves slowly. It can be also noted that portlandite
did not start forming yet. The C3A and the C,S content as well as the limestone content are not
changing.
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Fig. 3-4 Phase assemblage by in-situ XRD up to 10 hours (a) and up to 70 hours (b) for LC3-10%(ACAC1.7,Cs).

3.3.1.4 Ettringite content

The evolution of the ettringite content for PC, LC?, LC3-10%(ACAC1.7,Cs) and -15%(ACAC1.7,Cs)
over time is shown in Fig. 3-5. The ettringite content is higher for LC? blended with ACAC1.7 and
Cs compared to PC and LC?, because of the high aluminate reactive phase content in LC*-ACAC1.7.
For all ages, a higher amount of ACAC1.7 and Cs results in a higher ettringite content. The ettringite
content of the reference PC decreases with time as monosulfate is formed at later reaction times as
the PC has a relative low limestone content of 2.6 wt% (Table 3-2).

Fig. 3-5 Ettringite Rietveld quantification for PC, LC* and LC? with 10%(ACAC1.7,Cs) and 15%(ACAC1.7,Cs).
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3.3.1.5 Degree of hydration of alite and the portlandite content

The degree of hydration of alite (C3S) for PC, LC? and LC? with 10% and 15% ACAC1.7 and Cs is
shown in Fig. 3-6(a). A higher degree of C3S hydration is reached with LC? compared to PC, which
can be explained by the filler effect. In the presence of ACAC1.7 and Cs, the hydration of C3S
becomes slower and with increasing amounts of ACAC1.7 and Cs also the reaction degrees are much
lower at later ages. This explains the lower strength performance obtained when the ACAC1.7 and
Cs content was increased. Fig. 3-6(b) shows the portlandite quantification by XRD-Rietveld over
time. For PC, the portlandite content increases over time. For LC?, the portlandite content is lower
due to the lower clinker content and starts to decrease from 3 days onwards, showing that the
pozzolanic reaction of metakaolin has started. For LC? systems blended with 10%(ACAC1.7,Cs), it
can be seen that less portlandite is formed. For the blend with 15%(ACA1.7,Cs), no portlandite is
detected. At early age, this can be explained by the low degree of hydration of C3S. At later age
although the CsS hydration increases, no portlandite is detected indicating its consumption most likely
by metakaolin.
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Fig. 3-6 Degree of hydration of alite (DoHcss) (a) and the portlandite content (b) for PC, LC? and LC? with
10%(ACAC1.7,Cs) and 15%(ACAC1.7,Cs).

3.3.1.6 AFm-type phases content

The AFm quantification results (the sum of hemicarbonate: Hc, monocarbonate: Mc and monosulfate:
Ms) by XRD-Rietveld are plotted in Fig. 3-7. PC has the lowest AFm amount due to the lower amount
of aluminate phases present in the system to react and also the small quantity of limestone present in
the clinker resulting in less monocarbonate. AFm formation is delayed for LC? blended with
15%(ACACI1.7,Cs). This can be due to the delay of the C3S hydration, which in turn causes a delay
in the AFm formation.
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Fig. 3-7 AFm-type phases (Hc+Mc+Ms) Rietveld quantification for PC, LC? and LC? with 10%(ACAC1.7,Cs) and
15%(ACAC1.7,Cs).

3.3.2 Effect of the ACAC2.2 and Cs contents on the hydration and strength of LC?

3.3.2.1 Strength development

Fig. 3-8 shows the strength development for PC, LC? and LC? blended with different amounts of
ACAC2.2 and Cs. Using 5%(ACAC2.2,Cs) did not improve the strength at 1 day. At all ages, LC?
blend with 10%(ACAC2.2,Cs) shows at least equivalent strength as PC; a higher ACAC2.2 and Cs
amount results in higher strength. Contrary to ACAC]1.7 blends, no decrease is observed at 15% of
ACAC2.2 and Cs but a higher strength at all ages. The system with 5% was not further studied as it
did not show equivalent strength to PC at 1 day.
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Fig. 3-8 Compressive strength development for PC, LC3, LC? with different ACAC2.2 and Cs contents.

3.3.2.2 Kinetics of hydration

The heat released during the hydration of PC, LC? and LC? with 10% and 15% ACAC2.2 and Cs
contents is shown up to 4 hours in Fig. 3-9(a) and up to 150 hours of hydration in Fig. 3-9(b). The
peak following the introduction peak has a very high intensity, even higher than those observed for
the ACACI1.7 blends. Fig. 3-9(b) shows that the main peaks observed for 10% and
15%(ACAC2.2,Cs) occur at a similar time and look similar to typical Portland cement hydration
peaks.
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Fig. 3-9 Heat release per gram of paste during the first 4 hours (a) and up to 150 hours (b) for PC, LC? and LC? with -
10%(ACAC2.2,Cs) and -15%(ACAC2.2,Cs).
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3.3.2.3 In-situ XRD

The evolution of the phase assemblage during the first 72 hours of hydration for LC3-
10%(ACAC2.2,Cs) was quantified by in-situ XRD. Results up to 10 hours are presented in Fig.
3-10(a) and up to 72 hours in Fig. 3-10(b). Fig. 3-10(a) shows clear that the peak following the
introduction peak (#1) mainly represents the ettringite formation (#2). Similarly to the LC? blended
with 10%(ACACI1.7,Cs), CsHz is consumed faster than Cs. Fig. 3-10(b) shows a clear C3S dissolution
(#3) followed by anhydrite depletion after around 30 hours of hydration (#4). Contrary to ACAC1.7,
portlandite starts forming after about 22 hours of hydration.
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Fig. 3-10 Phase assemblage by in-situ XRD up to 10 hours (a) and up to 72 hours (b) for LC3-10%(ACAC2.2,Cs).

3.3.2.4 Ettringite content

Fig. 3-11 shows the ettringite content determined by XRD-Rietveld analysis. At all ages, at higher
ACAC2.2 and Cs content more ettringite is formed. The ettringite content is stable at later ages for
LC?and LC3 with different ACAC2.2 and Cs amounts. By comparing with 10%(ACAC1.7,Cs), it can
be noted that the C/A ratio of the CAC does not have an impact on the ettringite content.
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Fig. 3-11 Ettringite quantification by XRD-Rietveld for PC, LC?, LC? blended with -10, -15%(ACAC2.2,Cs) and

LC3-10%(ACACL.7,Cs).

3.3.2.5 Degree of hydration of alite and the portlandite content

The degree of hydration of alite (C3S) for PC, LC? and LC? with -10% and -15% (ACAC2.2, Cs) are
plotted in Fig. 3-12(a). Interestingly, the delaying effect of ACAC1.7 on the C3S hydration was not
observed in the case of ACAC2.2. Increasing the amount of ACAC2.2 and Cs content up to 15%, did
not significantly delay the C3S hydration. However, the final alite reaction degree was lower at higher
ACAC2.2 and Cs contents. The impact of increasing the ACAC2.2 content on the portlandite content
was also investigated and plotted in Fig. 3-12(b). Contrary to the case of ACAC1.7, it is clear that the
ACAC2.2 and Cs amount has no effect on the portlandite amount. The portlandite amount starts to
slowly decrease from 3 days onwards. This can be explained by the pozzolanic reaction of metakaolin
that consumes portlandite.
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Fig. 3-12 Degree of hydration of alite (DoHcss) (a) and the portlandite content (b) for PC, LC3, LC? blended with -10, -
15%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs).
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3.3.2.6 AFm-type phases

The evolution of the AFm-type phases (the sum of Hc, Mc and Ms) content is shown in Fig. 3-13.
The difference is not significant between systems blended with ACAC2.2 and Cs. With
10%(ACACI1.7,Cs), from 7 days onwards, a high AFm- type phases amount is formed compared to
10%(ACAC2.2,Cs).

| PC
18 - =+ LC
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Fig. 3-13 AFm-type phases (Hc+Mc+Ms) quantification by XRD-Rietveld for PC, LC3, LC? with -10%, -
15%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs).

3.3.3 Effect of CAC on C-A-S-H composition and the degree of metakaolin reaction

3.3.3.1 C-A-S-H composition

Fig. 3-14 shows the SEM-EDX results for LC?, LC3-10%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs)
at 28 days. The average C-A-S-H composition is determined from the plot of Al/Ca vs Si/Ca atomic
ratios. The close intermixing of C-A-S-H with other phases such as AFm and ettringite is responsible
for the spread of data points. More intermixing of C-A-S-H is observed in the case of LC3-
10%(ACACI1.7,Cs) as shown in Fig. 3-14(c). The determination of C-A-S-H in the case of ACAC1.7
was not easy task and more points were required. The likely error in the estimation is probably large
in this case. Table 3-4 gives the Al/Ca and Si/Ca atomic ratios obtained by SEM-EDX. Similar Al
incorporation is observed for all the systems. The Si/Ca ratio remains also unchanged by adding rather
ACAC2.2 or ACACL.7.
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Fig. 3-14 Al/Ca atomic ratio as a function of Si/Ca atomic ratio determined by SEM-EDX for LC? (a), LC3-
10%(ACAC2.2,Cs) (b) and LC3-10%(ACAC1.7,Cs) (c) at 28 days.

Table 3-4 Al/Ca, Si/Ca and Ca/Si atomic ratios of C-A-S-H by SEM-EDX at 28 days.

28 days Al/Ca Si/Ca Ca/Si

LC? 0.22+0.01 0.66+0.02 1.51+0.02
LC3-10%(ACAC2.2,Cs) 0.21+0.02 0.65+0.02 1.53+0.02
LC3-10%(ACAC1.7,Cs) 0.22+0.02 0.68+0.04 1.47+0.04

3.3.3.2 Determination of the degree of reaction of metakaolin

Fig. 3-15(a) shows the expected evolution of the portlandite content as a function of the degree of
metakaolin reaction (in %), computed by thermodynamic modelling. The comparison with the
experimental portlandite content determined by XRD-Rietveld method allows estimation of the
degree of metakaolin reaction. Fig. 3-15(b) shows the degree of metakaolin reaction and the amount
of reacted metakaolin for LC3, LC*-10%(ACAC1.7,Cs) and LC3-10%(ACAC2.2,Cs). Higher DoR of
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metakaolin of = 40% is obtained with LC? compared to LC*-CAC blends (= 30%). When ACAC1.7
is used, a higher DoRwik is obtained compared to the ACAC2.2 blend.
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Fig. 3-15 Determination of the degree of reaction of metakaolin (%) by thermodynamic modelling (a) degree of
reaction of metakaolin (%) and amount of reacted metakaolin (b) for LC?, LC3-10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) at 28 days .

3.3.4 LC? substitution by ACAC2.2 and Cs

In the previous sections, the effect of substituting the limestone part by CAC and Cs was investigated.
In this section, the influence of substituting the overall LC? by ACAC2.2 and Cs on the strength was
studied. Compressive strength results for PC, LC?, LC? -10%(ACAC2.2,Cs) and 10% of LC?
substituted by ACAC2.2 and Cs “90%LC3-10%(ACAC2.2,Cs)” are shown in Fig. 3-16. It can be seen
that substituting the overall of LC? by ACAC2.2 and Cs gives better strength than LC?. Additionally,
an equivalent strength to PC is obtained at 1 day and a higher strength from 7 days onwards.
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Fig. 3-16 Compressive strength development for PC, LC?, LC3-10%(ACAC2.2,Cs): limestone substitution by
ACAC2.2 +Cs and 90%LC3-10%(ACAC2.2,Cs): LC? substitution by ACAC2.2 +Cs.

34 Conclusions

The present study investigated the feasibility of incorporating calcium aluminate cement (CAC) in a
LC? blend. The effect of C/A molar ratio and the CAC content were studied.

The substitution of a part of the limestone by ACAC1.7 and Cs improved the strength of LC? at 1 and
3 days, which is related to the massive ettringite formation during the first hours from the hydration
of ACAC1.7 and Cs. However, higher strength than for PC is observed only from 7 days onwards as
the addition of ACAC1.7 delayed the C3S hydration. It is interesting to note that the addition of 15%
ACACI1.7 and Cs dosage led to a lower early age strength and later C3S reaction, which will be further
investigated in the next chapter (Chapter 4). The early ettringite formation did not compensate the
loss in strength. The portlandite content was reduced by increasing the ACACI1.7 dosage. The
formation of AFm-type phases was delayed at 15%(ACAC1.7,Cs).

The substitution of a part of the limestone by ACAC2.2 and Cs considerably improved the strength
at all ages. With 10%(ACAC2.2,Cs), at least the same strength was obtained as for PC from 1 day
onwards. Higher ACAC2.2 contents increased the compressive strength. The improvement of
strength at early age can be explained by the combination of early ettringite formation and the non-
delayed C3S hydration. Contrary to the case of ACACI1.7, higher ACAC2.2 and Cs dosage did not
hinder C3S hydration nor lowered the portlandite content.

The comparison of the two CACs showed that the ettringite formation does not depend on the C/A
ratio of the CAC as a similar amount is obtained for LC? with ACAC2.2 and ACACI1.7. The ettringite
however clearly increased with the amount of CAC plus Cs showing its dependence on the sulfate
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content. The amount of portlandite depends mainly on the degree of C3S hydration. As ACACI1.7
delayed the C3S hydration, less portlandite was quantified at higher ACAC1.7 dosage. This however,
did not affect the degree reaction of metakaolin and a slightly higher degree than in the ACAC2.2
system was obtained, indicating the amount of portlandite is not the main driver for the metakaolin
reaction. For the 10%(ACACI1.7,Cs) blend, a higher amount of AFm-type phases was obtained after
28 days of hydration compared to 10%(ACAC2.2,Cs), due to the higher metakaolin reaction.

The incorporation of CAC and Cs in LC? lowered the metakaolin reaction degree slightly.

Finally, the substitution of the overall LC? with ACAC2.2 and Cs showed equivalent strength to PC
at 1 day.
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Chapter 4  Understanding reasons of delaying
alite hydration in LC? incorporating ACAC1.7

Note: This chapter is based on an article in preparation for submission to a peer reviewed journal

Contribution of the doctoral candidate: conceptualization, methodology, experiments, analysis and
writing of the first manuscript draft.

Abstract

This chapter compares the hydration of LC3-10%(ACAC2.2,Cs) and LC*-10%(ACAC1.7,Cs),
focusing on the C3S hydration with the aim of clarifying the reasons for the delay. The experimental
studies in Chapter 3 showed that the hydration of CsS is delayed in LC? blends incorporating
ACACI1.7 (low C/A ratio CAC) and Cs. Thermodynamic modelling shows that a positive saturation
index with respect to portlandite is obtained after 4 hours of hydration for LC? with ACAC2.2 while
it is only obtained after 30 hours of hydration for LC? blended with ACAC1.7. The results suggest
that a positive saturation index with respect to calcium hydroxide is needed to trigger the C3S
hydration. Due to the low C/A ratio of ACACI1.7, there is not enough calcium for ettringite
precipitation, which must also take calcium from C3S dissolution. This results in low calcium
concentration in the pore solution and portlandite remains under saturated. This is confirmed by
studying the effect of adding 2% of calcium hydroxide in LC3*-10%(ACAC1.7,Cs), where a part of
the calcium needed to form ettringite is provided by calcium hydroxide. As a result, the pore solution
becomes supersaturated with respect to portlandite earlier compared to the system without initial
addition. This has a beneficial impact on the rate of hydration of C3S. However, unexpectedly,
calcium hydroxide addition does not improve the early age strength and a lower strength is obtained
at 1 day compared to the system without calcium hydroxide addition.

4.1 Introduction

Calcium aluminate cement (CAC) can accelerate strength development of Portland cement [47,76].
When calcium sulfate is added, the formation of metastable calcium aluminate phases is avoided.
Ettringite is the main hydrate formed leading to rapid strength development [76,77]. This was used
to improve the early age strength performance of LC?. In the previous chapter, it was found that the
C/A ratio of the CAC used has an impact on the early age strength development of LC*-CAC blends.
It particularly impacts the C3S hydration: the C3S dissolution was delayed when the C/A ratio of the
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CAC is 1.7. This was not the case when the C/A ratio of the CAC is 2.2 and the same course of PC
hydration was observed. In this chapter, reason(s) for the delay of the C3S hydration are investigated.

The causes of the induction period and its end, have been intensively investigated for PC during the
last decades. However, there is still a debate about the end of the induction period and the reason for
the increase of the hydration rate during the acceleration period. One of the proposed reasons is that
the induction period occurs because of a poisoning of calcium hydroxide nuclei by silicates. The end
of the induction period has been explained as the point at which a sufficient level of supersaturation
with respect to portlandite is reached to overcome this effect [78,79]. In the other hand, Odler and
Dorr investigated the effect of calcium hydroxide addition on the C3S hydration. They concluded that
the presence of calcium hydroxide is not essential to initiate the acceleration period [80]. Other
theories proposed that the induction period is governed by nucleation and growth of C-S-H. It ends
when the C-S-H starts to grow [81,82]. Based on the geochemical theory, simulations performed
using HydratiCa by Bullard and Flatt showed that the inhibition of the nucleation and growth of
portlandite could lead to a retardation [83].

It is often reported in the literature that the addition of CAC to PC delays the C3S hydration [84]. The
amount of CAC added is critical. Gu and Beaudoin studied binary systems composed of CAC /PC
and showed a transition from accelerating to a delaying effect of CAC at an addition of 12.5% CAC
[85]. Several reasons for a delay of C3S have been proposed in the past. Gu and Beaudoin attributed
it to a hydrate barrier effect (mainly ettringite). It was suggested that a physical barrier did not allow
a contact of water with the cement powder [85]. However, there is no evidence that ettringite is a
diffusion barrier [86]. It is strongly accepted that the C3S hydration is delayed due to the presence of
aluminum ions. It was suggested that aluminum ions have a perturbing effect on the silicate phases
reactivity [87,88]. The mechanism of aluminum ion action is still not clear and several mechanisms
have been proposed. Nicoleau et al. suggested that aluminate ions covalently bind to silicate
monomers present at the surface at moderate alkaline conditions. This leads to a slowing down of the
CsS dissolution [89]. Begarin et al. studied the hydration of alite containing aluminum. A delay of
the alite hydration was observed in presence of aluminum. The authors explained the delay by the
formation of C-S-H incorporating aluminum ions. It was proposed that this C-A-S-H does not act as
a nuclei to C-S-H growth [90]. A delay of the C3S hydration in systems composed of PC with
additions of calcium sulfoaluminate cement was also observed [91]. However, the Al/Ca ratio of the
C-S-H was similar to neat PC system. The hydration study of ACAC (amorphous CAC)/PC also
showed a delaying effect of aluminum ions on the C3S hydration [48]. Nehring et al. showed that the
start of the silicate reaction in system composed of C3S/CA is related to a decrease of the Al
concentration and also an increase of the calcium ions concentration. It was also found that CsS is
also able to dissolve even at high aluminum ions concentrations [92].

Torréns-Martin et al. demonstrated that the delay of C3S hydration caused by CAC addition can be
avoided by adding calcium sulfate [43]. Xu et al. investigated the effect of the sulfate reactivity and
its amount on the hydration of PC/CAC blends. They showed that the C3S hydration delay can be
counteracted by adding calcium sulfate [93]. Moreover, it was found that using anhydrite as a sulfate
source leads to the formation of ettringite. Nehring et al. also found that the addition of anhydrite
prevents the delay of C3S hydration in CAC/PC blend. Authors suggested that aluminum ions have
to be removed from the pore solution by precipitating ettringite. A sufficient amount of Cs is needed,
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otherwise AFm will form and its precipitation takes more time. Once the aluminum is removed from
the pore solution, alite dissolution and C-S-H formation is favored [94]. In the other hand, Lamberet
observed that even in the presence of calcium sulfate the hydration of silicates phases was inhibited
in ternary binders composed of PC, CAC and Cs [95]. In a more recent work, Kighelman studied the
effect of adding calcium hydroxide on the kinetics of hydration of blends composed of
PC/CAC/CsHys [45]. Calorimetry results showed that all hydration peaks were accelerated linearly
with the calcium hydroxide content.

The aim of the present study is to provide insights into the possible reasons for the delay of the C3S
hydration. The effect of reducing the setting retarder content on the kinetics of hydration was
investigated by isothermal calorimetry. A comparison between the hydration of LC? blended with
ACAC2.2 and ACACI1.7 at early age was made based the results from XRD-Rietveld quantification,
ions concentrations in pore solution from Ion Chromatography (IC) analysis and saturation indices
computed with Gibbs Energy Minimization Software (GEMS). Then, the influence of calcium
hydroxide addition on the hydration and strength was studied. In addition, to the mentioned
techniques, the microstructure was investigated at 1 day using Scanning Electron Microscopy- Back
Scattered Electron (SEM-BSE) and SEM-Energy Dispersive spectroscopy (EDS) mapping. To
understand the strength results, the porosity was assessed with Mercury Intrusion Porosimetry (MIP).

4.2  Materials and methods

4.2.1 Raw materials

In addition to materials described in Chapter 3, calcium hydroxide (CH) from Roth was used. Its Dvso
was 4.23um and its specific surface area using the nitrogen adsorption method is 15.66 m?/g. Fig. 4-1
shows the particle size distribution (PSD) of CH. The particle size distribution of the other materials
used are already described in Chapter 3. The physicochemical properties of PC, ACAC1.7, ACAC2.2,
Cs and CClay 1 are presented in Table 3-1, Chapter 3. The phase composition of the different cements
is shown in Table 3-2, Chapter 3.
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Fig. 4-1 PSD for calcium hydroxide (CH).

4.2.2 Mixture design and sample preparation

The investigated systems are PC, LC? and LC? with 10%(ACAC17,Cs) and 10% (ACAC2.2,Cs). To
assess the effect of the setting retarder on the kinetics of hydration, its content was reduced: LC3-
10%(ACACI1.7,Cs)-031ret. The effect of adding calcium hydroxide was also investigated, 2%CH
was added to the LC*-10%(ACAC1.7,Cs): LC*-10%(ACAC1.7,Cs) -2%CH. The mix compositions
of all the investigated systems are shown in Table 4-1. Cement pastes and mortars were prepared as
already described in Chapter 3.

Table 4-1 Mix compositions of the investigated systems (wt. %).

Notation PC ACAC ACAC Cs CClay CsH» Cc CH (Citricacid NaxCOs
1.7 2.2
PC 100 - - - - - - - - -
LC 52.66 - - - 25 234 20 - - -
LC3-10%(ACAC1.7,Cs)  52.15 5 - 5 2476 234 9.8l - 0.33 0.61
LC3-10%(ACAC1.7,Cs)  52.17 5 - 5 2476 234 9.8l - 0.31 0.61
-0.31ret
LC3*-10%(ACAC2.2,Cs) 52.15 - 5 5 2476 234 9.8l - 0.33 0.61
LC3-10%(ACAC1.7,Cs)  52.15 5 - 5 2476 234 9.8l 2 0.33 0.61
-2%CH

4.2.3 Methods

The heat evolution was followed by isothermal calorimetry in a TAM Air isothermal calorimeter at
20°C.
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The crystalline phases were quantified at specific ages by XRD, carried-out on freshly cut slices of
hardened paste. Measurements were carried-out after 4, 10, 24 and 72 hours of hydration.

In-situ XRD experiments were carried out, the sample was prepared in the same manner as described
in Chapter 3.

Pore solutions of hardened samples were extracted. To prevent precipitation of solid phases, the
extracted liquid was immediately filtered using a plastic syringe attached to a 0.2 um pore size filter.
A part of the extracted solutions was diluted (10x,100x, 1000x) with MilliQ water to avoid any
carbonation or precipitation and stored in the fridge until the analysis date. The remaining solutions
were used to measure the pH with a BlueLine 14 pH electrode (SI Anlaytics) and a Lab 850 pH meter.
The electrode was calibrated with of 0.1, 0.2, 0.5 and 1M KOH solutions as described in [96]. Ton
oncentrations in the pore solution of the investigated systems of Ca, Al, S, Si were determined by lon
chromatography (IC, Dionex DP series ICS-3000). The hydroxide ion concentration was calculated
based on the measured pH. Extraction times for each investigated system are shown in Table 4-2.

Table 4-2 Pore solution extraction time of the investigated systems.

Sample name Extraction time (hours)
LC*-10%(ACAC2.2,Cs) 4,11,17,52
LC*-10%(ACAC1.7,Cs) 4,10, 30, 96
LC*-10%(ACAC1.7,Cs)-2%CH 4,10, 20, 96

To calculate saturation indices, thermodynamic modelling was conducted using GEMS-PSI [54].
General thermodynamic data were taken from PSI-GEMS and supplemented by the cement database
Cemdatal8 [55]. The thermodynamic databases were supplemented with thermodynamic data for
alite from [97] based on dissolution experiment. The saturation index with respect of a phase is
defined as the ratio of the (measured) ion activity product to the theoretical solubility product. In our
calculations, the ion activity product is computed by GEMS using the extended Debye-Hiickel
equation and based on the total measured elemental concentrations as input [98]. If we consider the
case of ettringite, its solubility product is Ke=4.9x10% and reaction is presented in Eq.1; Its
saturation index is described by Eq.2.

Cag[AL(OH)e], - 350, - 26H,0 — 6Ca?* + 2A1(0H); + 40H™ + 3502~ + 26H,0 (1)

(aCa2+)6(aAl(OH) _)z(aso 2-)*(aon-)*(an,0)*°
Slettringite = logyo : K . : (2)
ett

where (a;) designates the activity of i.

The compressive strength of the investigated systems was tested according to the European standard
EN 196-1.

The hydration of cement paste was stopped with isopropanol following the protocol in [67].
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After stopping the hydration, the following experiments were carried out:

The microstructural development was investigated by SEM-BSE with an FEI Quanta 200 microscope.
In addition, image analysis was carried-out, with BSE images linked to EDS mapping by the edxia
platform [99]. Ratio plots of Al/Ca vs Si/Ca from EDS maps give the composition of phases present
in the microstructure. Maps were collected with an accelerating voltage of 15kV and a working
distance of 12.5mm. Maps were done at 1000x magnification.

The pore structure was characterized by MIP. After stopping the hydration, 4-5 small pieces of
hardened pieces (~1-1.2 g) were placed in a dilatometer. A pressure up to 400 MPa was applied to
intrude mercury into small porosities (~2nm). MIP measurements were monitored by assuming a
contact angle of 140° between the cement paste and the mercury.

More details about isothermal calorimetry, in and ex -situ XRD and compressive strength are given
in Chapter 3.

4.3  Results and discussion
4.3.1 Effect of decreasing the setting retarder content

Fig. 4-2 shows the heat release per gram of paste for PC, LC3>- 10%(ACACI1.7,Cs) and -
10%(ACACI1.7,Cs)-0.31 ret (decreased setting retarder amount) up to 150 hours of hydration.
Calorimetry results show two well separated peaks (#1, #2). It has been demonstrated in the previous
chapter that during these two events the CsS is dissolving. It is clear that reducing the setting retarder
content did not strongly impact the clinker hydration. The intensity of the first C3S hydration peak
was slightly increased (#1) and the 2" peak was slightly accelerated (#2). This indicates that the
observed delay of C3S hydration is not primarily caused by the setting retarder.
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Fig. 4-2 Heat release per gram of paste for PC, LC3-10%(ACAC1.7,Cs) and -10%(ACAC1.7,Cs)-0.31ret (decreased
setting retarder amount) up to 150 hours.
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4.3.2 Early age hydration comparison between LC? blended with ACAC2.2 and
ACACL1.7

4.3.2.1 Ettringite content and degree of hydration of alite

Fig. 4-3 shows the evolution of the kinetics of hydration up to 80 hours of hydration together with
the degree of hydration of alite (DoHcss) and the ettringite (Ett) content at 4, 10, 24 and 72 hours of
LC? blended with 10%(ACAC2.2,Cs) and 10%(ACAC1.7,Cs). The calculated degree of hydration
from XRD-Rietveld quantification for the two systems is similar up to 4 hours. Following that, a
lower DoHcss is observed when the C/A ratio of the CAC is 1.7. At all tested ages, particularly at 10
hours of hydration, a similar ettringite amount is formed. This means that the same amount of
aluminum, calcium and sulfate are consumed. As the C/A ratio of ACAC1.7 is lower, it is expected
to have different elemental concentrations in the pore solution.

100 13 Ett-LC*-10%(ACAC2.2,Cs)
1|2 Ett-LC*-10%(ACAC1.7,Cs)
1|[-+-DoHC3S-LC-10%(ACAC2.2,Cs)
20 J||A-DoHC:S-LC*-10%(ACAC1.7,Cs)

90

1 DoHcss
70 -

60 -

50 4
40

20 4

Ettringite contetnt/DoHCsS (%)

0 20 40 60 80
Time (hours)

Fig. 4-3 Heat release up to 80 hours, ettringite (Ett) content and DoHcss at 4, 10, 24 and 72 hours for LC*-
10%(ACAC1.7,Cs) and LC3-10%(ACAC2.2,Cs).

4.3.2.2 Pore solution

Fig. 4-4(a) and (b) show the evolution of the concentrations of Ca, Al, S, Si and hydroxide for LC3-
10%(ACACI1.7,Cs) and -10%(ACAC2.2,Cs). For both blends, at 4 hours, a high sulfate concentration
is observed in the pore solution (~200mM). For ACAC1.7 blend, at 10 hours, the sulfate concentration
is almost the same. Afterwards, it becomes very low. However, for ACAC2.2 blend, it strongly
decreases between 4 and 10 hours. It is well known that the sulfate can adsorb on C-S-H during the
acceleration period [100,101]. Since the acceleration period has already started for ACAC2.2 blend,
C-S-H is forming and sulfates can adsorb on its surface. Regarding the calcium concentration, it is
40 times higher in ACAC2.2 than in ACAC1.7 blend at 4 hours (before the onset of the C3S hydration
peak), and a high availability of calcium has been observed to promote sulfate sorption on C-S-H
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[102]. For ACAC2.2 blend, calcium concentration strongly decreases between 4 and 10 hours of
hydration reaches 0.6mM at 52 hours. For ACAC1.7, the calcium concentration is very low (below
ImM) up to 10 hours. Then, it slightly increases to reach 1mM after 30 hours. On the other hand, the
aluminum concentration is always lower in ACAC2.2 compared to ACAC7.7. It is 62 times lower in
ACAC?2.2 blend compared to ACAC1.7 blend at 4 hours. At 4 and 10 hours, the Si concentration is
higher for ACAC1.7 blend compared to ACAC2.2 blend. Elemental concentrations as well as pH
values of the investigated blends are detailed in the appendix of this chapter (Table 4-3).
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Fig. 4-4 Elemental concentrations of Ca, Al, S, Si and hydroxide in the pore solution over time for LC>-
10%(ACAC1.7,Cs) (a) and LC3>-10%(ACAC2.2,Cs) (b).

4.3.2.3 Saturation indices

Fig. 4-5 shows the calculated saturation indices (SI) for LC3-10%(ACACI1.7,Cs) (a) and LC-
10%(ACAC2.2,Cs) (b) of ettringite, C-S-H, CH and alite (C3S). Indices were calculated based on the
pore solution chemistry. The saturation indices globally agree well with the XRD-Rietveld
quantification results. For both systems, at 4 hours, a positive saturation index with respect to
ettringite is obtained meaning that it can precipitate. However, Sletingite 18 higher for ACAC2.2 blend
than for ACAC1.7 blend. This can be explained by the higher calcium concentration in the ACAC2.2
blends, as shown in Fig. 4-4(a) and (b). According to Eq.2, the activity of Ca’" in the SI is to the
power 6 against power 2 for AI(OH)4", which justifies the observed differences in saturation indices.
A slightly positive saturation index with respect to C-S-H is observed after 4 hours of hydration for
ACACI1.7, while it is slightly negative for ACAC2.2 after 4 hours, although the difference is within
the error of the method. It becomes positive afterwards. The SI_ CsS is negative at all investigated
ages and for both blends, indicating that potentially C3S should be dissolving for both blends,
although this is not the case for the ACAC1.7 blend, where it is delayed. A positive saturation index
with respect to portlandite is obtained after 4 hours of hydration in ACAC2.2 blend. However, it
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becomes positive much later for ACAC1.7, between 10 and 30 hours of hydration. This suggests that
a positive saturation index with respect to portlandite might be needed to trigger the C3S hydration.
To confirm this, the effect of adding 2% of calcium hydroxide on the hydration and strength was
investigated.
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Fig. 4-5 Saturation indices of ettringite, C-S-H, CH and C3S for LC3-10%(ACAC1.7,Cs) (a) and LC3-
10%(ACAC2.2,Cs) (b).

4.3.3 Effect of calcium hydroxide addition on the hydration, microstructure and
strength development of LC3-10%(ACAC1.7,Cs) blend

4.3.3.1 In-situ XRD

Fig. 4-6 shows the phase assemblage together with the evolution of the heat flow result for LC3-
10%(ACAC1.7,Cs)-2%CH up to 10 hours Fig. 4-6(a) and up to 70 hours Fig. 4-6(b). The ettringite
formation is delayed by 0.5 hour compared to the blend without calcium hydroxide addition (Chapter
3, Fig. 3-4(a)). With 2%CH blend, it starts to form after 0.8 hour. Its formation is accompanied by a
peak (#2) that occurs after the introduction peak (#1). It can be seen that ettringite formation is
accompanied by gypsum and calcium hydroxide consumption. Anhydrite is also consumed but it can
be seen that is slowly dissolving compared to gypsum. At this step, ettringite is the sink for calcium
ions. Gypsum is depleted after 3 hours. The course of gypsum depletion is similar to the system
without calcium hydroxide. The added calcium hydroxide is totally consumed after 2.8 hours of
hydration. The first fast dissolution of C3S that was observed without calcium hydroxide addition
(Chapter 3, Fig. 3-4(a)) is not observed here. In presence of 2%CH, CsS is slightly dissolving during
the first 10 hours of hydration. Anhydrite is faster depleted (after 6 hours of hydration) compared to
the system without CH addition. A third peak (#3) is observed after 15 hours of hydration. This peak
corresponds to an important C3S dissolution. Portlandite is detected after 22.5 hours of hydration. It
is clear that calcium hydroxide addition affects the pattern of Cs;S hydration and the kinetics of
hydration is changed. In absence of calcium hydroxide addition, it was observed in the previous
chapter (Chapter 3, Fig. 3-4(b)) that the C3S hydration was proceeding in two peaks and portlandite
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did not form. This is not the case with calcium hydroxide addition. Only one peak is observed (#3).
It can be also noted that a similar amount of ettringite forms compared to the system without calcium

hydroxide (Chapter 3, Fig. 3-4(a)). This shows that the limiting factor of ettringite formation is the
sulfate amount.
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Fig. 4-6 Phase assemblage by in-situ XRD for LC*-10%(ACAC1.7,Cs)-2%CH up to 10 hours (a) and up to
70 hours (b).

4.3.3.2 Ettringite and AFm contents

To get a more reliable ettringite and AFm quantification, XRD was also carried-out on freshly-cut
slices. Fig. 4-7 shows the evolution of the ettringite and AFm type phases for LC3-10%(ACAC1.7,Cs)
and LC3-10%(ACAC1.7,Cs)-2%CH blends. XRD-Rietveld quantification results confirm that the
addition of calcium hydroxide does not have an impact on the ettringite amount. Slightly higher AFm
type phases (Hc+Mc) are formed for the 0%CH blend. The difference between the two systems is
negligible. AFm phases quantification by XRD-Rietveld is very difficult. As it has a layered double
hydroxide structure, many disorders can occur during the crystallization leading to a loss in
crystallinity [103]. This will give a broad XRD peaks and only an approximate quantification.
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Fig. 4-7 Ettringite and AFm type phases (Hc+Mc) quantification by XRD-Rietveld for LC3-10%(ACAC1.7,Cs) and
LC*-10%(ACAC1.7,Cs)-2%CH.

4.3.3.3 Degree of hydration of alite

Fig. 4-8 compares the evolution of the degree of hydration of alite (DoHcss) for LC3-
10%(ACAC1.7,Cs) and LC3-10%(ACAC1.7,Cs)-2%CH blends at 4,10, 24, 72 and 169 hours of
hydration. It can be seen that up to 10 hours of hydration similar DoHcss is reached. After that, a
higher DoHc3s is observed with 2%CH. This coincides with the C3S hydration peak.
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Fig. 4-8 Heat release results and degree of hydration of alite (DoHcss) for LC3-10%(ACAC1.7,Cs) and LC>-
10%(ACAC1.7,Cs)-2%CH blends up to 170 hours.
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4.3.3.4 Portlandite content

Fig. 4-9 shows the evolution of the portlandite content for LC*-10%(ACAC1.7,Cs) and LC3-
10%(ACACI1.7,Cs)-2%CH. The results show that at 4 and 10 hours of hydration less than the initially
added portlandite amount is present, indicating that calcium hydroxide is being consumed.
Afterwards, it can be seen that more portlandite than the initially added amount is formed, which
shows that the hydration of C3S is enhanced when an extra calcium source is added. Additionally, as
calcium hydroxide is an extra calcium source, less calcium is taken from C3S hydration to contribute

to ettringite formation. As a consequence, more calcium hydroxide will form from the hydration of
CsS.
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#LC*-10%(ACACI1.7,Cs) -2%CH

Portlandite content
(g/100g of solid)

0 50 100 150
Time (days)

Fig. 4-9 Portlandite quantification by XRD-Rietveld for LC3-10%(ACAC1.7,Cs) and LC3*-10%(ACAC1.7,Cs)-
2%CH.

4.3.3.5 Pore solution and saturation indices

The concentrations of Ca, Al, S, Si and hydroxide are plotted in Fig. 4-10 for the 2%CH blend. At 4
hours, the sulfate concentration is high (~230mM). After that, it decreases to reach 90mM after 20
hours. At 4 hours, the calcium concentration is higher compared to the blend without CH addition
(Fig. 4-4(a)). This can be explained by the extra calcium present from the dissolution of the CH
addition. After that, the calcium concentration decreases and stays around 3.4mM after 20 hours. It
can be also noted that although the aluminum concentration is low at 4 and 10 hours, the degree of
hydration of C3S was not improved compared to the system without calcium hydroxide, as shown in
Fig. 4-8. This indicates that the hypothesis of an inhibiting effect of the aluminum ion in the pore
solution seems to not be the reason of delaying the C3S in the studied system. The silicate
concentration is low at all tested ages. Elemental concentrations as well as pH values of this system
are detailed in the appendix of this chapter (Table 4-3).
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Fig. 4-10 Elemental concentrations of Ca, Al, S, Si and hydroxide in the pore solution over time for LC3-
10%(ACAC1.7,Cs)- 2%CH.

Saturation indices with respect to ettringite, C-S-H, CH and C3S are presented for LC3-
10%(ACACI1.7,Cs) in Fig. 4-11(a) and for LC*-10%(ACAC1.7,Cs)-2%CH in Fig. 4-11(b). The two
blends have a positive SI ettringite. which decreases over time corresponding to the plateau in
ettringite formation. A negative SI_CsS shows that this phase could be dissolving. It is clear that for
the blend with 2%CH, a positive SI_CH is obtained after 10 hours which was not the case for the
blend without calcium hydroxide addition. This supports the hypothesis that the pore solution needs
to be super saturated with respect to portlandite to trigger the C3S hydration.
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Fig. 4-11 Saturation indices of ettringite, C-S-H, CH and C3S for LC3-10%(ACAC1.7,Cs) (a) and -
10%(ACAC1.7,Cs)-2%CH (b).
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4.3.3.6 Early age strength development

The compressive strength development up to 7 days for PC, LC?, LC3- 10%(ACAC1.7,Cs) and -
10%(ACACI1.7,Cs)-2%CH are plotted in Fig. 4-12. Results show that a lower strength is obtained at
1 day with 2%CH addition compared to the blend without CH. This was not expected since the DoH
c3s was enhanced at 1 day and similar ettringite content was formed. To understand the strength
results the microstructure and the porosity were studied at 1 day.
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Fig. 4-12 Compressive strength development for PC, LC?, LC3- 10%(ACAC1.7,Cs) and -10%(ACAC1.7,Cs)-2%CH.

4.3.3.7 Microstructure observation at 1 day

The microstructures at 1 day for LC3- 10%(ACAC1.7,Cs) and -2%CH are shown respectively in Fig.
4-13(a) and (b). For LC3- 10%(ACAC1.7,Cs) blend, clear needles of ettringite, homogenously
distributed, are observed. Portlandite is not observed. This is in agreement with portlandite
quantification XRD-Rietveld result at 1 day. Although similar amounts of ettringite are reached at 1
day, it is not possible to observe it well in the blend with calcium hydroxide. However, portlandite
clusters dispersed in the microstructure (indicated by red arrows) can be clearly seen. In-situ XRD
quantification results in Fig. 6-6(b) showed that after full consumption of the initially added calcium
hydroxide (after 2.8 hours), it starts to reform after 22.5 hours of hydration. This means that the
observed portlandite is the hydration product that results from C3S hydration. Furthermore, it is clear
that the two investigated blends show a different distribution of phases. This indicates an effect of
calcium hydroxide on the phase distribution. The reason is not clear.
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Fig. 4-13 SEM-BSE micrographs of LC3- 10%(ACAC1.7,Cs) (a) and -10%(ACAC1.7,Cs) -2%CH (b) at 1 day for
1000x and 2400x magnification.

4.3.3.8 SEM-EDS mapping

SEM-EDS mapping together with image analysis was used to see if there is any difference in the
phase distribution Fig. 4-14(a) and (b) present results for LC3- 10%(ACAC1.7,Cs). As indicated on
the Al/Ca and Si/Ca plot, the EDS mapping shows clusters of ettringite in Fig. 4-14(b). The blue mask
selected from the ratio plots shows ettringite on the BSE image in Fig. 4-14(a). The pink mask
selected from the ratio plot shows only calcite on the BSE image confirming again the absence of
portlandite. Regarding the blend with 2%CH, results are shown in Fig. 4-15(a) and (b). In addition to
limestone, portlandite can be seen and a small region of pure ettringite was observed.
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Fig. 4-14 The mask of ettringite, limestone and portlandite in SEM-BSE image of LC3-10%(ACAC1.7,Cs) (a) and the
ratio plot of Al/Ca vs. Si/Ca (b) at 1 day.
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Fig. 4-15 The mask of ettringite, limestone and portlandite in SEM-BSE image of LC3-10%(ACAC1.7,Cs)-2%CH (a)
and the ratio plot of Al/Ca vs. Si/Ca (b) at 1 day.
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4.3.3.9 Porosity characterization at 1 day

Fig. 4-16 shows MIP cumulative pore volumes for LC3- 10%(ACAC1.7,Cs) and -2%CH blends after
1 day of hydration. Both systems have similar total accessible porosity by MIP. The critical pore entry
diameter is smaller with 2%CH than without CH. This could be explained by the enhanced C3S
hydration for the blend with 2%CH. The pore fraction ranging above 0.1um is much more important
in the blend with CH addition. Although it improves the degree of hydration of C3S at 1 day, calcium
hydroxide addition seems to impact the phase distribution within the microstructure. This has a direct
impact on the population of porosity present in the system and consequently the strength at 1 day.
The reason of such an effect was not further investigated.
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Fig. 4-16 Cumulative pore volume curves for LC*- 10%(ACAC1.7,Cs) and -10%(ACAC1.7,Cs) -2%CH blends at 1 day.

4.4 Conclusions

This study investigates the reasons of the delay of C3S hydration in LC3-10%(ACAC1.7,Cs) blend.
Based on the results presented in this chapter, the following conclusions can be drawn:

» The C/A ratio of the CAC is the key factor. The lower C/A ratio of ACAC1.7 leads to less calcium
ions released from CAC dissolution in the pore solution compared to ACAC2.2.

= [t seems that a critical calcium concentration in the pore solution and more precisely a positive
saturation index with respect to portlandite is needed to trigger the C3S hydration.
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* When calcium hydroxide was added, results showed an enhancement of the degree of hydration
of C3S while the ettringite amount remained unchanged. Pore solution results showed an increase
in the calcium concentration compared to the reference system (without CH addition). The
enhancement of the C3S hydration was linked to a supersaturation with respect to CH that was
reached faster.

= [t was also found that despite having a low aluminum concentration at 4 and 10 hours in the blend
with 2%CH addition, the C3S hydration was not enhanced during that time. This demonstrates that
the presence of aluminum ions the pore solution is not the reason for the delay of C3S hydration in
the system studied.

= Although the C3S hydration was enhanced and a similar amount of ettringite was formed, the
strength performance at 1 day was decreased compared to the blend without CH. The CH addition
impacts the distribution of hydrates within the microstructure but the reasons leading to lower
strength are unclear.

4.5 Appendix

Table 4-3 The Na, K, Ca, Al, Si, SO4 and hydroxide concentrations in the pore solution and pH of
LC3- 10%(ACAC2.2,Cs), -10%(ACAC1.7,Cs) and -10%(ACAC1.7,Cs-2%CH.

Extraction Ion concentrations (mmol/L)
Sample time (hours) "\, K Ca | Al si [sos  JoH- |
p
LC-10%(ACAC2.2,Cs) | 4 37950 | 256.28 | 2038 | 0.1 0.004 | 20939 | 200 | 13.2
11 33391 | 24734 |3.034 | 0.004 | 022 |2489 |300 |13.3
17 35348 | 284.09 |259 |008 | 023 |569 |400 |13.5
52 31633 | 290.69 | 0.65 |13 030 |8.54 720 | 13.8
LC-10%(ACAC1.7,Cs) | 4 338.66 | 19336 | 051 |62 168 | 20744 |80 |129
10 35158 | 26545 |0.63 | 14 3.03 | 20508 | 170 | 132
30 39171 | 32564 | 1.02 |03 051 |9.72 720 | 13.8
96 32567 | 28951 |0.68 |14 041 | 5.87 410 | 13.5
LC- 4 32391 | 215.15 |10.72 | 0.004 | 028 | 23434 |100 | 128
éoo/z/é(gc/xcm,(:s)- 10 37826 | 24824 |299 | 021 | 039 | 15546 |200 | 13.3
20 33759 | 23844 |3.49 | 0004 | 021 |80.95 |300 |134
96 271.18 | 21852 | 008 | 115 | 062 |539 |49 | 136
140 19833 | 14587 | 055 |3.77 | 081 |4.93 290 | 134
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of LC3>-CAC blends

5.1 Introduction

In Limestone calcined clay cement (LC?), it is known that neither clinker nor metakaolin completely
react at late ages (w/b=0.4) [63]. Recently, Briki et al. showed that neither the lack of portlandite nor
aluminum in the pore solution are responsible for the slowing down of the metakaolin reaction at late
age [104]. Relative humidity measurements of LC? at 28 days showed that above a pore radius of
13nm pores are empty. This is one of the reasons which explains the limited further reaction at late
age.

The use of alkali is known to improve the early age strength of LC?, but has a negative impact on the
late age strength [28]. In Chapter 3, it was shown that the incorporation of CAC and Cs improved the
strength of LC? at all ages. The higher early age strength in LC3-CAC blends was linked to the
ettringite formation during the first hours of hydration.

This chapter focuses on understanding the late age strength of LC3-CAC blends. The hydration over
longer periods of time (up to 1 year) was investigated. Powerful techniques, such as X-Ray diffraction
(XRD), scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), relative
humidity (RH) measurements and transmission electron microscopy (TEM) were used.
Thermodynamic modelling with Gibbs energy minization software (GEMS) was also used to
determine the phase assemblage.

5.2 Materials and methods

5.2.1 Raw materials

Same materials to those detailed in Chapter 3 are used.

5.2.2 Mixture deisgn and sample preparation

The mix compositions of the investigated systems are shown in Table 5-1. Cement paste samples
were used to study hydration by X-ray diffraction (XRD), scanning electron microscopy (SEM),
mercury intrusion porosimetry (MIP) and transmission electron microscopy (TEM). Pastes were
prepared with two water to binder ratios w/b = 0.4 and 0.3. A high-speed mixer was used to mix the
cement paste for 2 minutes at 1600rpm. Samples were cast in a 5S0mL cylindrical polyethylene
containers (diameter: 35mm), which were sealed with parafilm and a lid. Samples were stored until
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365 days of hydration in a controlled temperature room (20°C). At a specific testing age, two slices
of 2-3mm thickness were cut from the hardened cement paste using a diamond saw and water as
lubricant.

Mortar samples were prepared according to the European EN196-1 standard. The water to binder
ratios were: 0.5 and 0.35. Mixing was carried out at room temperature. Mortars were cast in steel
moulds, then, demolded after 1 day. Prisms were cut to 4x4x4cm cubes and were kept in plastic bags
in a humidity chamber (~ 95%) until the required testing age.

For blends with low water content, a w/b=0.3 (paste) and 0.35 (mortar), polycarboxylate
superplasticizer (Mapei Dynamon SP914) was used. The amount required depends on the workability
of the blend, the maximum used content is 2% of total solid mass.

Table 5-1 Mix compositions of the investigated systems (wt. %).

Notation PC CAC Cs CClay CsH» Cc Citric  Na;CO3
acid
PC 100 - - - - - - -
LC 52.66 - - 25 2.34 20 - -
LC-10%(ACACL7.Cs)  52.15 5 5 24.76 234 981 0.33 0.61
LC-10%(ACAC2.2,Cs) 5215 5 5 24.76 234 981 0.33 0.61

5.2.3 Methods

Compressive strength tests were carried out according to EN196-1. Strengths were measured at 7, 28,
90 and 365 days with a loading rate of 2.4kN/s. Three cubes were tested for each age. Compressive
strength tests were carried on mortars at two w/b: 0.35 and 0.5.

XRD was carried out on fresh slices to characterize the crystalline phases after the hydration. More
details can be found in Chapter 3.

The phase assemblage at 28 days with a w/b=0.4 was calculated with GEMS-PSI software [54] with
the Cemdatal8 database [55] using the CSHQ model to represent C-S-H. The degree of hydration of
anhydrous phases, limestone, anhydrite and gypsum from XRD Rietveld and the degree of reaction
of metakaolin at 28 days (determined in chapter 3) were used as input for the calculation. Amorphous
CAC was assumed to completely react in these simulations. The volume fraction (%) of the present
phases was calculated based on the phase mass given by GEMS. The C-S-H water content was
corrected according to A.C.A. Miiller et al. (Ca; (Siy, Al(1y)) O@+112y+32) (H20)x) with HoO/Ca=2.8)
[105] and the bulk density of C-A-S-H was 1.95 g/cm? [105]. The remaining water volume fraction
was estimated by subtracting the water volume consumed for all hydrates (ettringite, C-A-S-H, AFm
phases, portlandite, etc.) from the initial water volume. Empty pores (voids) form during hydration
reactions. The volume of empty pores (due to chemical shrinkage) was calculated by subtracting the
initial volume (clinker, calcined clay, limestone and water, etc.) from the final volume (hydrates,
unreacted clinker, unreacted calcined clay, unreacted limestone and pore solution).
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The hydration was stopped with isopropanol as it is the best method to conserve the microstructure
[67].

After stopping the hydration, the following experiments were carried out:

Scanning electron microscope analysis (SEM) was carried-out using a FEI Quanta 200 equipped with
Bruker XFlash 4030 EDS detector. Back scattered electron (BSE) images were linked to EDS
mapping by the edxia platform [99]. Based on ratio plots of Al/Ca vs. Si/Ca and S/Ca vs. Al/Ca
obtained from EDX maps, representative points were attributed to the present phases. This allows the
distribution of the main hydrates to be observed within the microstructure of LC*-CAC blends and to
compare it with the microstructure of LC?. Maps were collected with an accelerating voltage of 12kV,
a working distance of 12.5mm and at 1000x magnification. SEM samples were prepared as follows:
a small piece of sample was impregnated in epoxy resin and a hardener (EpoTek 30180Z). After
hardening for 1 day, samples were polished with diamond particles of 9, 3 and 1um. More details
about SEM samples preparation can be found in Chapter 3.

Mercury intrusion porosimetry (MIP) was used. A pressure up to 400 MPa was applied to intrude
mercury into small porosities (~2nm). The contact angle between the cement paste and the mercury
was assumed to be of 140°.

Internal relative humidity (RH) measurements were conducted on cement paste at 28 days, with water
activity probes from Rotronic. The device has 3 channels each one has its own water activity and
temperature sensor. To maintain the temperature constant at 20°C, water was circulated around each
channel. RH data were collected at 28 days every 5 minutes. K2SO4, KoNO3, KCl and NaCl saturated
solutions were used to calibrate the sensors before every experiment. Cement paste samples were cast
according to 5.2.2. At 28 days, cement pastes were crushed into small pieces (~5mm) and were
introduced into plastic cylinders. Then, plastic containers were placed inside the channel. To ensure
an accurate measurement, every sample was measured 3 times.

The decrease of the RH during hydration is due to the desaturation of pores due to chemical shrinkage
(RHy) and to the increase of dissolved salt in the pore solution (RH;). RH can be expressed according
to Eq.1 [106].

RH = RHy. RH, (1)

In order to determine the RHs needed to calculate RHy, the pore solution was extracted after 28 days.
Pore solutions were collected by a mechanical press at 800kN. To make sure that there are no small
particles, solutions were filtered using a 0.2 um pore size filter. Relative humidity measurement of
the pore solution was monitored for 3 days for an accurate RHs determination.

From the internal RH measurement of the cement paste (RH) and of the pore solution (RHs), the
radius of the largest capillary pore filled with water was calculated according to Eq. 2. A detailed
explanation is provided in [106].

2My

r_ln(:—i)pRT
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Where M is the molar weight of water (0.01802 kg/mol), ¥ is the surface tension of water (0.073
N/m). p is the density of water (1000 kg/m?). R is the ideal gas constant (8.314 J/mol K) and T is the
absolute temperature (293.15K, 20°C). RH is the measured internal relative humidity of the cement
paste at 28 days of hydration.

Transmission electron microscopy (TEM) was used to observe the morphology of hydrates
particularly the C-A-S-H morphology. A FEI Tecnai Osiris was used (CIME, EPFL) with an XFEG
source. The EDS detector was used. In the scanning mode (STEM) mode, images are formed using
the bright field (BF) and the high annular dark field (HAADF) detectors. To avoid beam damage a
small spot size with a low accelerating voltage (80kV) were used. Several zones of interest were
identified and quantified with EDS to obtain their composition. For TEM observations, TEM lamellae
were prepared as follows: Samples were embedded in a hard resin (Gatan G2) and cut to slices of
2x2x0.7mm? size using a diamond saw. Following that, a mechanical polishing using the Tripod
method was used. Then, Focused ion beam (FIB) technique using a Zeiss NVision 40 dual-beam
microscope was used to obtain a several thin regions (100-150nm) in the same embedded sample.

The cement paste study was done with a w/b 0.4. Only MIP was carried out on cement paste at both
aw/bof 0.4 and 0.3.

5.3 Results and discussion

5.3.1 Late age compressive strength

Fig. 5-1 shows the compressive strength result for PC, LC?, LC*-10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) at 7, 28, 90 and 365 days, w/b=0.5. The results show an increase of the
compressive strength of LC*-CAC blends between 7 and 28 days. Afterwards, the compressive
strength keeps slowly increasing to reach 68 MPa and 71 MPa after 365 days respectively for LC?-
10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs). This suggests that the hydration is continuing in LC3-
CAC blends. For LC?blend, the strength increases up 54 MPa at 90 days and then slightly decreases
at 365 days. At 365 days, the maximum strength reached for PC and LC3 is respectively ~13% and
~25% lower compared to LC3-CAC blends.
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Fig. 5-1 Compressive strength development for PC, LC?, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) at 7,
28, 90 and 365 days, w/b=0.5.

5.3.2 Understanding the late age strength

5.3.2.1 Phase mass and volume fraction

Phase assemblages of LC?, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) at 28 days of hydration
with a w/b=0.4 were calculated. The results are shown in Fig. 5-2(a). For the investigated systems,
the thermodynamic calculations predict the formation of C-S-H and ettringite as the main hydrates.
Portlandite and AFm phases are also predicted but in lower amounts. Less unreacted clinker and a
higher amount of C-S-H is observed in LC? compared to LC*-CAC blends. A higher ettringite amount
is calculated to be present in LC3-CAC blends than LC?. This is in agreement with the quantification
from XRD-Rietveld. Based on these predictions, free water (gel and/or capillary water) is still present
at 28 days in all the investigated blends. The volume fraction of the phases was calculated and the
results are shown in Fig. 5-2(b). C-S-H, ettringite and AFm phases occupy 49% of the total volume
in LC? while they occupy 54% and 56% of the total volume respectively in LC3*-ACAC2.2 and -
ACACI.7 blends. This shows that the increase of strength in LC>-CAC blends comes from a higher
volume of hydrates. Also, it can be seen that ettringite fills twice the volume in LC3-CAC blends
compared to LC3.
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Fig. 5-2 Phase mass from thermodynamic modelling (a) and calculated volume fraction of predicted phases (b) at 28
days for LC3, LC3- 10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs): MK (metakaolin),Cc (calcite), AFm (He+Mc), CH
(portlandite), Ett (ettringite), Other (brucite + hydrogarnet), w/b= 0.4.

5.3.2.2 Phase distribution

Fig. 5-3 shows the EDS mapping results together with BSE images for LC? (a), LC-
10%(ACAC2.2,Cs) (b) and -10%(ACAC1.7,Cs) (c) at 28 days. For all systems, it can be seen that
AFm (Hc and Mc) phases forms in the space of reacted cement grains. For LC? blend, a very small
area of C-S-H/AFt intermixing is observed. LC>-CAC blends show extended intermixed regions of
C-S-H and ettringite (tens of micron length areas). Due to its good space filling, it can be seen that
ettringite is well distributed within the microstructure. It is also more present in LC3-CAC than in
LC3.
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Fig. 5-3 Identification of Hc+ Mc, C-S-H/AFt mix, inner C-S-H, CH and ACAC using BSE images, Al/Ca vs. Si/Ca
and S/Ca vs. Al/Ca for LC? (a) LC3-10%(ACAC2.2,Cs) (b) and -10%(ACAC1.7,Cs) (c).

5.3.2.3 Correlation between total porosity vs. strength

Fig. 5-4 shows MIP results at 28 days for w/b =0.4 (a) and w/b=0.3 (b) for PC, LC?, LC-
10%(ACAC2.2,Cs) and 10%(ACAC1.7,Cs). The total porosity of the investigated systems is shown
in Table 5-2. Results show that LC*-CAC blends have a lower total porosity than PC and LC? either
with a w/b= 0.4 or 0.3.
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Fig. 5-4 Cumulative pore volume curves for PC, LC? and LC3-10%(ACAC2.2,Cs) and 10%(ACAC1.7,Cs) at 28 days,
w/b=0.4 (a) and w/b=0.3 (b).

Table 5-2 Total porosity for all the investigated systems at 28 days.

Sample w/b Total porosity (%)
PC 0.4 21
LC? 0.4 26
LC*-10%(ACAC1.7,Cs) 0.4 13
LC*-10%(ACAC2.2,Cs) 0.4 20
PC 0.3 19
LC? 0.3 18
LC*-10%(ACAC1.7,Cs) 0.3 15
LC*-10%(ACAC2.2,Cs) 0.3 15

Fig. 5-5 shows the relationship between the total porosity from MIP, the porosity from GEMS
including voids and the compressive strength of LC3, LC3-10%(ACAC2.2,Cs) and -
10%(ACACI1.7,Cs) at 28 days of hydration. Overall, the strength is linearly correlated with the total
porosity. This shows that it is possible to explain the compressive strength by the the total porosity.
A Dbetter correlation between the compressive strength and the porosity from GEMS+voids is
obtained.
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Fig. 5-5 Compressive strength vs. total porosity from MIP and GEMS porosity+voids for PC, LC?, LC-
10%(ACAC2,2,Cs) and -10%(ACAC1.7,Cs).

5.3.3 Saturation limit of water filled pores

The limit pore radius between empty and filled pores with water was estimated from RH
measurements. The data collected from cement paste measurements of PC, LC?® and LC3-
10%(ACA2.2,Cs) with w/b=0.4 are ploted in Fig. 5-6. The measured RH is assumed to be stable after
40 hours of measurement. The average value after 40 hours is around 82.3, 80.6, 75.4% respectively
for PC, LC? and LC3-10%(ACA2.2,Cs). The RH; from the measurement of the relative humidity of
the pore solution extracted at 28 days, is 95.6, 96.4, 96.5% respectively for PC, LC? and LC3-
10%(ACA2.2,Cs). The RHy, caused by desaturation of pores, was calculated by dividing RHy to RH;
according to Eq.1. The pore radius of the largest capillary pore filled with water at 28 days, calculated
according to Eq.2, is 6.8, 5.9, 4.3 nm respectively for PC, LC3, LC3-10%(ACA2.2,Cs). Above this
limit, pores are filled with vapor and air instead of water.
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Fig. 5-6 Relative humidity of cement paste at 28 days for PC, LC? and LC3-10%(ACAC2.2,Cs).

Fig. 5-7 shows the cumulative pore volume curves at 28 and 90 days for PC, LC? and LC-
10%(ACA2.2,Cs) with w/b=0.4. For all the investigated systems, at 28 days, it can be seen that the
critical pore entry radius is higher than the calculated limit pore radius above which there is no more
water. The comparison of the MIP data at 28 days with those at 90 days shows that for PC and LC?
the critical entry radius remains the same. For LC3- ACAC2.2 blend, where the critical pore entry
radius is larger than the calculated pore limit radius, the critical pore entry radius is reduced at 90
days. Recently, Zunino et al. suggested that in pores bigger than the limit pore size hydration and
precipitation continues in the pore solution film that covers the surface [107]. In our case as
metakaolin is still available, the increase of metakaolin reaction can explain this refinement of

porosity.
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Fig. 5-7 Cumulative pore volume curves for PC, LC? and LC3-10%(ACAC2.2,Cs) at 28 and 90 days, w/b=0.4.

5.3.4 CA-S-H morphology

The microstructure of LC? from [108] is shown in Fig. 5-8(a). The microstructure LC3-
10%(ACAC2.2,Cs) at 28 days of hydration in bright field mode (BF) and high angle annular dark
field (HAADF) mode is shown in Fig. 5-8(b). A fibrillar C-A-S-H morphology is observed in both
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blends showing that there is no influence of CAC and Cs incorporation on the morphology of C-A-
S-H. Ettringite (AFt) is also observed in LC3-10%(ACAC2.2,Cs).

a)

LC-50 (50.3%) BF [ LC3-50 (50.3%) HAADF

Fig. 5-8 Microstructure of LC? from [108] and LC3-10%(ACAC2.2,Cs) at 28 days in bright field (BF) and
high angle annular dark (HAADF) modes.
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54 Conclusions

This ongoing study focuses on understanding the high late age strength of LC3-CAC blends. Based
on the results the following preliminary conclusions can be drawn:

* Thermodynamic predictions showed that a higher ettringite amount is present in LC3-CAC
blends than LC? which agrees well with XRD-Rietveld results (Chapter 3, Fig. 3-5 and Fig.
3-11). Predictions also showed that free water was still present at 28 days in all the
investigated mixes.

= The calculated volume fraction of the predicted phases from thermodynamic modelling
showed that the main hydrates (ettringite, C-S-H and AFm) occupy 49% of the total volume
in LC? while they occupy around 55% of the total volume in LC*-CAC blends. This explains
the high strength of LC*-CAC blends. Additionally, ettringite occupies twice the volume in
LC*-CAC blends compared to LC?. This was confirmed by SEM-EDS mapping which
showed that ettringite is well distributed and highly intermixed with C-S-H in LC3*-CAC
blends.

= A good correlation was observed between the strength and the porosity. This shows once
again that the increase of strength comes from the reduction of porosity due to the higher
volume of hydrates.

» Relative humidity measurements showed that, for LC>-ACAC2.2 blend, the critical pore
radius was further refined between 28 and 90 days, although the critical pore radius was higher
than the calculated saturated pore limit. This demonstrates that the hydration is continuing in
LC3*-CAC blend. The key question is why for PC and LC? the long-term strength is limited
while it is not the case for LC3-CAC blends.

= Regarding the morphology of the C-A-S-H, TEM images showed a fibrillar morphology for

both LC? and LC3*-ACAC?2.2 systems. So, there is no influence of the CAC and Cs on the C-
A-S-H morphology.
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Note: This chapter is based on an article in preparation for submission to a peer reviewed journal

Contribution of the doctoral candidate: conceptualization, methodology, experiments, analysis and
writing of the first manuscript draft.

Abstract

In the following chapter, the chloride and carbonation resistance of PC, LC? and LC*-CAC blends
are investigated. The mini-migration test method shows that LC*-CAC blends have excellent results
in terms of resistance to chloride ingress. Although they have higher CO3-AFm content, less chemical
binding in LC3-CAC blends is observed compared to PC. A lower physically bound chloride in LC3-
CAC blend is obtained compared to PC and LC3. The reason of the observed improvement seems to
be related to the porosity refinement induced by CAC and Cs addition. However, the refinement of
pores is not proportional to the degree of enhancement.

The natural carbonation study shows that LC? and LC?*-CAC blends have a lower carbonation
resistance compared to PC. Among the investigated systems, LC3-ACAC2.2 blend has the highest
carbonation coefficient. The microstructure observation of LC? and LC>-ACAC2.2 blends, shows a
more porous network induced by carbonation. On the other hand, carbonation of PC is observed to
lead to a less porous microstructure. Furthermore, compressive strength carried-out on mortar cubes
after 6 months of forced carbonation shows that the carbonation of PC leads to an enhancement of
strength. On the other hand, carbonation of LC? and LC3-CAC blends leads to a decrease in strength.
Despite the decrease of strength due to carbonation, LC3-CAC blends still have at least similar
strength to the non-carbonated specimen of PC.

6.1 Introduction

The durability of concrete is defined as its ability to resist to weathering and chemical attack without
losing the required engineering properties. The main durability concerns for concrete infrastructure
are corrosion of steel reinforcement due to the ingress of chlorides and carbon dioxide (CO.) in
concrete.
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Chloride ions from de-icing salts or sea water can penetrate the reinforced concrete structure and can
cause a depassivation of the steel reinforcement. The rate of the transport of chloride ions, generally,
depends on the pore structure of concrete, the chloride binding capacity and the pore solution.
Chloride can be chemically bound to AFm phases, where it readily displaces hydroxide, sulfate and
carbonate in the AFm structures [109]. Limestone addition leads to ettringite stabilization and mono-
and hemi- carboaluminates are formed instead of mono-sulfoaluminate. In this case, carboaluminate
hydrates convert to Friedel’s salt or to AFm phases containing chloride, carbonate and hydroxide
[110]. In addition to chemical binding, chloride can physically adsorb on C-A-S-H [111]. The extent
of adsorption depends on the C-A-S-H composition. It was found that higher Ca/Si ratio leads to
higher chloride adsorption [112].

The replacement of a fraction of cement by Supplementary Cementitious Materials (SCMs)
significantly contributes to lowering the CO; emissions and costs related to cement production [3].
SCMs incorporation generally enhances the chloride resistance of blends due to the porosity
refinement of blended cements [113]. It has been reported that blends containing metakaolin are
known to have a good capacity to bind chloride which is attributed to the chemical binding of chloride
ions in Friedel’s salt [114,115] and the physical binding into C-A-S-H [116]. Recently, Wilson et al.
explained the improvement of the resistance to chloride ingress by a reduction of the pore connectivity
and /or the pore solution conductivity [117].

To evaluate the chloride penetration, the bulk diffusion test is the most common approach. This
method consists in fully immersing a specimen in a chloride source [118]. The penetration is
unidirectional since the specimen is coated with epoxy resin except its surfaces. One of the limitations
of this method is that it takes a long time (months to years).

Recently, a chloride mini-migration method has been proposed as a simple and fast method to
estimate the effective diffusion coefficient (Defr) at the cement paste scale [117]. The effective
diffusion coefficient is estimated based on the chloride flow through the sample. This method can be
supplemented by additional techniques to explain the obtained Desr of the investigated systems.

In the case of carbonation, CO> from the air penetrates into the cement matrix and dissolves in the
pore solution. As a result, carbonic acid (H2CO3) is formed that in turn dissociates into HCO3™(aq) and
CO3%(aq) according to Eq.1 and Eq.2.

COz(g) + HZO(aq) - HZCO3(Sd) d H+ + HCO:)»_(aq) (l)

HCO34q) = H* + €03y )

With sd: solid and aq: aqueous.

Aqueous carbon dioxide reacts with hydration products such as C-S-H, portlandite and ettringite to
form carbonated phases [119,120]. In Portland cement, the main hydration products are C-S-H and
portlandite. It is well known that portlandite buffers the pH to 12.5. This is ensured by releasing
hydroxyl ions in solution. The reaction of CO» with portlandite in this system is the most important
and leads to a reduction in alkalinity. The reaction proceeds in two steps: First portlandite dissolves
(Eq.3). Then, calcite precipitates (Eq.4).
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Ca(OH)y sy = Calyyy + 20H, 3)
Caagy + CO3™ = CaCOs(sq @)

Carbonation of C-S-H seems to occur in parallel [121]. However, from a thermodynamical point of
view carbonation of CH occurs first [122]. The decalcification of C-S-H leads to silica gel formation
and calcite according to Eq.5 [123].

(Ca0),. (Si0,). (H,0), + xCO, = xCaC0; + ySi0,. (H,0) + (z — yt)H,0 (5)

Apart from C-S-H and CH, ettringite can carbonate according to Eq.6. As a result, gypsum and
alumina gel are formed [119].

3Ca0. Al,05.3CaS0,.32H,0 + CO, —» 3CaC0s + 3(CaS0,.2H,0) + Al,05.xH,0 + (26 — x) H,0 (6)

When carbonated the pH of the pore solution of hydrated cement is reduced. It goes from about 12.5
to below 9 [124]. It is well known that, at low pH, the protective oxide layer surrounding steel rebars
breaks down and corrosion is initiated [125]. Blended cements with pozzolanic materials contain
much less portlandite as it is consumed by the pozzolanic reaction of metakaolin and synergetic
reactions (between calcined clay and limestone) [21,60,126]. As a consequence, higher carbonation
depth is obtained at low calcium hydroxide blends.

Carbonation changes the pore structure and strength performance [127,128]. For ordinary Portland
cement, it is well known that carbonation of phases in natural or accelerated conditions leads to a
small decrease in porosity [129,130] and results in strength improvement [131]. This is explained by
the positive difference in terms of molar volume between portlandite and calcite, which is the main
carbonated hydrate. However, in blended cements, due to the lower calcium hydroxide content,
carbonation of other hydrates also takes place and leads to a coarsening of the pore structure and an
increase of the total porosity [130]. Table 6-1 shows the variation of the solid volume (%) calculated
based on the density of the main hydrates from [55]. For example, the carbonation of portlandite and
Ci.67SH2.1 leads respectively to an increase of 11% and 8% of the solid volume. However, the
carbonation of C;33SH2, and ettringite leads respectively to a decrease of 5% and 48% of the solid
volume.

Table 6-1 Properties of portlandite, C-S-H, ettringite and calcite from [16,55].

Mineral Molar volume Variation of solid
(cm3/mol) volume

(%)
Portlandite 33 +11
C-S-H (C1.67SH2.1) 78 +8
C-S-H (C1.335H2.2) 76 -5
Ettringite 707 -48
Calcite 37 -

The carbonation rate varies with the relative humidity (RH). Moisture content is a critical factor that
determines the phase composition and pore structure [132]. From 50 to 75% of RH, the carbonation
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rate is at its highest level. For RH < 50%, there is not enough pore solution for CO; to dissolve and
carbonation does not occur. For RH>75%, the diffusivity of CO> is slowed down due to the high-
water content [133,134].

The resistance of Limestone calcined clay cement (LC?) to chloride ingress [116,135,136] and to
carbonation [128,137,138] have been investigated. LC? blends are known to have a better chloride
resistance and a lower resistance to carbonation than PC.

This chapter focuses on assessing both the chloride and carbonation resistance of PC, LC? and LC3-
CAC blends. LC? incorporating two types of CACs (ACAC1.7 and ACAC2.2) are studied. The
chloride resistance was assessed by using the mini-migration test. The effective diffusion coefficient
was calculated based on simplified Nernst-Planck equation. The diffusion process of chloride is
affected by factors such as its binding into C-S-H and AFm phases. In this study, chemically bound
chloride in AFm phases was quantified with X-Ray Diffraction (XRD)-Rietveld method. The
estimated C-A-S-H content using the Gibbs free energy minimization software (GEMS) and the Cl/Ca
atomic ratio of C-A-S-H from Scanning Electron Microscopy - Energy Dispersive X-Ray
spectroscopy (SEM-EDX) measurements allowed to get a rough estimation of the physically bound
chloride on C-S-H.

The influence of carbonation under natural and accelerated conditions was investigated. The
carbonation depth was estimated using an acid-base color indicator. For natural carbonation study,
SEM and XRD were used to track the microstructural and phase changes. In addition to that, the
effect of forced carbonation on the strength performance of PC, LC? and LC3-CAC blends was
studied.

6.2 Materials and methods

6.2.1 Raw materials

The raw materials used in this study are the same detailed in Chapter 3. The physicochemical
properties are shown in Table 6-2. Cements phase compositions from XRD-Rietveld analysis are
shown in Table 6-3.
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Table 6-2 Physicochemical properties of PC, ACAC1.7, ACAC2.2, Anhydrite (Cs) and CClayl.

(Wt.%) PC ACAC1.7  ACAC22  Cs CClayl
AlLO; 4.56 45.71 40.12 - 31.74
Si0, 20.08 4.75 4.55 0.18 62.91
CaO 63.59 43.68 49.36 42.00 0.07
Fe,0;3 3.18 1.74 1.90 0.01 1.15
MgO 1.85 0.90 0.48 1.14 0.19
K>0 0.95 0.26 0.23 - 0.42
Na,O 0.16 0.07 0.06 - 0.00
P,0s 0.18 0.13 0.11 0.01 0.05
SO; 3.27 0.10 0.04 56.62 -
TiO, 0.35 221 1.78 - 1.50
Cr203 0.01 0.13 0.04 - 0.02
MnO 0.04 0.07 0.03 0.00 0.01
SrO 0.06 0.00 0.04 0.13 -
Zn0O 0.00 0.00 0.00 0.02 0.00
LOI* 1.65 0.10 0.12 - 2.3
SSA* (m?/g) 1.41 0.50 0.70 0.97 17.24
Dy 50 (um) 13.67 11.75 12.7 5.20 7.31

LOI* Loss of ignition, SSA Specific surface area

Table 6-3 Cements phase composition from XRD-Rietveld analysis.

Phase (wt.%) PC ACACI1.7 ACAC2.2
GCsS 70.4 - -
CaS 7.8 - -

C4AF 8.5 - -
GA 6.3 - -
Dolomite 0.9 - -
CsH» 2.4 - -
Cs 0.3 - -
Cc* 2.6 - -
CA - 7 -
C2AS - 0.15 -
CFT* - 1 -
Ci2A7 - 0.45 7.3
Magnetite - - -
Periclase 0.5 - -
Quartz 0.3 - -
Amorphous - 91.40 92.7

*Cc: CaCOs, CFT: Perovskite
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6.2.2 Mixture design and sample preparation

6.2.2.1 Mixture design

Mix compositions of the investigated systems is shown in Table 6-4.

Table 6-4 Mix compositions of the investigated systems (wt. %).

System PC CAC Cs CClay CsH; Cc Citric Na;CO;
acid

PC 100 - - - - - -

LC? 52.66 - - 25 2.34 20 - -

LC*-10%(ACAC1.7,Cs) 52.15 5 5 24.76 2.34 9.81 0.33 0.61

LC’-10%(ACAC2.2,Cs) 52.15 5 5 24.76 2.34 9.81 0.33 0.61

6.2.2.2 Sample preparation for mini-migration tests

The water to binder ratio (w/b) was 0.4. Dry mixes were mixed with deionized water using a mixer
at 1600 rpm for 2 minutes. To remove air bubbles trapped within the cement paste, a mixing under
vacuum was carried out at 450 rpm for 1 minute. Cement paste was then introduced in a plastic
cylinder and sealed with parafilm and a lid. Hardened cement paste was demolded after being stored
for 1 day at 20°C. Following that, samples were cured until 28 days in water in presence of small
pieces of hardened cement of the same specimen. The aim is to provide a pore solution curing and
avoid ion leaching.

6.2.2.3 Sample preparation for carbonation tests

Two exposure conditions were selected in this study:

For natural carbonation, the water to binder ratio (w/b) was 0.4. Dry powder was mixed with
deionized water then placed in cylindrical plastic containers. Samples were demolded after 24 hours
and were then cured for 3 days in a humid chamber. To have unidirectional carbonation, all surfaces
were coated with epoxy resin and covered with aluminum tape as shown in Fig. 6-1(a). Paste samples
were exposed to natural carbonation for 4, 7 months and 1 year for PC, LC? and LC3-CAC blends.
The RH of the room is ~ 60-65%.

Forced carbonation was studied on mortar cubes using the same protocol for mortars preparation for
compressive strength test (Chapter 3). After demolding, prisms were cut to 40x40x40mm cubes.
Cubes were cured for 7 days in a humid chamber. After that, a part of the cubes was stored in a glove
box saturated with CO, and RH ~ 75%. The glove box was filled every two weeks with CO». The RH
was maintained ~ 75% using sodium nitrate. The forced carbonation set-up is presented in Fig. 6-1(b).
Some of the cubes were stored in the humid chamber until the testing age. It is worth noting that the
aim of the forced carbonation experiments is to study the impact on the strength and not the
carbonation rate.
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a) b)

Fig. 6-1 Exposed cement paste to natural carbonation (a) and mortar cubes to forced carbonation (b).

6.2.3 Methods

6.2.3.1 Mini-migration test

After pore solution curing for 28 days, cylindrical specimens of 10 mm thickness and 35 mm diameter
were cut. Sand paper was used to give a flat contact surface on both sides. Dust was removed by
cleaning the sample in ultrasonic bath for 30 seconds, then they were mounted in a plastic ring with
silicon. Samples were stored in a humid room for 3 hours to let the silicon dry. Samples were then
immersed in NaOH (0.3M) for 48 hours under a small vacuum. Afterwards, upstream and
downstream cells were attached to each other with the sample in between and two rubber rings. One
rubber ring for each side. The upstream and downstream reservoirs were filled at the same time with
different solutions. The upstream solution is NaOH (0.3M) and NaCl (0.5M). The downstream
solution is NaOH (0.3M). The mini-migration setup is shown in Fig. 6-2. The applied voltage
determines the duration of the experiment. An appropriate voltage was selected for each system. The
aim is to obtain an initial current between 5-25mA. Table 6-5 shows the applied voltage for PC, LC?
and LC3*-CAC blends. The current was continuously recorded during the experiment using a logging
instrument (Squirrel Data Logger). The current curve enables to identify the interesting region to
calculate Defr.
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Upstream Downstream
reservoir reservoir

0.5M NaCl

0.3M NaOH

Fig. 6-2 Mini-migration test setup

Table 6-5 Applied voltage for PC, LC? and LC3-CAC blends.

Notation Applied voltage (V)
PC PC 5
LC? LC? 12
LC*-CAC LC*-10%(ACAC1.7,Cs) 12
LC>-10%(ACAC2.2,Cs) 10

The effective chloride diffusion coefficient (Deff) was calculated using a simplified Nernst-Planck
equation for transport in solution according to Eq.7.

]downRT [
Depf == ——
ff =7C,, F AE )

Cyp is the chloride concentration in the upstream reservoir (mol/m?), R is the gas constant, T is the
temperature (K), F is the Faraday constant, | is the sample thickness and AE is the difference between
the initial and final voltage in solution. J4own is the chloride flux through the specimen (mol/m?s). It
is expressed according to Eq.8.
1 -
]down - A MwCl_ (8)

A is the surface area of the specimen (m?), Myci is the molar mass of chlorine (g/mol), mg;- (g/s) is
the chloride slope mass from the titration of chloride of the downstream cell. For 14 days, every 2-4
days, SmL were taken from the downstream cell. To maintain the same total solution volume, the
taken solution was replaced with SmL of fresh NaOH (0.3M). To obtain the evolution of the chloride
mass over time (days), the sampling solutions (collected every 2-4 days) from the downstream
reservoir were titrated with AgNO;3 (0.05M) using TitroLine ® 5000. The instrument is calibrated
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with a standard solution of NaCl (0.1M). Titration results of the downstream cell of PC as a function
of time is shown in Fig. 6-3. The time needed for chloride to pass from the upstream reservoir to the
downstream reservoir is to. Following that, as long as the change in the concentration in the
downstream cell is negligible, a constant migration regime is observed (~ 14 days). The slope of the
chloride mass as a function of time gives the chloride flow that is used to calculate the Der.

PC
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i mCl-= 0.0234t-0.041
el 2=0.997
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Fig. 6-3 Evolution of chloride mass mc. in the downstream cell from titration as a function of time (days).

Cement paste samples were analyzed by XRD after 28 days of hydration and after running the mini-
migration test. A solid solution between Friedel’s salt and Hemicarboaluminate (Hc) was considered
to quantify the chemically bound chloride in all blends. The quantification of the ettringite, Friedel’s
salt solid solution and CO3-AFm content was conducted by XRD-Rietveld refinement method using
the High Score Plus Software.

After stopping the hydration using the solvent exchange drying method [67], the following
experiments were conducted.

SEM-EDX was used to determine the elemental composition (Al/Ca, Si/Ca and CI/Ca) of C-A-S-H
after the chloride ingress. The aim is to quantify the physically bound chloride. It was assumed that
using the solvent exchange method will not remove the physically bound chloride on C-A-S-H. SEM
samples were prepared according to [67].

Additionally, image analysis by element distribution maps were carried-out. BSE images were linked
to EDX mapping with the edxia platform [99]. Based on ratio plots of Al/Ca vs. Si/Ca and Cl/Ca vs.
Al/Ca obtained from EDX maps, representative points were attributed to C-S-H and CO3-AFm and
Friedel’s salt solid solution phases. To observe the distribution of these phases after chloride ingress
in the microstructure, masks were created from the regions identified in the ratio plots. This allows
to observe these phases in the microstructure phases after the exposure to chloride.
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Thermodynamic modelling was carried out with GEMS to determine the phase assemblage after 28
days of hydration and particularly the C-A-S-H content. The multiplication of the Ca content in C-A-
S-H by the Cl/Ca ratio will allow to estimate the amount of physically bound chloride to C-A-S-H.

Pore structure was characterized by MIP. Experiments were performed using a Porotec 140 and 440
devices. The contact angle between mercury and paste is 140°. Samples were tested after 28 days of
hydration to assess the pore network.

6.2.3.2 Carbonation tests

For both natural and forced carbonation tests, to observe the extent of CO> ingress, the carbonation
depth was measured after cutting the paste cylinders and mortar cubes into two equally pieces.
Measurements were made after 4, 7 months and 1 year of natural carbonation exposure and after 6
months of forced carbonation exposure. Thymolphthalein was used as an acid-base indicator color.
Depending on the pH, this color indicator changes from colorless to blue. Below a pH of 9.3-10.5, it
is colorless. Above this pH, it gives a blue color. From the measurement of the carbonation depth as
a function of time, the carbonation coefficient can be estimated. It represents the slope of the
regression curve of the carbonation as a function of the square root of time.

XRD together with Rietveld refinement was used to quantify the transformation of crystalline phases
to carbonated products. The amorphous part was determined using the external method.

To characterize the changes in the microstructure due to the difference in the molar volume of
hydrates and carbonated phases, SEM-BSE micrographs were taken. The effect of natural carbonation
on the chemical composition of C-S-H was also investigated with SEM-EDX. Around 150 points C-
S-H points were analyzed each time from a non-carbonated region and a carbonated region. The aim
is to see if there is any difference in the C-S-H composition and if decalcification of C-S-H occurs.

The effect of natural carbonation on the porosity was investigated with MIP. The purpose is to
compare the pore structure between a carbonated and a non-carbonated region.

To assess the effect of forced carbonation on the strength, compressive strength was performed after
6 months on both the exposed and non-exposed samples to COx.

More details about XRD, SEM, MIP can be found in the previous chapters.
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6.3 Results and discussion

6.3.1 Mini-migration study

6.3.1.1 Effective diffusion coefficient (Desr)

The effective diffusion coefficient of chloride for PC, LC?, LC3-10%(ACAC2.2,Cs) and -
10%(ACACI1.7,Cs) was calculated according to Eq.7. For all the investigated systems, the mini-
migration test was performed twice. The Desr values shown in Fig. 6-4 are the average value of two
replicates. A significant reduction of Defr is observed for LC* and LC3-CAC blends compared to PC
system. The incorporation of CAC and Cs shows a further improvement of chloride resistance
compared to LC?. Among all the investigated systems, LC? blended with 10%(ACAC2.2,Cs) has the
lowest Defr. To understand these results additional characterization techniques were used.

PC

} m LC
B LC>-10%(ACAC2.2,Cs)
# LC>-10%(ACAC1.7,Cs)

Effective diffusion coefficient

R m
o L I =

Fig. 6-4 Effective chloride diffusion coefficients measured from chloride flows in mini-migration tests for PC, LC?,
LC?with 10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs).

6.3.1.2 Chemical binding of chloride

Fig. 6-5 shows Friedel’s salt (Fs), Friedel’s salt solid solution (SS), CO3-AFm (Hc+Mc) and the
ettringite content for PC, LC?, LC3*-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) before and after the
mini-migration test. A solid solution between Friedel’s salt (Fs) and Hc was considered, as a peak
shift occurred between Hemicarboaluminates (Hc) and Fs for all the investigated systems, as shown
in Fig. 6-6. This is in agreement with previous studies [30,109] where a solid solution between Fs
and Hc was observed in blends containing limestone. The results presented in Fig. 6-5 show that a
more chemical binding of chloride is observed with LC? compared to PC. This is in agreement with
previous studies where it was reported that aluminate rich SCM’s such as calcined clay contribute to
the increase of chemical chloride binding thanks to the formation of additional Friedel’s salt.
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However, for blended systems a non-negligible amount of carboaluminates remained after the test.
For LC? -CAC blends, although they had an important CO3-AFm content, the binding capacity was
not improved compared to LC? and even less chloride is chemically bound to COs-AFm phases
compared to PC. William et al. showed that in systems with a relatively high sulfate contents ions
compete for incorporation/ adsorption in aluminous hydrates [139]. The smaller chemical binding of
Cl in LC?>-CAC blends compared to PC can be attributed to the higher sulfate content of these mixes
(Chapter 5, Fig. 5-3). It is also worth noting that in addition to the solid solution of Friedel’s salt, a
small amount of pure Friedel’s salt was detected in all the investigated systems.
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Fig. 6-5 Friedel's salt, Friedel’s salt solid solution (SS), CO3-AFm (Hc+Mc) and ettringite content before (B) and after
(A) mini-migration test for PC, LC?, LC*-10%(ACAC2.2,Cs) and LC3*-10%(ACAC1.7,Cs).
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Fig. 6-6 Hemicarboaluminates (Hc), Friedel’s salt (Fs), Friedel’s salt solid solution (SS) and Monocarboaluminates
(Mc) XRD peaks for PC, LC?, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) after the mini-migration test.
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6.3.1.3 Physical binding of chloride

The physical binding of chloride to C-A-S-H was also investigated. The average C-A-S-H
composition was determined from the plot of Al/Ca vs. Si/Ca atomic ratios. Fig. 6-7 shows C-A-S-H
composition for PC, LC? and LC*-10%(ACAC2.2,Cs). Based on the selected Al/Ca of the C-A-S-H,
the Cl/Ca ratio of the C-A-S-H was determined from the plot of Cl1/Ca vs. Al/Ca. Table 6-6 gives the
Al/Ca, Si/Ca and Cl/Ca atomic ratios obtained by SEM-EDX. The variation inside the same system
is larger than between the different systems. The high error in the determination of the Cl/Ca ratio is

related to the EDX detector. As chloride is a light element, it is not well quantified.
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Fig. 6-7 Al/Ca atomic ratio as a function of Si/Ca atomic ratio after chloride ingress determined by SEM-EDX
for PC (a), LC? (b) and LC?*-10%(ACAC2.2,Cs) (c).
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Table 6-6. Al/Ca and Si/Ca atomic ratios of C-A-S-H after chloride ingress by SEM-EDX.

Al/Ca Si/Ca Ca/Si Cl/Ca
PC 0.064+0.015 0.59+0.01 1.69+0.01  0.018+0.011
LC? 0.23+0.01 0.74+0.01 1.74+0.01  0.009+0.008
LC3-10%(ACAC2.2,Cs) 0.20+0.02 0.64+0.01 1.56+0.01 0.011+0.014

The amount of bound chloride into C-S-H was calculated by multiplying the Cl/Ca ratio by the total
amount of Ca in C-A-S-H. Results, shown in Table 6-7, indicate that a higher amount of C-A-S-H is
formed with LC? compared to PC and LC3-10%(ACAC2.2,Cs). The lower C-A-S-H content using
the ACAC2.2 compared to LC? can be explained by the slightly lower degree of reaction of
metakaolin in this system (Chapter 3, Fig. 3-15(b)). Regarding the amount of Cl physically bound to
C-A-S-H, it can be seen that PC system has a high chloride binding compared to LC? and LC3-CAC
blends. A previous study showed that an increase of the Si/Ca ratio is responsible for decreasing the
binding capacity. This was explained by the increase of deprotonated silanol group at the surface of
C-A-S-H and a reduced availability of calcium that forms a net positive charge on C-A-S-H
responsible for promoting chloride binding [140]. Incorporation of aluminum is also found to reduce
the chloride binding for same Ca/(Si+Al) [140]. The incorporation of aluminum decreases the number
of total adsorption sites in C-A-S-H. In our case, higher Si/Ca and Al/Ca ratios are obtained in blended
systems. This can explain the lower content of physically bound chloride to C-A-S-H.

Table 6-7 C-A-S-H content determined using thermodynamic modelling and the amount of chloride
chemically bound to C-A-S-H for PC, LC? and LC?-10%(ACAC2.2,Cs).

C-A-S-H content from GEMS Cl in C-A-S-H (mg/g pate)

(g/100g of solid)
PC 40.8 1.80
LC? 49.6 0.99
LC3-10%(ACAC2.2,Cs) 36.8 0.95

6.3.1.4 Pore structure at 28 days

To understand the reason why LC3-CAC blends show a better chloride resistance compared to LC?
and LC3-CAC blends, the pore structure was characterized after 28 days of hydration. Results are
plotted in Fig. 6-8. A reduction in the total porosity of LC3-CAC blends compared to PC and LC?
systems is observed. The total porosity is around 20% and 13% respectively for LC3-
10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) against 23% and 22% respectively for PC and LC?. The
reduction in porosity of LC3-CAC is attributed to the additional ettringite formation and its good
capacity to fill space. On the other hand, it can be seen that ACAC1.7 has the smallest critical pore
entry size followed by ACAC2.2 blend. The peak indicating the existence of coarse porosity in
ACAC2.2 blend is unexpected and could be due to a possible bad packing in this system. It is worth
noting that the decrease in the total porosity or in the critical pore entry size is not proportional to the
enhancement of the chloride resistance. Furthermore, ACAC1.7 blend has a lower total porosity and
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smaller critical pore entry size compared to ACAC2.2 but a higher chloride diffusion coefficient
compared to ACAC2.2.
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Fig. 6-8 Cumulative pore volume curves (a) and their first derivative (b) for PC, LC? and LC3>-CAC blends at 28 days.

6.3.2 Natural Carbonation study

6.3.2.1 Carbonation depth

Fig. 6-9 shows the carbonation depth as a function of the square root of time for PC, LC3, LC3-
10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs). The carbonation depth increases with the increase of
exposure. LC3-CAC blends have a higher carbonation depth compared to LC?. Among all the tested
systems, PC, where most CaO is available, has the lowest carbonation depth.
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Fig. 6-9 Carbonation depth for PC, LC?, LC?-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) determined using
Thymolphthalein.

6.3.2.2 Carbonation coefficient

The estimated carbonation coefficients for PC, LC3, LC3-10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) are shown in Fig. 6-10. Results show that PC has the lowest carbonation
coefficient. LC? has a higher carbonation coefficient than PC. Blending LC? with CAC shows even
higher carbonation coefficient compared to LC3. However, within the CAC blends, LC3*-ACAC2.2
blend has the highest carbonation coefficient.
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Fig. 6-10 Carbonation coefficient for PC, LC3, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) of natural
carbonation on cement paste cured for 3 days before exposure.
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6.3.2.3 Phase assemblage

XRD-Rietveld quantification results after 4 and 7 months of exposure (C) and non-carbonated (NC)
samples are shown in Fig. 6-11. After 4 months of hydration, all NC systems have portlandite,
ettringite and CO3-AFm as crystalline hydration products. After 7 months of hydration, same hydrates
are observed in the NC systems, except portlandite that is not present in LC3-10%(ACAC1.7,Cs). In
carbonated specimens, it can be seen that portlandite is depleted except in PC system where
portlandite is still present even after 7 months of natural carbonation. It can be also seen that in all
samples, carbonation of ettringite, CO3-AFm phases and portlandite is taking place and calcium
carbonate is formed. Only calcite is formed for PC reference. However, different polymorphs of
calcium carbonate (vaterite, aragonite and calcite) are present in LC? and LC?*-CAC blends. Contrary
to PC, further hydration of C3S and C»S was observed in LC? and LC*-CAC blends. The amorphous
part includes C-S-H, non-reacted calcined clay, silica and alumina gel and possibly other minor
phases. It is also important to note that although the high portlandite content in the non-carbonated
sample of LC3-ACAC2.2 blend compared to LC*-ACAC1.7 blend. LC3-ACAC?2.2 blend has a higher
carbonation coefficient.
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Fig. 6-11 Phase assemblage by XRD-Rietveld analysis for PC, LC?, LC3- 10%(ACAC1.7,Cs) and -10%(ACAC2.2,Cs)
after 4 and 7 months of exposure.
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6.3.2.4 Microstructure observation

SEM-BSE images of carbonated and non-carbonated regions of PC, LC? and LC?-10%(ACAC2.2,Cs)
are presented in Fig. 6-12. It is clear that carbonation leads to a change in the microstructure. No
portlandite is observed in any of the carbonated systems (C). Carbonation of LC3 and LC3-ACAC2.2
blends leads to a more porous microstructure, which can be explained by the difference in molar
volume of the hydrates and the carbonated phases. This in agreement with previous studies [128,141].
Additionally, two rims of C-S-H (dark inner rim and outer bright rim) are observed in blended
systems. Similar observation was made by Shah et al. [128], who explained the darker rim by the
further hydration during the exposure period. The outer brighter rim corresponds to the inner rim
formed before the exposure to CO,.

103



Chapter 6 Durability properties of LC*-CAC blends

$ é‘,:j »35 3 &s
» Outer bright

1200 x HV: 15.0 kV WD/ 125 mm

Fig. 6-12 SEM pictures of PC, LC? and LC3-10%(ACAC2.2,Cs) of a non-carbonated (NC) and carbonated (C) front
after 7 months of exposure.
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6.3.2.5 C-S-H chemical composition

The effect of natural carbonation on the C-S-H chemical composition was investigated. Fig. 6-13
shows the atomic plots of Al/Ca vs. Si/Ca of measurements performed on C-S-H from the carbonated
region (both inner dark rim and outer bright rim) and on C-S-H rims from a non-carbonated region.
For PC system, Fig. 6-13(a) shows that C-S-H selected in carbonated regions has a lower Si/Ca ratio.
This could be due to its intermixing with calcium carbonate. LC? and LC3-10%(ACAC2.2,Cs) results
respectively presented in Fig. 6-13(b) and (c) show that the dark C-S-H _C (d) has a high Si/Ca and
Al/Ca ratios confirming the decalcification of C-S-H and the formation of silica and alumina gel. For
LC? and LC3-CAC, the bright C-S-H (outer C-S-H rim in the carbonated region) has a chemical
composition very close to the C-S-H in the non-carbonated region (C-S-H_NC).
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Fig. 6-13 Al/Ca vs. Si/Ca atomic ratios of C-S-H_ C: bright outer rim in a carbonated region, C-S-H_C (d):
dark inner rim in a carbonated region and C-S-H_ NC: inner C-S-H in a non-carbonated region from SEM-
EDX measurements for PC (a), LC? (b) and LC>-10%(ACAC2.2,Cs) (c) after 7 months of exposure.
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6.3.2.6 Porosity characterization

Fig. 6-14 compares the pore structure for PC (a), LC? (b) and LC3-10%(ACAC2.2,Cs) (¢) each time
of a non-carbonated and carbonated samples after 7 months of exposure. For PC system, a slightly
higher total porosity and coarser pores are obtained with the carbonated system. As portlandite is the
main carbonated phase in PC system, the formation of calcium carbonate was expected to lead to an
increase in the total solid volume of 11% (as shown in Table 6-1). However, XRD-Rietveld
quantification results presented in Fig. 6-11 showed that carbonation of other hydrates (ettringite and
CO;-AFm phases) that have a higher molar volume than calcite is also taking place in the PC system.
This can explain the slight increase and coarsening of porosity. For LC? and LC3-10%(ACAC2.2,Cs),
the carbonation does not significantly impact the total porosity but leads to an important coarsening
of pores. This can be explained by the change in the solid volume. Due to the low portlandite content
in these blends, carbonation of AFt and COs-AFm phases is more important compared to PC. As
shown in Table 6-1, the carbonation of AFt (ettringite: a main hydrate in these blends) leads to a
decrease of 48% of the solid volume. In our case, this led to a slightly higher total porosity and more
importantly to a coarsening of the porosity.
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Fig. 6-14 Cumulative pore volume curves for PC (a), LC? (b) and LC3-10%(ACAC2.2,Cs) (c) carbonated: C and
non carbonated: NC blends after 7 months of exposure.
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6.3.3 Forced carbonation

6.3.3.1 Carbonation depth

To assess the carbonation depth of PC, LC? and LC3-CAC blends, mortar specimens were split and
sprayed with Thymolphthalein. Results after 6 months of forced carbonation are shown in Fig. 6-15.
It can be seen that CO; can ingress from all directions. Estimated carbonation depth of the investigated
systems is shown in Table 6-8. PC has the smallest carbonation depth. LC?® and LC3-
10%(ACAC2.2,Cs) are fully carbonated. Although the portlandite content is the lowest in the non-
carbonated specimen of LC3-10%(ACAC1.7,Cs), as shown in Fig. 6-11(a) and (b), it carbonates
slower than LC? and LC3*-10%(ACAC2.2,Cs) blends. This result is in agreement with the natural
carbonation study on paste where LC? blended with ACAC1.7 was also carbonating slower than LC?
blended with ACAC2.2. This suggests that not only portlandite availability and the amount of total
CaO are key factors in carbonation process. In addition also the pore structure plays an important role
and the slightly higher and coarser porosity observed before carbonation (see Fig. 6-8) could be
responsible for lower carbonation depth observed for LC3-10%(ACAC2.2,Cs).

a) b)

Fig. 6-15 Mortar specimens split and sprayed with Thymolphthalein to measure the carbonation depth for PC (a), LC?
(b), LC*-10%(ACAC2.2,Cs) (c) and LC3-10%(ACAC1.7,Cs) (d).
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Table 6-8 Carbonation depth for PC, LC3, LC3-10%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs).

Sample name Carbonation depth (cm)
PC 0.47 £0.08
LC? fully carbonated
LC3-10%(ACAC2.2,Cs) fully carbonated
LC3*-10%(ACAC1.7,Cs) 1£0.15

6.3.3.2 Compressive strength

The compressive strength results of PC, LC3, LC*-10%(ACAC2.2,Cs and -10%(ACAC1.7,Cs) mortar
cubes exposed and non-exposed to forced carbonation for 6 months are shown in Fig. 6-16. Results
show that the carbonated specimen of PC has a higher strength compared to the non-carbonated
specimen. The full carbonation of LC? and LC3*-ACAC2.2. blends lead to a reduction in the strength.
However, comparable strength to the non-carbonated PC sample is obtained in presence of ACAC2.2.
Interestingly, the carbonation of LC3-10%(ACAC1.7,Cs) blend did not decrease the compressive
strength significantly.
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Fig. 6-16 Compressive strength development for PC, LC3 LC3*-10%(ACAC2.2,Cs) and LC3-10%(ACAC1.7,Cs) each
time for non-carbonated (NC) and carbonated (C) specimens.
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6.4

Conclusions

This study focused on investigating the durability properties of LC?*-CAC blends and on comparing
them to PC and LC?.

Chloride resistance of the investigated blends was assessed with the mini-migration test method. This
method was supplemented with other techniques to explain the obtained effective diffusion

coefficients (Defr).

Results showed that LC3-CAC blends have better chloride resistance compared to PC and
LC3. The effective chloride diffusion coefficient follows this order: LC3-10%(ACAC2.2,Cs)
<LC3-10%(ACACI1.7,Cs) < LC3 < PC.

The chemical binding of chloride in LC3-CAC blends was reduced compared to PC and LC?
systems. This can be explained by the relatively high sulfate content in these blends. Sulfate
ions can compete with chloride ions and thus less chloride will incorporate CO3-AFm phases.

Lower physically bound chloride in LC3-ACAC2.2 blend was observed in comparison with
PC. In LC3-ACAC2.2 blend, the formed C-A-S-H has a higher Al/Ca ratio and Si/Ca ratio.
The decrease of available calcium in C-S-H lowers the chloride binding.

Pore structure characterization at 28 days showed that in addition to reducing the critical pore
entry radius compared to PC, CAC and Cs incorporation led to a more important decrease of
the total porosity in comparison with LC3. This porosity refinement can explain the lower
chloride diffusion coefficients. However, the porosity refinement was not proportional to the
degree of improvement of chloride resistance.  Other factors such as chloride
incorporation/adsorption into ettringite could explain the enhancement of chloride resistance
in LC3-CAC blends but this was not explored in this study.

Carbonation was tested in both natural and accelerated conditions:

The natural carbonation study showed that LC*-CAC blends have a higher carbonation rate
compared to PC.

XRD-Rietveld results showed that except for PC, different polymorphs of calcium carbonate
(vaterite, aragonite and calcite) were formed from carbonation of hydrates. For PC, portlandite
is the main carbonated hydrate. For LC? and LC3-ACAC2.2 blend, due to the lack of
portlandite, all hydrate carbonate and the hydration of C3S and C,S was enhanced due to
exposure.

It was found that although the high portlandite content in the non-carbonated LC3- ACAC2.2

blend compared to the LC>-ACAC1.7 blend, LC?*-ACAC2.2 blend was observed to have a
lower carbonation resistance than LC3-ACAC1.7 blend. This was not expected.
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Microstructure observation of the carbonated region of LC? and LC3-10%(ACAC2.2,Cs)
blend showed two rims of C-S-H (a dark inner rim and a bright outer rim). SEM-EDS
measurements, showed that the bright outer rim has a composition close to inner C-S-H in the
non-carbonated region. The dark rim is silica and alumina gel that raises from decalcification
of the C-S-H formed during the exposure.

The pore structure network was impacted by carbonation. The coarsening of the porosity was
more important in LC? and LC3-ACAC2.2 blend in comparison with PC. This is explained by
solid volume changes. The lack of portlandite in these systems led to an important carbonation
of AFt and COs-AFm phases. These phases have a higher molar volume than calcium
carbonate.

The study of specimens exposed to forced carbonation is in agreement with the natural
carbonation study: LC3-ACAC2.2 blend is less resistant to carbonation compared to LC>-
ACACI1.7. The carbonation of PC lead to an improvement of strength. This is due to an
increase of the total solid volume due to calcium carbonate formation from portlandite
carbonation. Due to the decrease of the total solid volume induced by carbonation, the
opposite was observed for LC? and LC3-CAC blends. Although the reduction of strength due
to carbonation, LC3-ACAC2.2 blends still have at least similar strength to the non-carbonated
specimen of PC.
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7.1 Conclusions

The work elaborated in this thesis was focused on two main aspects: the first aspect is the study of
the hydration and strength of a fixing mortar formulation with/without calcined clay. The second one
explored the feasibility of substituting limestone in LC? with CAC and Cs in terms of hydration and
properties.

7.2 Interactions between calcined clay, PC, CAC, Cs and calcined clay in a fixing
mortar formulation

To isolate the hydration mechanisms taking place in a fixing mortar formulation, simple systems were
studied. The study covered two simple systems composed of:

1- PC with an increasing amount of (CAC+ Cs)
2- PC incorporating 20% calcined clay and with an increasing amount of (CAC + Cs)

Following that, a fixing mortar formulation with various calcined clay content was investigated. The
main findings of this study can be summarized as follows:

» Increasing the CAC and Cs substitution in a PC system led to a higher ettringite formation
and a lower portlandite content. This is because portlandite is involved in the ettringite
formation. However, the pozzolanic reaction of metakaolin was not impacted.

= Increasing the CAC and Cs content in PC with 20% calcined clay was observed to lead to
slightly lower degrees of hydration of C3S.

= In PC systems with CAC, Cs and calcined clay, the formation of stritlingite in addition to
monosulfate was observed. This was not the case for PC alone with calcined clay nor PC alone
with CAC and Cs.

= Compressive strength results showed the feasibility of using calcined clay as clinker substitute
in the studied fixing mortar formulation. Strength was reduced at early age due to the lower
amount of reacted CsS at higher CClay dosage. From 7 days onwards, at least similar strength
to the reference was observed. This was explained by the calcined clay reaction that is taking
place.
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7.2.1

7.2.2

7.2.3

Effect of incorporating CAC and Cs in an LC? blend

Strength results showed that the incorporation of CAC+Cs in an LC? blend as limestone
substitue was observed to give same or higher 1 day strength as/than PC reference.

» The early age strength performance of LC3-CAC blends depends on the C/A ratio as well
as the CAC content.

= The ettringite content was found to be independent of the C/A ratio of the CAC used,
depending on the amount of Cs present. Consequently, increasing the CAC and Cs content
was observed to lead to a higher ettringite content.

= Using a CAC with a C/A ratio of 1.7 “ACAC1.7” hindered the C3S hydration. Increasing
the amount added intensified this effect and led to a decrease in the early age strength.
However, using a CAC with a C/A ratio of 2.2 “ACAC2.2” did not produce such an effect
on the C3S hydration. Here, increasing the amount increases the strength.

» The incorporation of CAC and Cs was observed to slightly decrease the degree of reaction
of metakaolin.

The substitution of 10% of the overall LC?> by ACAC2.2 and Cs also showed equivalent
strength to PC at 1 day and higher strength from 7 days onwards.

Reasons of delaying alite hydration in LC? incorporating low C/A ratio CAC

The lower C/A ratio of CAC led to less calcium ions being released from CAC.

To trigger the C3S hydration, a critical calcium concentration seems to be needed in the pore
solution and particularly a supersaturation with respect to portlandite.

Calcium hydroxide addition enhanced the degree of hydration of C3S. The pore solution
results showed a higher calcium concentration than its reference system.

Long-term properties

LC3-CAC blends have a high late age strength compared to PC and LC>.

Thermodynamic predictions showed that a higher ettringite amount is present in LC*-CAC
blends than LC?. Additinally, predictions also showed that free water was present at 28 days
in all the investigated mixes.

The calculated volume fraction of the predicted phases from thermodynamic modelling
showed that C-S-H and ettringite occupy 49% of the total volume in LC? while they occupy
around 55% of the total volume in LC3*-CAC blends. This explains the high strength of LC3-
CAC blends.
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A good correlation was observed between the strength and the porosity. This demonstrates
that the high late age strength comes from the reduction of porosity due to the higher volume
of hydrates.

Relative humidity measurements showed that, for LC*-ACAC2.2 blend, although the critical
pore radius was higher than the calculated saturated pore limit, the critical pore entry was
refined. This shows that the hydration is continuing in LC3-CAC blend.

TEM images showed that CAC and Cs incorporation did not have an influence on the C-S-H
morphology.

The durability properties with respect to chloride ingress and carbonation resistance were
investigated.

LC3-CAC blends showed better resistance to chloride ingress than PC and LC? . The effective
diffusion coefficients of LC3-CAC blends calculated from the mini-migration method were
around ~9x lower than PC and ~1.8x lower than LC>.

The chloride binding was found to be lower in LC*-CAC blends than in PC. The reason behind
the observed improvement seems to be related to the porosity refinement compared to PC,
and to the decrease of the total porosity compared to LC?.

The natural carbonation study showed a higher carbonation rate of LC?*-CAC blends than PC.
LC3*- ACAC2.2 blend with a higher portlandite content than LC3-ACAC1.7 showed a lower
carbonation resistance compared to LC3-ACAC1.7. This was not expected as LC*-ACAC2.2
was observed to have a higher portlandite content.

Porosity characterization results showed that contrary to PC the carbonation of LC3*-ACAC2.2
blend induced an important coarsening of porosity. This is explained by the important
carbonation of phases other than portlandite (ettringite and COs-AFm phases). The
carbonation of ettringite is known to lead to a decrease of the total solid volume (-48%).
However, the carbonation of portlandite (main carbonated phase in PC) is known to lead to
an increase of the solid volume (+11%).

The effect of carbonation on the compressive strength was assessed after exposing mortar
samples to forced carbonation conditions. Similar to the natural carbonation study, the LC>-
ACAC 2.2 blend is less resistant to carbonation than LC3-ACAC1.7 blend. The carbonation
of PC led to an improvement of strength. However, the carbonation of LC? and LC*-CAC
blends led to a decrease in strength. The reason is mainly due to the volume changes induced
by carbonation as explained above. Strength results also showed that LC3-CAC blends still
exhibit at least similar strength to the non-carbonated PC reference system.
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7.3 Perspectives

7.3.1 Adjusting the mix design

For the fixing mortar formulation and in LC*-CAC blends, a part of the unreacted metakaolin could
be replaced by limestone. This would improve the rheology, reduce the admixtures content and
therefore reduce the cost of these two systems.

More work is needed to study the feasibility of reducing the CAC and Cs content together with the
admixtures content in LC3-CAC formulations. An optimization of the CAC, Cs and admixtures
content could lead to reducing costs. Therefore, it is interesting to better understand the effect of
admixtures on the hydration of LC3-CAC blends and explore if costs can be further reduced.

The influence of substituting the overall LC? by CAC and Cs should be further investigated. This
would allow to further reduce costs compared to the investigated LC*-CAC blends.

7.3.2 Assessment of metakaolin reactivity

The degree of reaction of metakaolin was computed using GEMS based on the portlandite content.
In LC3-ACAC]1.7, the portlandite content was quite low such that only a minimum reaction degree
could be quantified, which was associated with a high error. In addition to the thermodynamic
simulation, 2’ AI-NMR or ??Si-NMR could be used to quantify the reaction degree of metakaolin.

7.3.3 Long term properties

Regarding the chloride ingress, bulk diffusion would be an interesting method for comparison with
the mini-migration method. The bulk diffusion test would require a significant amount of time for a
measurement (6 months or more). Because of time constraints, it was not possible to run this
experiment. Indeed, using this method in the future would allow to measure chloride profiles after a
specific exposure time (months to years). The apparent diffusion (Dapp) coefficient could be calculated
for each system. It combines the binding of chloride and the chloride diffusion.

Some other properties could be investigated to validate the use of LC3-CAC blends in specific
environment. The interesting properties include the resistance to alkali silica reaction (ASR), the
resistance to sulfate attack and the corrosion resistance to chemicals.

It is known that mixes containing calcined clay exhibit very good resistance to alkali silica reaction.
This was attributed to the high aluminum ions concentration in these blends that could reduce the
silica dissolution and the ASR gel formation [142]. The presence of CAC in LC3-CAC blends is
responsible for a higher aluminum ions concentration in the pore solution which means that it would
take years to be able to study the ASR products and to identify the mechanisms taking place. For this
reason, investigating ASR using highly reactive aggregates would allow to study the ASR products
in a shorter period of time. In addition, the lower pH present in the LC3-CAC blends would also
strongly slow down ASR reaction [143].
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7.3.4 Further perspectives

It would be interesting to do a life cycle assessment (LCA) to this new LC?*-CAC blends. This would
alow to find a balance between mechanical performance, costs and CO; footprint.

From an application point of view, it would be also important to implement LC3-CAC blends in the
European standards.
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Effect of the curing temperature on the strength and hydration

The influence of decreasing the curing temperature was investigated. Two temeperatures were
compared: 5 and 20°C.

* Compressive strength

Fig. 8-1 shows the compressive strength for PC, LC? and LC? with 10%(ACAC1.7,Cs) and -
10%(ACAC2.2,Cs) up to 90 days, at 5 and 20°C. For all the investigated blends, the strength is
decreased by decreasing the curing temperature. At 5°C, PC and LC? systems show very low strength
at 1 day. On the other hand, incorporating rather ACAC2.2 or ACAC1.7 in LC? blends significantly
improves the strength at 5°C. At 90 days, contrary to PC and LC?, the curing temperature has no
effect on the strength of LC3-CAC blends.

80 1 mPC-20°C 8 PC-5°C

1 mLC-20°C o LC-5°C

1 ®LC*-10%(ACAC1.7,Cs)-20°C @ LC*-10%(ACAC1.7,Cs)-5°C
70 1 mLC-10%(ACAC2.2,Cs)-20°C  =mLC*-10%(ACAC2.2,Cs)-5°C

Compressive strength (MPa)

1d 3d 7d 28d 90d
Time (days)

Fig. 8-1 Compressive strength development for PC, LC3 and LC3-CAC blends cured at 5 and 20°C.

= Degree of hydration of clinker

To understand the strength results XRD-Rietveld analysis was carried-out up to 90 days. Fig. 8-2
shows the evolution of the degree of hydration of clinker for PC, LC?® and LC® with
10%(ACACI1.7,Cs) and -10%(ACAC2.2,Cs) up to 90 days of hydration. Results show that by
decreasing the curing temperature to 5°C the clinker hydration is slowed down for all the investigated
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blends. At late age, except for PC, the effect of the curing temperature is reduced and almost a similar
degree of hydration of clinker is reached for a same system at 5 and 20°C.

100 -
90 - L
80 1
70

60 -

Degree of hydration of clinker (%)

50 -
40 -
1 4 PC-5°C
30 - -&-LC-5°C
] -B-LC*-10%(ACAC1.7,Cs)-5°C
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10 4 —-LC*-20°C

i -B-L.C*-10%(ACAC1.7,Cs)-20°C
0 ——LC*-10%(ACAC2.2,Cs)-20°C

0.1 1 10 100
Time (days)

Fig. 8-2 Degree of hydration of clinker for PC, LC? and LC3*-CAC blends cured at 5 and 20°C.

= FEttringite and AFm phases content

Fig. 8-3(a) shows the ettringite content for PC, LC® and LC? with 10%(ACACI1.7,Cs) and -
10%(ACAC2.2,Cs) up to 90 days of hydration. It is clear that decreasing the curing temperature to
5°C leads to a low ettringite content at early age compared to 20°C. For LC*-CAC blends, the
ettringite amount is still high at 5°C and a similar ettringite amount is reached compared to systems
cured at 20°C from 7 days onwards. This explains the good strength of LC3-CAC blends at early age.
For all the investigated blends, at 5°C, the AFm type phases (Ms+Hc+Mc) formation is also delayed
as shown in Fig. 8-3(b). It starts to form from 7 days onwards at 5°C. These results explain the low
compressive strength obtained at 5°C compered to 20°C.
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Fig. 8-3 Ettringite and AFm type phases (Ms+Hc+Mc) Rietveld quantification results for PC, LC? and LC*-CAC
blends at 5 and 20°C.
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= Microstructure observation at 7 days

Fig. 8-4 shows SEM-BSE images of PC, LC? and LC? blended with 10%(ACAC2.2,Cs) and -
10%(ACAC1.7,Cs) at 7 days at a curing temperature of 5°C. Qualitatively, a less porous
microstructure is observed in presence of CAC and Cs.

PC5°C7d

Fig. 8-4 SEM pictures of PC, LC3, LC3-10%(ACAC2.2,Cs) and -10%(ACAC1.7,Cs) after 7 days of hydration
cured at 5°C.
LC3*-CAC blends keep showing a higher strength performance than PC and LC? at 5°C. The decrease
of the compressive strength performance of the investigated systems is explained by the slowing
down of the kinetics of the clinker hydration, the early ettringite formation and the AFm type phases
formation.
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