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>[ ve u o travaux réalisés dans le cadre du projet Sedicim ont eu pour dbjeet
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additions minérales.
La méthodologie A 0}@E]es §]}v EtHlgde:spuE of

X >[]v(ou v o[]v }JEE%}E S]}v M4 ¢ Ju vs euE o ¢}@&U S]}v
clinker et sur la performance mécanique du ciment a base du sédiment
x La réactivité, la performance mécanique, la microstructure du ciment CEM IIl en
remplacant une partie du laitier asédiment calciné par la méthode Flash.
x >[ (( 8 o u sz} 0 ]v 8]}v &0 ¢Z +uyE o E 3]A]E  %o)
Notamment, | }vEE] pusS]}v 4 ¢ Ju vs o ]Jv du cojeht; & S S]}
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matériau cimentaire.
Les études ont amené a synth&is%oope] pE+ o]vl E» p o }E& S}IE (]Jv [ §
o[]v JE% }E S]}v p eformatios dep @fhases du clinker ; puis la réactivité du
ciment a été étudiée a chaque étape.

Iv(on v o[]v } ®E%sédiEnenig sur la formation des phases minérales du clinker
Pour les deux formulations effectuées, les processus de clinkérisatiogisulgiires. La premiéere
formulation (la formulation de référence) se compose 4 oxydes principauxla fabrication du

ciment : CaO, SiO2, Al203 et Fe203. La deuxieme formulation contiemit2R¥sédiment en

remplacement des matiéres premiéres traditionnelles. Le résultat montre que :

X La présence des 4 phases principales du clinker a été identifiéelemmeux

clinkers.
>[IV JE%}IE 3]}v p e+ Juvs ( AYE]- o[]vS P@ 3p}v =«
phase alite qui conduit un changement du rapport CaO/SiO2 de phtse.

X La présence du sédiment favorise la formation de C3S sous le polymorphe M1 et
M3 due la présence des éléments mineurs tels que MgO et SO3.

X > Ju vs . H ¢ Ju vVvsS %E& » vS uv ]v S]«u [ZzC &
cimentde@®& ( E v X > ¢ ZC E S« (}JEU » 4 }HE*s Pt S U%oe
identiques a ceux de ciment de référence.

x Le développement de la résistance mécanique dans le temps a été obsergé sur |
deux pates de ciment hydratées.

v }JUSE U o[ZC Enents djaté medélisée avec succes en utilisant le code CEMHYD3D.
Cette modélisation a été validée en comparant les résultats expérimentaux et iquegr Grace
a cet outil, nous pouvons confirmer le comportement expérimental redatif o[ZC & S S]}v |
ciment synthétisé au laboratoire.

X
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pourcentage de sédiments (max 2%). Ceci est notamment lié & processus de fabpeatioie
ZUU]<H % E S]<pn %o B réefliatp oBtda(s axienent aux conclusions suivantes
X La présence du sédiment dans le mélange cru ne provoque aucun chartggamsna
formation des phases minérales du clinker.
X La réactivité du ciment a base sédiment est identique a celle de cimestsgaiment.
X La résistance en compression de deux ciments est supérieure a 52.5uvllea mortiers
VIEU 0] ¢ % E - 160 i}pE- [ZC E S S]}vX
Ce résultat a mis en évidence la capacifgud ] o ]  esgpdiments dans la fabrication de ciment
a échelle industriel.

La réactivité, la performance mécanique, la microstructure dment CEM IIl en remplacant

une partie du laitier par le sédiment calciné Flash.

>[pnsS]o]e SJ}v e Ju vsS &0 *Z 0 ]V % }UuE]EEUXREe 0 & WEE ]| %S S
ciment CEM Il est un des objectifs dans cette thése. Dans cette étuegitreents CEM 11 ont

été confectionnés : CEM IIl TM, CEM 111 2% ASL et CEM Ill 10%SF. Une tenedu Bédiment

calciné a été utilisée pour remplacer le laitier dans le CEM IIl 10% SF.

Les résultats montrent que :

X Les deux ciments CEM Ill TM et CEM Ill 2% ASL présentent les caractéristigues e
réactivité et le développement mécanique similaires.

x Le ciment CEM Il 10%SF présente une surface BET plus élevée, une réacsivité plu
importante. Par conséquence, ce ciment possede une résistance mécanique aux jeunes
ages plus élevées que les deux ciments CEM Il TM et CEM 11l 2%ASL.

X La présence du sédiment Flash qui a une réactivité pouzzolanique notabletpdgme
consommer plus rapidement la Ca(OH)2 dans les pates de cinen{}Eu & [ uSE
hydrates.

X La présence du sédiment calciné permet de réduire la taille des poresacativement
aux deux ciments CEM Il TM et CEM 11l 2% ASL.
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Flash permet de calciner a haute température pendant le temps trés ¢(gain énergétique).
Les résultats dans cette partie montrent que :
X La calcination a éliminé considérablement des matieres organiques dans le sédiment.
augmentation de la finesse et la transformation de la phase kaolinitigusédiment ont
été observées.

X > e e JuvSe o0 ]v e }vsS UuUO]}E o0 ]Jv S]l<p  [EG GusSvS]}v %
Epus v E pl]*vs o E S E o[ZC & S S]}vX
x La méthode de calcination Flash a déclenché la réactivité pouzzolanicaéelmhoent.
X >[]v }JE%}E S]}v pn ¢ Ju vs %0 %0} ES 0 W (0[Se oM @& < }vS
la résistance, la réduction des tailles des pores.
X > }veluu S]}v 0 %}ESO V]S % & o * Julvsv o py ] S

o[ v oCe Cedi'permet de confirmer la réactivit¢ pouzzolanique du sédiment
calciné.
>[]v JE%}E S]}v 4 * Ju vSs o]Jv & M]S O[pY NRUTES D[4 G IE
parts, elle a amélioré la performance mécanique de la matrice cimentaire. Qkatésst
]Jvs (E ¢+ vS ve O * [ %% 0] S]}v HMAE }HAE P ¢ u ¢*](X
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Livrable 3: Valorisation des sédiments dans la fabrication de ciments
Ce livrable a permis de montrer :
X La valorisation des sédiments dans les crus cimentaires est pertinente.
x |l est possible de fabriquer des ciments de type CEM |, CEM llI, LHR, a base de
sédiments sans dégrader les propriétés requises pour les ciments
X Pour le sédiment testé, une valorisation jusqu'a 7 % est possible, nvailela retenue
a échelle industrielle est de 2%
X Le suivi des planches et pilotes (application : dallage, bloc de l@sta cyclable), ne
montre pas d'effet néfaste manifeste des sédiments du point de vuaatp

environnemental

Livrable 4: Valorisation des sédiments flash-calcinés dans des liants cimentaires

x La flash calcination est une technique pertinente afin de traited'atméliorer les
sédiments de dragage

X La valorisation des sédiments flash-calcinés dans les liants est une approcéhentert

X Une valorisation jusqu'a 10% de substitution ne détériore pas les fiso@dunt du point
de vue mécanique et environnemental (des taux jusqu'a 30% testés sont égaleasent
intéressantes).

X Le suivi des planches et pilotes (application : dallage, piste cyclable), ne npastre

d'effet néfaste manifeste des sédiments du point de vue impact environnemental

Livrable 5: Synthése - Guide méthodologique
x Réalisation d'une synthese globale des résultats principaux

Le manuscritCi-%c & ¢« E % E ¢ vS 0 *CevSZ - o[ veuo ( SgC& A u
dans le cadre la thése liée au projet
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Résumeé

En France, environ 56 Mite sédiments sont annuellement dragués mais sont considérés
comme des déchets au vu de la réglementation. Cette quantité de sédipese aux
gestionnaires la responsabilité de trouver des solutions adaptédsy [ A]S E 3}us (( § v
*HE o[ VA]JE}vvV u v3X Vv }JUSE U o[]v pu*3E] Ju VI3V EH v&AEFEER}V]-.
16.7 Mt de ciment en 2019 consomme une tres grande quantité degreatpremieres extraites
* P]e uvse $ 00 * <pu o0 o0 JE U o+ EP]o <ébpreémierejcdiseE®& S])
% E ]J]oo pE- e« E] WA Vi uE VAJE}VV u VBWAEX WuE S}ve <
tant que matiére premiere dans la fabrication de ciments et de liaatsmnait étre une solution
a plusieurs avantages. Cette approche permaedinsi une réutilisation de quantités importantes
* Ju vSe Je%}v] 0 ¢ Vv S VS ch US]E %E u] @&E] *]ywsiEE %o}|
les liants pour la construction. Deux procédés de valorisation onttétiés pour atteindre les
objectifs de ce travail de recherche : le premier concerne la valorisdti®&diment dans le cru
Ju v JE U o[ A op 8]}v o ¢ (( & o[]v }E %JJEEUSIF W U e %l v S
minérales du clinker et la réactivité du ciment a base sédimensetande approche consiste
guantaelleao[psS]o]e SJ}v M ¢ Ju vS SE ]S % & ocpu[o ]¥]3VIv]&oE D
dans les liants. Les différents essais réalisés permettent de mettre eanéeides effets du
e JuvsS o ]Jv euE ol Zinelm eslaxphtribytion au développement des résistances
mécaniques, ainsi que sur la microstructure. Le comportement des matériaux formaigsi a
S Su | § A o] o Z oo A% EJuvsS o S vpu EkWSE ¥S (

unfortpoS v8] o [pS]o]e 8S]}v ¢ ¢ Ju vSe v SC% [ %o%0] S]}v

Mots clés : Sédiment, Ciment, Hydratation, Calcination Flash, Pouzg@a@EMHYD3D.
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Abstract

In France, approximately 56 Mrof sediments are dredged annually but are considered as waste
in view of the regulations. This amount of sediment places the onus on manaderd the right
solution to avoid any negative effects on the environment. In addition, thedfreeement
industry, with a production of around 16.7 Mt of cement in 20l8h)sumes a very large amount
of raw materials extracted from deposits such as limestone, clays, etc. The extractioasef
raw materials also causes serious environmental issues. Therefore, the use of deraelaw
material in the manufacture of cements and binders could be a solutitinsgveral advantages.
This approach thus allows the reuse of the large quantities ofremtti available as secondary
raw material for the cement industry and as binders for constructidre objective of this work
consists of (i) the valuation of the sediment in the cementitious rawenmt the evaluation of
the effects of the incorporation of the sediment on the formationttoé mineral phases of the
clinker and the reactivity of the sediment-based cement; (ii) the usth@fFlash calcination
treated sediment as a mineral addition in the binders. The optimized sedsnetggrated into
the binders induce an improvement in the properties studied. The aeslgrake it possible to
highlight in particular the effects of the calcined sediment on tlgdration of the cement and
the contribution to the development of mechanical strengths, as well @séonicrostructure of

a cementitious material.

Key words: Sediment, Cement, Hydration, Flash calcination, Pozzolanicy DBEMH
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Introduction générale

Le monde est plus que jamais face a des défis économiques, sociaux et envirotmemen
Jve < vEeX e (]* }%0%0}e vS O[!SE Zpu ]v pv@ }wAo ]} o EE }
modes de consommation et repenser son rapport avec son environnement. La révolution
]Jv pue$E] oo <«pu] » A}lpuo ]88 }EE o E o E RV « Py AHa Y] § -
intégrer dans son schéma la réutilisation des déchets et S6u& } pH]SeX [ S }v % &E
que la transition écologique et solidaire sera garantie et assurera auxaj@mér futures un
A V]E « E JvX []oo pEe* [ 3§ A E+ <pu}] *%]E vs ove KOW 3§ O
par exemple.
Les sédiments de dragage sont des matieres extraites des fonds marins et fluviaux. Leur
ASE S]}v % Eu § P E Vv3]E o }vv |JE pdu$3}s]lw E- oF] A}
Ep + 3 [Jviv 8]}vU 8§ X « Alopu o /ESE )13+ 3 vé SWE (}]
en termes de gestion. Une fois extrait les sédiments sont considérés pigléamentation en
vigueur comme des déchets. lls doivent donc satisfaire a des conds@tsfiques avant de
pouvoir étre réutilisés notamment dans les filieres de la construction. @ettee permet donc
0 AE &S ]Jve A EE}pue «] v3](J<p * 8 3v Zv]cu ENWIVE} oD
matrices cimentaires.
Le dragage des sédiments, puis leur valorisation est donc un processus nécespaitani et
qui prend tout son sens dans le contexte de développement durable &adsition écologique
SH oX [ UWSE % ESU o +» S pE 0 }JVeSES$ G]}%0p> GFES Ju
VAJE}Ivv u v3 oX >[]v p*3E] Ju v3 JE U <pu o<p % MAESMWGY -
des émissions de CO2 dans le monde et est fortement énergivore. En substigetoat ou
partie dans la formulation de matrices cimentaires par des sous-ptklg que les sédiments
pourrait représenter un avantage économique et écologique considérable [1]*S [ ]Joo U E-®
dans ce sens que la réglementatiods o Vv}@E&u o]e S]}v Su oo JUP vs A
récente en 2021 des normes CEM II/C et CEM VI permettant la corapasiticiment ternaire
notamment . SEE « S EPJ]oO - O ]Jv X [ ¢S [ ]JooSBE- %
u E Z af[E]s v ]J*ev 0 %E} S~ [/ /D Vve 0 <g 0 SS SZ o <]
> % E&}i § N [/ /D W™ | /D 8 pv % E}i § % ES v @] qewSE o]

Y/KDX >[} i $]( %o E}i § o8 U *S]SH E 0 ¢ Ju V8 Tl \
~ MI}UE [Zu] }vesS]Su US E] UE % E}A v vie E FEBIVE ep ¢
additions minérales pour la fabrication de liants cimentiers, de liaptisaduliques routiers ou de

S}veX >[ ve u O e e Ju vSe psSjo]e ¢ ve o0 E pE&BJEES B /

de connaitre exhaustivement leurs caractéristiques physiques, chimiques et minguaegi

Ainsi, a Dannes, un laboratoire de suivi environnemental de 100 m? a été ebdguensionné

spécifiguement pour le projet. Un ciment contenant du sédiment danscsorest préparé a

échelle industrielle (plusieurs dizaines de tonnes). Les liants prégarésutilisés pour la

réalisation de %oopue] HE*s % E} p]Se W oo P U o} S}v 8 E}pus
VAJE}vvV u v3 0 *38 pee] (( Su % &E o[]v pe3E] oX



Le projet SEDICIM est un projet FEDER qui rentre dans le cadre de la dénzimhalen

SEDIMATERIAWXt de la chaire industrielle et de recherche ECOSED 4.0.

Des études précédentes ont montré la faisabilité de la valorisation des sédimentdadans

fabrication de ciments mais la plupart sont restées au stade laboratoire sandrp en compte

des critéres industriels. En outre, la réactivité pouzzolanique du sédimaté par calcination

traditionnelle a été établie antérieurement, mais cette méthode de calmnat traditionnelle »
}veluu pv <p vS]S Ju%e}ES VS [ v EP] X de cete® m&thoae %o %o 0

pour traiter une grande quantité de sédiment notamment a cause de } | § SE ]S u vsX |

dans ce contexte que la méthode de calcination flash a été étudiés ldazadre de cette thése.

Fort de ces constats, cette thése a pourolid¢ [ Su ] E S usSSE Vv %0

innovantes de valorisation des sédiments de dragage dans les matrices cimentairese fanay,

deux axes de recherches sont développés. Le premier concerne la valorisatiorditesnse

dans le cru en prenant en compte les critéres industriels et le second corleatéeeloppement

§ o[ %S S]}tv o u S8z} 0 ]Jv 8]}v (0 *ZoYo¥RESO [ E]SH]ve

minérale a base de sédiments. Deux volets sont soubassés par une étape initaleaien de

07 sédiments de la région des Haut de France tenant compte deepts criteres : importance

du gisement, qualité des sédiments, propriétés intrinseques, etc.

Les travaux de caractérisation des matériaux sont effectués en paralléle par legattanaires

(EQIOM et IMT). Cela permet in finé de sélectionner les matériaux lesgutireepts et les plus

optimaux pour chaque axe de recherche. Ces derniers sont ensuite caracttiséstivement

. caractérisation minéralogique, physique, chimique, environnementale

Les travaux de la these contribueront aussi a concevoir, développer et mettre enyplace

installation semi-industrielle du four de calcination flash permetfaritaitement des sédiments.
Hee]U o0f]vesS 00 S]}v ermis feviraiter uA tonnage suffisant au projet pour

réaliser les ouvrages pilotes.

Au-dela des objectifs scientifiques de la thése, la finalité ade travail contribuera au

développement de nouvelles filieres industrielles de valorisation des sédintenidragage

% EU SS VS E & e tp o< [ }viu] ]E po ' %SE} p]&E
cimentaire a base de sédiment commercialisable et Eco responsable dans le s@&eur B
Apport scientifique

Les travaux effectués dans cette these permettront de résoudre certains vesorgtifiques,
§ Zv]<p e S 8§ Zv}o}P]J<pu o 0] o[usS]o]e S]}v e ¢ Ju vSe
composition et les propriétés intrinséques des sédiments, ne les prétent pas adodede
E psdlo]e 81}v 8 [ %% 0] 3]}veX /0 % ps o} WAEVE | PEER/FaLe | E
traitement adapté.

>« SE A p£E 8§ §Z ¢ ouE o[pS]o]e 3]}Vu vd |[EH v Eu HSe\
de développer de nouveaux liants cimentaires a moindre impact environnexhétaur cela il
faut aussi que ces sédiments aient des caractéristigues notamment clamggrmettant de
reconstituer les modules cimentaires (module silicique, aluminoefeeret facteur de saturation

' ' u®Z » JusS Bl WEW u®&Z vSsl}vo [ }u% Pv uvvs o
des sédiments pilotée par la région du Haut de France



en chaux). Aussi, les travaux menés permettent de monter que des sédimditigygement
choisis permettent de produire les phases cimentaires adéquatement méme agetadx

[V JE%}IE 3]}V %A v3 00 E VSE 1T 8 T1i%I¥ v v% |EFEE] 0]
aussi établie grace aux essais et production a échelle industrielle réalisgg(rs dizaines de
tonnes de ciment a base de sédiments produits).

WInE <u] *3 p A}o § (o «ZU o A oo ieSUEY30 0 OhputE]E S+ [i]

e (E *poS S JvS (E <+ vSe <fiorvdu fraiterhpbth s $€diments. Ce mode de
SE ]S u vSs e oepuE pv }veluu S]}lv o} E [ v EP] U %v&u S
élaborés et améliorées notamment du point de vue de leur réactivité chimiqueeteiats sur
0[}%S]u]e S]}v s devtrh#drhent constituent un socle intéressant pouvant étre
pos E] L& u vs %0 S [ USE « u 8 E] PAEXUSI((EE BIA]§} Es
notamment par des essais Frattini, Calorimétrie, etc. et montre de réeltgenpalités
notamment la possibilitté de substituer le ciment dans des matrices cimentggsces
sédiments flashcallv « Z pS pE& [ p u}]ve 719X
Enfin les travaux ont conduit a réaliser des ouvrages pilotes suaska tle ces matériaux. Ce
dernier servira de démonstrateurs et resterons en suivi sur une longue périogei paurrait
sans doute nous apporter des informations importantes a corréler avec nosatéset notre
démarche scientifique

Les travaux de recherches ainsi réalisés sont présentés dans ce manusurijagsgse en 2
parties composées de 5 chapitres:
Chapitre 1: Revue Bibliographie : Dans ce chapitre, nous présentons une devligérature
relative aux matériaux cimentaires et liants. Les mécanismes de formatigrheess principales
desclinkers,| }u%o}*]S]}vU o0 SCEY SHE * %Z * + C }vs S§]}vsS Joo
du ciment et les hydrates formées au cours du temps sont aussi discutéesc®eahnapitre nous
présentons également, une littérature relative aux sédiments en termdg@]P]v U
composition, de propriétés intrinséques, etc. Ainsi que les récentes readsesth le principe de
calcination flash.
Chapitre 2: Valorisation des sédiments dans le ctuFabrication de ciment portland, étude des
performances, analyse et moo]es S]}v o[,C & S S]}vX Z % ]S E S }v
o[]v(op v o[]v }E%}E S]}v H * Ju vS 4pE00 %oEH MBS |E %K.
ul]v E o+ Hd oOJvl EX > ¢ % E}%E] § ¢« U %}0oCuy@%dE S0 O[]
performances mécaniques de la pate de ciment hydratée est suivie. En ouffiérenies
u sz} - § Gu]v 8§]}v. pu PE 0[ZC E § §]}v SEZuUA E Ao o]
méthode la plus adaptée. Dans ce chapitre, la 8ih<u  hydvdtation est modé]s % & o[} uS]
CEMHYD3D.
Chapitre 3: Valorisation du sédiment contaminé dans le driApplication dans un projet
industriel « SEDICIM ». Ce chapitre présente les résultats de la vatoridatsédiment dans des
crus cimentaires. Des ciments CEM | et CEM lll ont été synthétisés au daleocaapartir des
U3] E « %E u] & « pdjoJe * Z 1 o[]v HeSE] 0] Wov&E*S v JJAE E 3 3] W
de substitution. La prise en compte des contraintes industrielles nous a pelengresser
enchainerdes Z EP » %}UE o ( E&] 38]}v p Ju vd Z>le0f]8Z}*3<E] o
et résultats sont décrits dans ce chapitre sous forme de deux articles



Chapitre 4: Optimisation de la température de calcination flash des sédiments Cerehesgt

}ve & o[ A op 3]}v o[l (( S 0 Jv S]}v &0 ¢Z epu<E 0 ve Ju \
pré et post traitement thermique permettent de déterminer une tempénat optimale pour le
% E} eope 0 ]v 8]}JvX ¢ v 0oCe v3 JUu%E v vZ]uJ<M op S]}v

us$ E] uAEU o[ A op 3]}v O[Ju%e S H SE ]S ueve}sSuuis oS %Boo @}
observation MEB, analyses granulométriques, etc. Mais aussi le suivi des performances
mécaniques des mortiers a base des matériaux traités.

Chapitre 5: Hydratation du liant & base de sédiment Flash et impact du tawsubstitution sur

0°* % E(}EUV U V]ch oW Z %]|SE %oidh des/@mntodbigede o0[Z
sédiments flash calciné avec différents taux de substitution La composihimique,

ul]v & o}P]«u * ZC E S ¢ (}JEU * Y JHE*s Y S UBoe [ A% OFq |E
certains effets bénéfiqgues du sédiment flash calciné sur le développemeda micro structure

et des résistances mécaniques obtenues.



CHAPITRE | : Bibliographie

l. Sédiments et les problématiques de gestion et de valorisati@sdédiments

La valorisation des sédiments requiert de résoudre de multiples problématigp@snment
liées a leurs compositions ainsi que les problématiques de gestion et ddsatitor des
sédiments.

I.1.  Origine et composition des sédiments
1.1.1. Définition des sédiments

Le terme de sédiment a plusieurs définitions. Selon YANNICK [2],ineeséest un dép6t de
matériaux détritiques minéraux et organiques. BOUTIN [3] a donné lata#fidies sédiments
comme correspondant a des particules fines minérales avec quelques petitsréées roches
HAECH O *}vE U 0 VP o E]+ [} E Jdke] En dutie, selon BEAUGHAMP
[4JU 0 ¢ Ju vS % usS !SE (Jvl }uu pv § 8§ e WS UE] Al (]Vv
}v8]v vSeX . S]}ve [uepdes pheBomERES JdRysiques (fragmentation) ou
Zlul<py ~o0 ¢*]A P X ~}pue o[ ((8 pm A vs 8 o JUE Vs 0
transportées et déposées.

[.1.2. Origine des sédiments

Les sédiments peuvent avoir caractéristiques diverses qui dépendentiderigine et nature.
Selon SCHNEIDER[B],* * Ju v3e % HA v3 ISE ]+3]VPH * % E o[}E]P]vV
>[}JE]P]v v }P v 3 ]vd Ev pulo] pU v EEVIEvdquUpAEX WEEFe A
o[} E]P]v A}P VvV ¢35 0 % E} U]S [UV %o%}ES AHe (EROSION * U §
des sols, décomposition des matieres animaux ou végétales ou anthropique : appodtiére
en suspension, de matiéres organiques, de nutriments, de micropolluants smrdes rejets
agricoles, industriels et domestiques) au milieu immédiatement voisin.
En outre, BEAUCHAMP [4]%0 E} %o} © (1v]l8]}v « o}v O[}E]P]V % ZCe]<u
X Les roches sédimentaires détritiques proviennent de la destruction de roches ou
[} E P v]=cailboutis, sables, grés.
X Les roches sédimentaires chimiquement issues des précipitations desdesspss dans
o[ :sel gemme (roche saline a base d€®), tufs calcaires, silex.
X > E} Z e o Juvd]E « ]} ZJul<p » % E}A] vv ub co[ 8]
organismes : charbons, tuf calcaire continental (roche calcaire continental).

[.1.3. Granulométrie des sédiments

La granulométrie et la composition physico-chimique sont les parameétres edseptiur la
caractérisation des sédiments. Selon, SCHNHBDHR sédiment se caractérise essentiellement
par :

X Sa granulométrie.

X Sa composition minérale.

X Sa teneur en eau, en matiéres organiques et des éléments divers (métards,|
polluants et micropolluants).

La granulométrie des sédiments se compose essentiellement une partie minérale2igrossi
(fraction sableuse) et une partie fine (fraction de la vase) [6].

- La fraction grossiere des sédiments dont le diamétre supéree6B um compose
essentiellement de sables, de matiéres inorganiques silicatés. Les sédiments seableux
la faible cohésion, une petite surface de contact entre des différeptaticules du
sédiments et peu affinité des contaminanfig.



- La fraction fine des sédiments dont le diamétre inférieur 63um, est cosstitu
ee v§] 00 u vS§ o[ ERMhetre compsis entre 0.2 um et 2 um, de silt ayant
le diametre compris entre 2um et 63um. Cette fraction fine contient géeénaht des
minérales argiles et des matieres organiques [8].
La granulométrie du sédiment a un réle majeur dans la capacité de fixdd® contaminants ce
<u] % Eu & [ A}YJE o0 « *}opud]}ve SE 18 u v %3S v A( St
Gosselin et al [9] a réalisé leur étude sur les sédiments de Hambourg etédbmdurs résultats
ont montré que la contamination des particules grossiéres est quasimelet peshdant que la
fraction fine cumulait plus de 70% de contamination.

l.1.4. Composition des sédiments

Les études précédentes [10, 11] montre que les sédiments sont une matrice trés héimge
* }Ju%}e ¢ v8] 00 u vs atériauy tetritiques inorganiques, et des matieres
organiques (Figure 1-25).

¢ e~
Eau (libre et liee (ou interstitielle)) ‘.«J

Pollution dissoute (trés minoritaire)
Particules solides
*Dont 5 a 10 % de matiére organique
*Dont 85 a 95 % de fines < 63 pm

Pollution particulaire (majoritaire)
minérale g ou organique &

Représentation schématique de la composition de sédiments portuaires en place soit :

-70 & 80 % d'eau - 1 m3 de sédiments =700 L d'eau

-20 a 30 % de matiéres séches

-Essentiel de la pollution fixée sur les particules

-Densité moyenne entre 1.2 et 1.3 > 1 m3 de sédiments = 1200 a 1300 kg

Figure 1-1: }u%o}*]S]}v *Ju%eo0](] [l ¢ Ju vSs
X Eau interstitielle des sédiments :

>[ p ]Jvd E+3]58] oo 5 pv (E 3]}V Ju%}ES VEArPUY E weu VS

O * e+ JuvSeX 00 } H% O] *%o v Sdiiments. %o ES] pHOo ¢ e
X Matériaux inorganiques :
Joe ¢}vE }ved]Spu e e u]v E PAE % E}A vV VS BAEPEF% & U V3
coquilliers. Des carbonates, des silicates et des argiles sont des congpasanmganiques
majeurs. lls ont aussi la taille trés variable allant de la fractionotleidale a la fraction
sableuse.
Les silicates sont des groupements chimiques anioniques tres stables donickarst est

basée sur des tétraédres de [FOLes EEP]Jo ¢ ¢}vS ¢ ¢]Jo] S ¢ [ optlav]pu ZC

structure est en feuillet et parfois avec le phénoméne de gonflementitng®rtant [12, 13].
Les carbonates se trouvent dans le sédiment sont pour la plupart deisesa{fCaCO3) et
potentiellement de la magnésite (Mg@)Pde la dolomite ( CaGMgCQ), du carbonate de
sodium (Na2C0O3.10H20) et de la sidérite (Fe2{1@B)En outre, les particules inorganiques

]

Ed

*}vS§ PVv Eouvs VE} ¢ %% E o0o[ZC E}AC (& 8§ u v

JEP v]<p » <p] o pE }vv pv PE v %a-viSdes fontdrai®dnts] }v A]

minéraux et organiques [2].
Le tableau 1-présente des principaux minéraux composants dans les sédiments.



Tableau 1- 1 : Principaux minéraux composants dans les sédim8pts [1

Groupe de minéraux Minéraux Formule chimique
Quartz SiQ
SALICATES Mica K(Mg,Fe,ABAISiO1o(OHY
Feldspath (Na, Ca, K)AkEk
Amphibole (Ca, Mg, Fe, ABkO11(OH)
Pyroxéne (Ca, Mg, FeppOs
lllite KMgAI2Si3010(0OH)2
ARGILES Smectite (montmorillonite) XMgAISiO10(OH)2
Chlorite Mg5AI2Si3010(0OH)8
Kaolinite AI3Si205(0OH)4
Calcites CaCO3
CARBONATES Dolomite CaMgCO3
Sidérite FeCO3
Goethite FeOOH
(HYDR)OXYDE DE FER Magnétite Fe304
Apatite Ca5(P0O4)3(0OH,F)
PHOSPHATES Vivianite Fe3(P0O4)2.8H20
Pyrite FeS2
SULFURE

X Matiéres organiques :
La fraction organique se compose tous les composants organiques simples etxesnpl
isolés ou associés entre eux dans des ensembles vivants ou non vivdn&n[butre,
selon Mustin [16], les matiéres organiques se composent 4 classes suivantes :

- La matiere vivante (biomasse active)

- >
- > e

u s] &
}U%o}‘

YEP v]<p
. \V }IJCE.
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~ E]* AP S uEU AE
[ Alous]}v

18+ §E ve]E}]E X

- Les composés organiques stabilisés, appelés communément humus.

[ % E « ™ Z5], |la p@Bportion de matieres organiques dans la matiere séche des

sédiments est tres variable, 90% dans le cas de la tourbe, et 2% pour les sables riviéres.
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La présence des matiéres organiques a le risque de modification desécestampies
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certains éléments minéraux (éléments traces métallique) et la fraction organighie, (H

d dYe ¢}vs }ve]

1.2.

E ¢ }uu .

}v8 u]v v8eX
Les contaminants inorganiques et organométalliques

Selon Le Hecho [18], les contaminants inorganiques dans les sédiments sont :

X Les métaux.

x Certains sels (sulfates, phosphates, nitrates, chlorures et ammonium)

X Les cyanures.
> e U S UE O}UE -

Ve QO o o

Ju v8e % UA v3 IS@E} Z}BJP]v +}o0}

ils sont naturellement présents mais principalement des activités huesaiCertains éléments

entre eux sont essentiels pour

lesorgami « AJA v§e

o[ § 8

SE: Ti, WWLrBIN A U %o (
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Fe, Co, Ni, Cu, Zn, As, Mo, Sn et Sb) mais ils deviennent toxiques a fort®toBaiftontre, les
éléments comme Pd, Ag, Cd, Au, Hg et Pd, sont toxiques pour les orggnisants et ont une
faible dose [19].

[.3. Les contaminants organiques

Les polluants organiques dans les sédiments sont essentiellement suivants [20]

x Les hydrocarbures aromatiques polycycliques (HAP), issus de la biosynthése, de la
pyrolyse de la matiere organique. lls sont trouvés dans les carburants fossiles.

X Les polychlorobiphényles (PCB), utilisés avant la fin des années 90 comnifs dddg
les peintures, les encres, les appréts pour les revétements muraux.

X Le tributylétain (TBT), matieres actives des anciennes peintures antisalissureka pou
protection des navires.

Selon Visser et al cité par Trembldyo|[ ¢} E % S]}v ¢ }u%e}e ¢ }EP v]cyu o %o °
suivantes :

X Le carbone organiqu&/ A 0 % E vV U & }v }EP e$<p U o
contaminants organiques dont les molécules organiques ne sont pas dissociées, est
possible.

X LatempératureW %oopes 0 3 U% E SUE 5 0 A U %oues of *}E%
>[ ] 1% PH du milieu affecte légérement des composés organiques non associés.

X LasalintéeW pv o P &E HPu vs S]}v o[ *}E%S]}v <5 } « EA
de concentration en sels.

X LatextureW o % }puE& vsS P eu 3] & « }EP v]cu « Jv(opw o A
en fonction des granulométries.

X La contamination pE o[ZMu]@] *}E%S]}v ¢ }vS u]v vS8e ZC E}% Z}
préférentiellement dans la fraction huileuse.

Les molécules organiques ont des cibles et des effets plus ou moins spEcéigres variables.
Elles peuvent étre génotoxiques (HAP), neurotoxiques (pesticides chlorés, organapiéssgth
carbamates), inhibitrices de la croissance ou de la reproduction (TBT,amédhits). Selon
Bonnet [15], en générale, les formes non ionisées sont plus toxiquekesfi@mes ionisées car
elles peuvent pénétrer plus facilement a travers les membranes cellulaires pardrapsgsif
au travers de la bicouche lipidique.

|.4. Interaction entre les sédiments et les contaminants

[ %<Ealmano et al [21]; Chapman et al [22], les trois compartimergsséldiments (eau
interstitielle, compartiment minéral et organique) ont les affinitéariables pour les

}vS u]v vS8eX v ((SU o0 ° Su * %E VS o sfEoofiwEgsE SS]}v
matériaux ont montré que les contaminants ont la tendance se fixer sur ladinaftie.
La répartition des contaminants dans les sédiments est controlée par éeggsus physico-
chimique et biologique [2] (Figure2)- Les polluants peuvent existerda o[ Wt ]JvS E-+35]S] oo
la forme dissoute ou complexée des éléments inorganiques ou des molécules.
Pour les polluants associés au compartiment solide, ils peuvent étre érassflans la phase

< pe ctue of ((S %@E]} <ecpe % ZEhmhigue (deddrofion)} &n &ffet, selon

9



[Luoma et al [19] les organismes vivants peuvent modifier les caractéristigysep-chimiques

du milieu (bioturbation, biodégradation) et accumuler des polluants éirgdes phases aqueuses

et particulaires par adsorption et transférer les contaminants dans laetaimentaire.

La répartition des contaminants de la forme dissoute a la forme coleo@aparticulaire dépend

des conditions hydrodynamiques, des parametres physico-chimiques du milieu (iPk€,sal
potentiel rédox) des constituants (particules inorganique ou orgaigulfures, oxydes de fer

3 U vP v e ¢ 3§ o[ 3]A]18 ]J}o}P]l«p ~ SBJAIZSU PBEE] $y}UY-]
[10], [15, 23].

En conclusion, les polluants et particules fines minérales, les moléagjasiques ont le lien

strict, ce qui entraine les difficultés dans la valorisation des sédimmants| faut avoir des
elous]lve %}HE oJul]v E <+ %}oop v3e v A]S vE o E]ecu s O]

Eau Organisme

Processus biologiques

Processus chimiqués

omplexation

Remise en suspension
Proceif»sus physiques - Pa rticules

sédimentaires

Figure 1- 2 Les principaux processus controlant le cycle des contaminants dans le milieu
aquatique[23]
I.5. Problématique des sédiments de dragage
La gestion des sédiments de dragage est de plus en plus importante dans la méthodelogie
gestion des ports. Ceci doit permettrd | & 0 ¢ %} ES-e A HnE «us E]pAi
compte des criteres économiques et environnementaux qui sont fixés par les gestemet les
] HEs ~ S SU Z PJ}vYeX
I.5.1. Contexte législatif
>[Juu Ee<]J}v ¢+ Ju vse v u E % pAnpaster@@rpAdenpen@ux leciux ou
E P]}v HEX W E }ve cuv U o « -&)5]de la prioteatiogdu]ilied frarin
doivent respecter plusieurs accords depuis trente ans, notamment :
X La convention de Londres (prévention de la pollution desdtn E *po0S vS$ o[Juu
des déchets, 1972).
x > }VA v8]}v [, voe]l] ~ }VA v3]}v % E}S 31w w[wHE}v
Baltique, 1974).
x La convention de Barcelone (convention de Barcelone pour la protection de la mer
Méditerranée contre la pollution et pour le développement durable, 1976)

10



Malgré plusieurs conventions internationales sur les gestions des sédimsérits directive

relative aux déchets dangereux, ces textes ne fixent pas des seuils qui perndetéterminer

le degré de poll]}v ¢ Ju v3e ]Jve] [ A}YJE 0o Z}]/E %O0Ope € -% 3 v
Hadj-Ali 2013]. Certains pays et régions ont donnés les seuils de référence cdrnamee

GEODE, 1996 ; RoyauméJni : HKWB, 2000, Canada : CCME, 1999 ; Etatsés : US EPA et
ACOE,1998) pour la réglementation des activités de déposition des sédiments.

1.5.2. Présentation de référentiel francais GEODE
v&E v U o '"E}u% [ 3u § [K e« EA 3]}v E P P & o VA
créé en 1990 par la Direction des Ports et de la navigation maritimerdpase le référentiel
(E v ]- E P P «u] S % E ¢ VS ve o[ EE!S p iod ip]v Tiili
x >[ EE!S U id iplv il €& o 8]( ME V]A PWERE (0EES [ %o
analyse de sédiment marins ou estuariens présents en milieu naturel ougrertest
publié officiellement le 10 aout 2000. Ce texte fixe les seuils de congtiomn a partir
s<H 0* O[]V ] vV * }% & S]}ve euyE& o0 u]o] u JMEISE
présentées dans le tableau sont les valeurs retenues dans ce texte et pekiven
cHe %3] 0 ¢ [!SE u} 1(] *Iu Iu%o & < w (}v}ey}yes vo[+X}O
> EE!S Hoio iplv Tiii (Jv] o - HWE Ao pEe E (G
contamination (N1, N2) pour les teneurs en composés chimiques (actuelleméatix
et PCB).
X Le niveau 1 (N1) : Si les valeurs du teneur des contaminants sont awslelesovaleurs
U VIA p EiU 0 ¢ }% & 5]}ve E PP 3§ [Juu E+FE**E ]
étudesW o[]Ju% S %o }fige Jfeutre e negligeable, les valeurs observées se
reléevent comparables aux « bruits de fond » environnementaux.
X Le niveau 2 (N2) : Si les valeurs du teneur des contaminants sont au-dessuedes val
H VIA p ETU 0 ¢ }% & §]}ve E PP 3 [Juu E<]I&EV u E
interdites car cette interdiction est une solution de gestion la moins domiaualgepour
o[ vA]E}vvuoeingestigation complémentaire est généralement nécessaire car des
indices notables laissent présager un impagtpvs] o v P §]( 0[}% & S]}vX
x Si les valeurs du teneur des contaminants sont entre les valeurs N1 et N2, une
investigation complémentaire est généralement nécessaire en fonction du tproje
considéré et du degré du dépassement du seuil N1.
Les arrétés du 9 aolt 2006, du 23 décembre 2009 et du 23 février 2013 ont corefétéédent
~ v (}v 81}v. o[ AlouS]iv ¢ }vv Jee v o o FeUB]EI<R <05 S ZMAp |
tableaux de référence qui définissent des valeurs des seuils pour les contasmiesreléements
de traces, des composés de traces et des hydrocarbures aromatiques polycycliques présentés
dans le tableau respectivement.
Tableau 1- 2 Les seuils relatifs aux éléments traces métalliqgues (en mglkgsédiment sec
analysé sur la fraction inférieure a 2mm).

Niveau N1 Niveau N2

Eléments traces

(mg/kg)
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Arsenic AS 25 50

Cadmium Cd 1,2 2,4
Chrome Cr 90 180
Cuivre Cu 45 90
Nickel Ni 37 74

Plomb Pb 100 200
Zinc Zn 276 552
Mercure Hg 0,4 0,8

Tableau 1- 3Les seuils relatifs aux composés traces (en mg/kg de sédiment sec analysé sur la
fraction inférieure a 2mm).

PCB Niveau N1 Niveau N2
(mg/kg)
PCB congénere 28 0,025 0,05
PCB congénere 52 0,025 0,05
PCB congénere 101 0,05 0,1
PCB congénére 118 0,025 0,05
PCB congénere 138 0,05 0,1
PCB congénere 153 0,05 0,1
PCB congénére 180 0,025 0,05
PCB totaux 0,5 1
BT 0,1 0,4

Tableau 1- 4Les seuils relatifs aux hydrocarbures aromatiques polycycliques (HAP)Kemlgg
sédiment sec analysé sur la fraction inférieure a 2mm).

Niveau N1 Niveau N2
HAP
(Ma/kg)
Naphtaléne 160 1130
Acénaphténe 15 260
Acénaphtylene 40 340
Fluoréne 20 280

12



Anthracene 85 590

Phénanthrene 240 870
Fluoranthéne 600 2850
Pyrene 500 1500
Benzo[a] anthracéne 260 930
Chryséne 380 1590
Benzo[b] fluoranthene 400 900
Benzo[K] fluoranthene 200 400
Benzo [a] pyrene 430 1015

Di benzo [a,h] anthracéne 60 160
Benzo [g,h,i] péryléne 1700 5650
Indéno [1,2,3-cd] pyréne 1700 5650

En conclusion, il faut mener une étude spécifiqgue sur la setéilili milieu aux substances
concernées avec au moins un test de lixiviation sur la toxicité globalgédument et une
A op §]}v o[Ju%e 3§ %o@eld]s] o *pE o u

[.5.3. Gestion et valorisation des sédiments

A o}v >[z [M]ven France, chaque année, en moyenne 50 millions de métres cubes des
sédiments sont dragués. Les volumes les plus importants des sédiments dragués concentrent aux
grands ports. En 2011, les sept grands ports Maritimes (Dunkerque, La Havre, Rouen, Nantes, La
Rochelles, Bordeaux, Marseille) ont compté a eux environ de 88% du volum&jtdles trois
%o E]V (%0 WA %o} ESe [ *Spu ]E& Saint Z Nazaité € Basdeauk) représente
annuellement en moyenne 25 millions de metres cubes des sédiments dont 6,5 sndkon
metres cubes de sables, 9,3 millions de métres cubes de vases clapées. lgrarascports
maritimes (Dunkergue, Calais, Boulogne, La Havre et la Rochelle) draguent un volume moyen
annuel de 6,2 millions de métres cubes des sédiments qui se compose elwifi¥6 de sables
et de 80% de vase.
Les sédiments, selon leur degré de pollution (teneur en métaux lourds, hydrocarbhikeB,
W UYeU % pA vs ISE }ve] & ¢ }uu . Zessde l&urdevenrs o ¢
[26].
X Gestion des sédiments de dgage

Dans le cas de non immersion (les concentrations des contaminants supéneureapport au
seuil N2), il faut déposer des sédiments dans les zones de stockage, de maniéere pegrpanent
la part ultime, ou de maniere temporaire dans le cadre du processus meludt réutilisation
des sédiments.
En effet, la classification européenne des déchets, en vigueur d2p0is a établi des criteres

[ u]ee]}v E o 8]( pA Z S« u VvSCE *$}1% RES]|E £ 3 feo-
lixiviation et de percolation (Conseil européen, 2002). Les déchets sont clask@ston des
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niveaux de concentration des contaminants dans les eaux de lixiviatiale percolation. lls
peuvent avoir trois catégories suivantes :
- Déchets inertes (classe Ill) : tout déchet qui ne subit aucune modificahysique,
chimique ou biologique important, qui ne se décompose pas, ne brlle pagodaiip
H HVY E S]}Vv % ZCe]<p I} Z]Jul<p V[ *S % 3 ]} ® E% <00
matiéres avec lesquelles il entreve }vSs § [uv u v] E -« p@ntraftes fles [
85 Jvd ¢+ o[ VA]JE}vv u vd }u o0 e vs X
- Déchets non dangereux (classe Il): les déchets non inertes, non dangerdux son
anciennement appelés les déchets industriels banals (DIB). lls ne sont eisjnert
VP E WA % }pE o[ VA]E}VV u vS }p o « v X
- Déchets dangereux (classe 1) : Les déchets dangereux sont anciennement ajgselé
déchets industriels spéciaux (DIS) et contiennent des substancegem@aises pour
o[ VA]JE}vv u v8 }Jp o e« v3 X
Les valeurmites des polluants sont présentées dans le tableau en mglkgnatériau sec pour
deux rapports Liquide/Solide (L/S : rapport entre la quantité dedeen litre) et de solide (en
kilogramme). Par ailleurs, pour les déchets de catégorie de cldddedl[ i}us v p&LE A o pE
sur les lixiviats, des concentrations limites sur le matériau brut.

Tableau1-5s 0 MEe+ o]Ju]s « [ %& &]}v o Z &« v IANJUIMNE &/

Valeurs seuils dans les lixiviatstpu E o [ %3 S1}v v e+ X

Classe Il Classe Il Classe |
Composant
L/S = LS = CO LIS = LIS = CO Machefers LIS = LIS = CO
2L/Kg 10L/Kg percolatio 2L/Kg 10L/Kg percolaton L/S = 10 2L/Kg 10L/Kg percolation
n L/Kg

0,1 0,5 0,06 0,4 2 0,3 0,6 6 25 3
As
Ba 7 20 4 30 100 20 56 100 300 60
Cd 0,03 0,04 0,02 0,6 1 0,3 0,05 3 5 1,7
Cr total 0,2 0,5 0,1 4 10 2,5 2 25 70 15
Cu 0,9 2 0,6 25 50 30 50 50 100 60
Hg 0,003 0,01 0,002 0,05 0,2 0,03 0,01 0,5 2 0,3
Mo 0,3 0,5 0,2 5 10 3,5 5,6 20 30 10
Ni 0,2 0,4 0,12 5 10 3 0,5 20 40 12
Pb 0,2 0,5 0,15 5 10 3 1,6 25 50 15
Sb 0,02 0,06 0,1 0,2 0,7 0,15 0,7 2 5 1
Se 0,06 0,1 0,04 0,3 0,5 0,2 0,1 4 7 3
Zn 2 4 1,2 25 50 15 50 90 200 60
Chlorures 550 800 460 10000 15000 8500 10000 17000 25000 15000
Fluorures 4 10 2,5 60 150 40 60 200 500 120
Sulfates 560 1000 1500 10000 20000 7000 10000 25000 50000 17000
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Phénols 0,5 1 0,3

/ / / / / / /

COoT sur 240 500 160 380 800 250 800 480 1000 320
éluats
Fraction 2500 4000 / 40000 60000 / 60000 70000 100000 /
soluble

x Valorisation des sédiments de dragage
Plusieurs filieres de traitement et valorisation sont étudiés et appliqués garsieurs domaines
de génie civil. Nous pouvons citer ci-dessous certains domaines desaatorides sédiments :
x Valorisation en technique routiere en tant que la couche de base @ouahe de
forme via les travaux [27], [281].

X X X X

Fabrication des granulats artificiels [32, 33].

Secteur briqueterie [3436] .

Addition minérales [26, 37, 38].

Matieres premiéres dans la fabrication du ciment [36, 39].
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Il. Ciment et le processusdzC & S S]}v S (u ciEentS ] } v
[1.1. Définition, Histoire et Chiffres clés

Le ciment est le constituant principale du béton, le matéridexconstruction le plus utilisé
dans le monde [39]. Selon la norme européenne NF ENL19@}, le ciment est un liant
ZC E poj<pra]E *uv u § E] L u]Jv &E o (]Jv u vS utpgopu <puJu P Zz
une pate quifaitprise 8 HE ]S % & *pu]S & S]J}v S %o EH *%uE {ZC
HE Je* u v3U }ve EA « E +]*3 v § o 5 Jo]5 ulu e}pue o[ uX
Le ciment Portland a été inventé la premiere fois en 1824 en faisanisisocudu mélange du
calcaire et deo[ EP]o [AL]1 Depuis le jour-la, les techniques de fabrication et les
performancesv ([} v § X [ uEm]gffé, I&tEmpérature proposée par Aspdin éteint
%00 (] O «u 00 MS]o]e ingustpedEin@nalire (1¥4500°C). Comparant au
% E u] 0] v8 ZC E pol<p U o[us8]o]es 8]}V %powe 3 ou Ehd EE ]S
E H SJ}v M S U%o- 0 ]Jv §]}v ]Jve] <p[pVv U ]SE]E ]Buw + o
mécaniques développées par le liant [42].
La France se trouve comme®?® producteur mondial de ciment avec une production de
clinker de 14.2 Mt en 2012 et de 18 Mt de ciment. La France est égaléammemier producteur
du ciment Portland en Europe.

[1.2. Procédé cimentier

Le clinker, le constituant principal du ciment Portland est obtenulparalcination, a haute

S uU% E SPUE ~ioni £ ve puv (}JpE E}S SJ(U [V u o®PZ (]Jv u
o J& ¢« ~06i9¢ S [ EP]Jo ¢ ~1i9¢ %% 0 0 cuitEiuest bubit gh]eU o

E (E}] ]J*° u vsS dEnesipte) [48][ LeCElinker se compose principalement de 4 phases

minéralesW o[ @35 la-bélite (U o[ opu]v § 3A) et Jquferre-aluminate de

calcium (GAF). Le tableau 1-6 présente la formulation chimique et la teneur gdages

minérales principales du clinker [44]

Tableau 1- 6 : Formulation chimique et le teneur de 4 phases masédal clinker

Phase minérale Formulation . Teneur Teneur
o Teneur minimal :

Nomenclature chimique (Wi%) maximal muyen

(Wt%) (wt %)

Alite GS CaSiQ 45.0 79.7 62
Bélite GS CaSiQ 5.7 29.8 22
Tricalcium aluminate GA CaALOs 1.1 14.9 8
gltjr?emo-tetracalc:lum CAF CaAbFeOro 20 16.5 8

Généralement, le procédé cimentier se compose 3 étapes principales :

X La préparation des matieres premiéres.
x La cuisson du mélange cru aboutissant a la synthese de clinker.
x > E}C P U epnstijwant secondaire et le conditionnement du ciment.

[1.2.1. Préparation des matiéres premieres

> ¢ US] E °* % E u] & « S 00 <ypu 0+ E} Z - o |JE& U [ E&P]
naturelles. Elles se constituent des oxydes tels que CaO, SiO2, Al203 et Fe203t qui s
nécessaires a la fabrication du ciment. Le cru est finement broyé et homogéafigigdé favoriser
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la réaction chimique entres les différents constituants lors de cuis&otuellement, il existe 4
voies de préparation du mélange ceb|.
X La voie humide [ st la méthode la plus ancienne. Le principe est basé a mélanger des
0 J]E+« § + EP]Joe* %E 0o ouvsd E}C e+ A pupv svpuE
40% de sorte a obtenir une pate humide. Puis, cette pate est directemgetée dans
le four. Par conséquence, cette méthode est nécessaire de consommer une important
<u v8]S [ Vv EGP] % }pE oJu]l]v E ol pu A v |E X
x La voie semi-humide La préparation du mélange cru par la voie sentiumide est
exactement la méme que celle de la voie humique décrite au-dessus. Gepesoh taux
[Zpuu] 18 v *}]8 %o0ope <p ifi9 VAJE}VvX
X La voie séche Le principe de cette méthode consiste & homogénéiser les matiéres
premiéres préalablement broyées de sorte a obtenir un mélange des poudres
pulvérulentes. A v8 o[]vi &8]}v ve 0 (JHEU 0 u 0o VP 3 SE v+9
préchauffage a cyclones. Des gaz circulant a sens inverse dans les cyéldrasdfent
la poudre. La température peut atteindre a 800 °C et permet de perdrarte de CQ
S o[ H }vs vy Ve 0 U0 VP X > %}y E +» o8 (WEX ]v
figure 1 - 3 illustre le processus de la voie séche [46].

Prahomogenelsation Concasseur Carmere
mobiie Engin de —
; reprise et ge /

T = - ——
i ] l—cnargemenl
J a7/ \ ; I‘J ~]
SRR, - A e

Homogeneisation
de cru Broyage cru

SRPCGTS

Echangeur
a cyciones et
precalcination

Four rotatir

Sios

Stockage gjouts

canker H—

Expeditions l ‘

Vrac

] | L
N PR R

Camions et wagons Wagons Camions

Figure 1- 3 Procédé cimentier en voie séche

X La voie semi- sechele principe de cette méthode consiste a humidifier le mélange des
UusS] e+ %E u] E* % E o0 o0 uvsS E&}C ¢ ~e}v S uA [Zpu]
[} S VIE <« PE vpuo ¢ %héqgquesudeulld & 20-P6n. Cette forme permet de
( AJE]s & o[ }po u v3 « u 3]CEE granules sont (rhpsEoxés vers une
chambre de préchauffage, puis vers le four.
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La voie seche et semi seche sont deux méthodes de préparation les plus utilisées dans
o[]v p*SE] Ju vs |E PE&E o HE }veluu SJ}v [ v EP] 0o %opu
Les constituants sont dosés pour obtenir une composition réguliére du cirhertableau 1-7

}vv o Ju%}te]S]tv  Z]u]cp V. 0UVSe Ui uyE » L Z[BE *
CIMBETON.

Tableau 1- 7 : Composition chimique du cru (en % masse sur le mélarugdcong)

Oxydes (% wt) CaO SiQ AkGs Fels

65-70 18-24 4-8 1-6

Ve O[]V HeSE] Ju vs] @ U o }P e }veS|fusSySe p[ulo vk
modules suivants :
X Lime Saturation Factor (LSA)a valeur LSFesto po ¢ o}v o[ <p 3}}v *u]A v$

e 544 "G_S
Ba<0"WgB685E[6S 4= "Jc6S7

Ce parametre permet de déterminer la teneur optimale Z pA& p Ep (Jav [} S

guantité souhaitée des phases silicates, et plus particulierement #h ICpermet

également de contrbler le rapport entre les quantités d& @t @S comme indiqué en

figure 1 - 4 [47], ainsi que le teneur en chaux libre du clinker. En générteneur de

chaux libre du clinker est inférieur a 2% [36], par conséquent, la valeuati§Entre 95

et 97% [43].

©

) -

5 70

(]

£

g 80 e

£ 5

g Module silicique = 2,5

i 40 e i s e e e
3 Rapport A/F = 2,5

2 30

=

(7]

% D0 -
L

(=8

w

8 10 = CaA
2 \ C.AF
S

£ 0 I I I I |
E 80 85 90 95 100 105

LSF
Figure 1- 4 Evolution des phases silicates en fonction de la valeur LSF

En outre, en présencedeMdD o A o pE >"& [ EJ]3 :0 u 8] E e+p]A vs

_544: "G_S>%®eS;
ba<U"WgI685mj6S#4390 "Jc6S7

x SilicaRatio (SR)> A o0 HE ~Z % pus !SE 0O HO <+ 0}v O[ <u 8]}v o

"WgS6
SR=———"-“""—__
“Ej6S7>"Jc6S7
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Le module silicique (SR) permet de contréler la proportion des phaseségfiodans le
mélange par rapport aux phases interstitielles alumineuses et ferreusesjoGe un role
important dans la facilité a cuire le mélange. Plus la valeur SR est élevée, ipkeiamhge
est difficile & cuire du fait de richesse en silice et du faible teeradiquide assurant les
%o E} eope J((nel}v o[}E]P]v liguideéet liguidetliquide] Dans
le cas du ciment Portland, la valeur SR est comprise entre 2 et 2.5.
X Alumina Ratio (AR) > u} po Z % pusS !SE O MO <+ 0}V O <u S]}v e
"Ej6S7

AR “Jc6S7

Ce parameétre contréle essentiellement la viscosité de la phase liquidieqaie la vitesse
de formation de la phasesC ipe<u[ 0 § u% & SuE iTie £ X v (( S
de 1.38 est connu pour maximiser le pourcentage de phase liquide a 1338 °€ jgit],
conséquence, étre favorable aux transformations chimiques pour lesquels,danoed
[V %0Z * o0]c<u] » SCepenedani, @ tehieur ens& dans le clinker doit étre
limité, notamment pour la résistance vis-a-vis des sulfates [48].
Les gammes de valeurs des modules (LSF, SR, AR) pour le clinker sont définies avec des variation:
suivantes les auteurs présentées dans le tableau 1-8.

Tableau 1- 8 : Gammes de valeurs des modules pour le clinker

Module Taylor [44] Moir Locher [49]
LSF 92-98 95 t97 90 t104
SR 20t3.0 24126 16t4.1
AR 1.0t4.0 15t1.8 14137

[1.2.2. Cuisson du mélange cru
Aprés avoir été finement broyé et homogénéisé, le cru est transporté aaumale préchauffage

a cyclones ou il est préchauffé a 800 °CS § § % % Eu S§ [ o]Ju]v & o[ M
[ A]3 n@hqc thermique & son entrée dans le four. Puis, le cru est envoyé dafeuu
cylindrigue, rotatif, et légerement incliné dans lequel il va descempléee a sa gravité. Les
US] E « *}Jvd Z p(( *» % EIPE <*]JA u vd %% E ®E PIUE& WS+ ik
atteindre la température de 1450 °C (la température de clinkérisation). Legn@ssont cuites
pendant environ 10 minutes a cette température. A la sortie du fag,nodules de clinker
% ** VS U SE A E+ [pv E (E}] Je* UE }T 0 pE $ped[E $3E Gu
MV S uU% E SUE  Ceuprbcessis de refroidissement est plus connu sous le nom de
Z5R [XCe refroidissement joue un rdle important car il permet de stahitiaa la
S Uu% E SuCE uljvs * %Z * * %Ole *S 0 Z US ¢ S u% E
Ju%}e]S]}v o[ o]S etVa@hauxdibge [50]. Il existe trois types difféerents de
refroidissement : le refroidissement au ballonnet, le refroidissement ro¢atié refroidissement
a grille. Un ensemble complexe du processus physcumique se produit dans le four lors de
la cuisson des matieres est illustré sur la figure 1-5. Cependant, |damawasion des matieres
dans le procédé cimentier peut étre distinguée en trois phases.
x En dessous de 1300 °C:
La décomposition des matieres premieres commence dés 600 °C. La décomposition de
calcite pour donner de la chaux (CaO) et du €&©Oproduit entre 600 °C et 800 °C. En
paralléle, les argiles se déecomposent en oxydes libres telles S0z, FeOs. Par
conséquence, la bélite, les aluminates et les ferrites de calcium commistase former.
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A partir de 1300 °C, la bélite et la chaux libre sont partiellerdéssoutes.
X Entre 1300 °C et 1450 °C :
A cet intervalle de température, la bélite et la chaux libre résiduetagissent pour
(JE&uU E op@&]¥Xo pH]ee}vU o[ 0]S S o 0] JWWEBJwpuv E
%Z Viu v %% 0 Z vv] o]eu [ 0 0]S % E o[ 0]S X
X Refroidissement rapide :
v *}ES] H (JULE p o]vl EGU }v (( SHU BUVEWB&E u%]u]ve E
rapidement la température du clinker vers 100 °C. Ce changement rapigegbérature
permet ainsi de stabiliser a la température ambiante les polymorphesnmieéraux
présents a hautes températures et de précipiter la phase interdétegli se forme autour
desgr]ve [ 0]S S [44]. 0]S

@ - 1200
r

Répartition des masses

CAAF)  cAFi
i : I

T T T T T T T
Temps de séjour 5 10 15 20 25 30 35 40 45 [min]

Figure 1- 5 Transformation physicot chimique au cours dans le four en fonction de la
température [51]

12.3. BE}C P U o i}us }veS]Spu vsS ¢ }v JE S]o viv ]S]}vv u vSs

Aprés avoir effectué le refroidissement, le clinker est finement broy@aitté des constituants
secondaires. En effet, la réactivité du ciment est optimale lorsque sa graétrie est inférieure
a 30 um [52]. Le broyage peut étre effectué selon deux procédés% E u] E %o E} o[ ((
en circuit ouvert dans lequel le réglage de la finesse est obtenu en djultadébit
[ oJu v &éldedxiéme procédé est de réaliser le broyage en circuit fermé ou les particules
Jvep((]* uu v3 E}C =« ¢}v3 E pP% E + o] ] [UV * % AE@GpuE
o[ vSE n[4B}C pE
> A E] § o v SuE S U S UAE []v U S]}YE WU} EPR) Ve %S E€E U \Se
proposer des divers types de ciments. La norme NF EN [d@j-contient les notations utilisées
pour les différents constituants du ciment qui sont décrits par lasuit
x Clinker (K} le constituant de base du ciment. Il se forme a partir dealeication a haute
température de cru. Il est présent dans la composition de tous les ciments courants.
x Laitier de haute fourneau (S)Le laitier de haut-fourneau est un sous-produit de
o[]v peSE] ] EUEP]<p U § } § v Ve 0 Z@PBS(}MEV
fonte. v (( SU o %% @&} u S]}v [ ] & %o UE S % e* wS] 0O
minerai de fer a des températures comprises entre 1350 et 1550 °C. Aprbsutes, la
fonte est récupérée en partie basse du haut-fourneau avec le laitier surnadealaitier
se separe de la fonte en base grace a la différence de densité. La technigjaede a
20



o[ MU % CEu § (]JP & o o0 ]S] G *}pues 0o (}Euistalljgée. L&oZ «
laitier sous la forme vitrifiée est utilisé comme addition minérale dansirtent. La
composition chimique du laitier est riche en oxyde de calcium, deugiljcde magnésium

§ [ opu]\Lppab¥au 1-9 présente la composition chimique moyenne des 27 laitier
de haut -fourneau produits en France et au Luxembourg en 1980.

Tableau 1- 9 : Composition chimique moyenne établie a partir dai@r$ produits en France
et au Luxembourg en 1980 [44]

Oxyde CaO SiQ AkOs MgO FeO MnO S Ti®@ Na20 KO

%wt 4224 3348 1329 595 124 064 094 055 039 0.70

En outre, la plupart des laitiers vitrifiés possedent de 5 a 10% de ptiaseistallines telles que

o <}ousS]iv <}o] [ | Mg5@)Set de gehlénite GAL(AISI)G et de merwinite
(CaMgSh0s). La norme NF EN 197[40] définit trois différents types de ciments CEM Il en
fonction du pourcentage du clinker et du laitier.

- CEM IlI/A constitué de 35 a 64% de clinker et de 36 a 65% dedaitimut t fourneau.
- CEM IlI/B constitué de 20 a 34% de clinker et de 66 a 80% de laitiaudéfourneau.
-  CEM III/C constitué de 5 a 19% de clinker et de 81 a 95% de laitier dettiautaeau.

X Pouzzolane (naturelle P ; Calciné Q) : % }pii}o v v SuE oo Pv E o u\
de projection volcanique. La caractére pouzzolanique des roches pyroclasiquesliest a
H & (E}] ]*s u vs E %] H u Pu o]«y] <u]  fuw]e vs

matiére vitreuse. La roche non volcanique présentée la réactivité pouzzolgreguétre
citée des diatomite <pu] *}vsS } S Vv ¢ % E o[ Hupo S]J}v § Ju vS §
siliceux de diatomeées.

V }JUSE U o SE JS uvsS 8Z Eu]J<pu % E o 0 JJ& IF}vo us]
réactivité pouzzolanique. Le tableau 110 présente la température optimale au
traitement thermique des phases argileuses.

Tableau 140 : Température optimale utilisée pour activer la réactivité des phasesasgi

_ Température
Phases minerales optimale
e e
(K, HO) (Al, Mg, FefSi, Al)4010[(OHXH:0)] A3.5 HO +(K) (Al, Mg, F£$i, A)O1os 850 °C [56]
f Smectite: 900°C [57]
(K, Ca) (8iAl) Qu(Al, Mg, Fe, Ti) (OHYEH:0 + (K,Ca)(SiAl)Qa(Al, Mg, Fe, Ti) 930°C [58]
950°C [59]
f Muscovite:
_ _ 850°C [60]
KAb (S Al) Qo(OH) A£HO + KA(SEAI) Q1
f Chlorite: 800°C [61]

(Fe, Mg, AYSi, AYO1o(OH)8 E4HO + (Fe, Mg, AlSi, A0

x Cendres volantes (siliceuses V ; Calcique: W)
Les cendres volantes sont les sdlie<E} H]Se o[]v MeS§ @bjenues dadE Jesu
centrales thermiques en faisant la combustion de charbon pulvérisé a des tempEsat
comprises entre 1100 et 1400 °C. Suivant le refroidissement, le teneur des phases
amorphes est variable, compris entre 60 et 9[B2]. Les phases cristallines dans les
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cendres volantes varient en fonction de la nature silico-alumineusecalcique des
matieres. Les phases cristallines habituellement identifiées dans les cerdagdges a

faible teneur en calcium sont : le quartz, la mullite {@ARSIQ*U o[Z u 30$ etta&
magnétite (FeOs) [63]. Les cendres volantes en riches en CaO possédent plus de 4 phases
cristallites. Les phases couramment identifiees sdatsilicate et aluminate de calcium
(notamment G S *U o[-stlipaid @é¢ calcium ¢8S), le sulfate de calcium (CS,
CSH) ou la ferrite (gF).

La norme NF EN9T-1 utilise le teneur de CaO réactif afin de différencier les types des
cendres volantesinférieur de 10% pour les cendres volantes siliceuses et supérieur de
10% pour les cendres volantes calciques.

X Schiste calciné (T)ls sont produits dans les fours spéciaux en calcinant a ladeatyre
de 800 °C. Puis, ils sont finement broyés. Les schistes calcinés présamefurte
réactivité pouzzolanique et hydraulique.

X Fumée de silice (D)Les fumées de silice sont ¢ E} p]Se o[]v nueS€Ede °]o]
des alliages. Elles se composent des particules sphériques tres fines r{e8sko
inférieures a 1 um [64]) contenues au moins 85% de dioxyde de aiticephe. Les
fumées de silice présente une surface spécifique BET élevée comprise ent@3202/y
[65]. >[ps]o]e 81}v + (pu = - +Jo] « juu pv  JEMviwle E o
effet W [puv % @ESUSPA]S %o}pll}o vljcp o A PE 0 °¢]o]
part, un effet de filler du fait de la finesse importante.

X Calcaire (L;LLsileCOT<02%) %0 PSS E u%o & UV % E}% }ES]}V 0O
la masse totale du ciment. La présence des fillers de calcaire pemfetrdation semi
Su}v} €& }v s 8§ 5 Jo]e & o[ $§E]VvP]S Vv lu%m E vi A
calcaire.

GA + Cc + 11H -2ATH;
GA + 0.5Cc + 0.5CH + 11.5H 44cG.5H>
2GA + GAs3Hs. + 4H -> 3CAsH

x Sulfate de calcium Il présente sou la forme de gypse (Ca8Ke }up [ vZC E]S
(CaSO4)>[ i} us epo( S O JHu S Jv J*% ve o0 ¢]du }vsi
ciment. v (( SU o[ZC & S S]}v o[ o A)du Siment secprbpuit trés
rapide et ne peut pas étre maitrisée. Ceci produit a la formations&¢#z qui conduit a
une prise tres rapide. Le gypse ajouté dans le ciment va se dissoudrenextet
rapidement et libérer des ions sulfates dans la solution. Ces ions vont réagir avec les

OMU]V S -« O Jpu % }pE (}EU E 0 *uCE( SE]|VvREYXE
§§ nu zZ (}JEu % Eu $ & o vS]E o[ZzC B FuEPRV -
taux du gypse a ajouter au clinker est tres important car il vagénter sur le temps de
%o E]e S 0 €& *]*SVv u V]<p X v ((SU ho & P <u PCYs »
souhaite obtenir des résistances mécaniques élevées a court terme (2 jours) og a lon
terme (28 jours]66].
Les types de ciments courants dépendent de la nature du composant (déctéssus) et leur
taux [JvSE} pu S]}v ve o (@ fEingipe de]gubititution du clinker dans le ciment est
illustré sur la figure 1-6.
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Constituants secondaires
(dont gypse)
0-5%

Clinker : 95 — 100 % I

Substitution de la
composante clinker par :
S,D,P,Q, VW, T,L, LL

. . Autre constituant principal
Clinker : x % {100-x—3) %

Constituant secondaire : y %
(avecy € [0;5])

Total = 100 %

Autres composants entrant dans la formulation de ciments normalisés :

¢ §: Laitier granulé de haut fourneau

+ D : Fumées de silice

* P : Pouzzolane naturelle

*  Q: Pouzolane naturelle calcinée

*  V:Cendre volante siliceuse

*  W: Cendre volante calcique

* T : Schiste calcing

¢ LL: Calcaire (dont la teneur en carbone i total est inféri 2020 %

+ L Calcaire (dont la teneur en carbone organique total est comprise entre 0,20 et 0,50 % massique)

Figure 1-6W W E]v ] %o U *S]SuS]}v p o]vl & %o EE VIS (EAL }Vves]

Le tableau 1t1 regroupe 5 grands types de ciments définis dans la norme NF EN 197-
Tableau 141 : 5 grands types de ciments définis dans la norme NF EN 197-1

NF EN 197-1 Type de ciment
CEM | Ciment Portland
CEMII Ciment Portland composé
CEM III Ciment de hautt fourneau
CEM IV Ciment pouzzolanique
CEM YV Ciment composé

[1.3. Les phases minérales du clinker

La formulation chimique et le teneur des 4 phases minérales du clinker ®@présentés dans le
tableau 1-6 Cependant, le cru contient des éléments mineurs, les minéraux obtenus emdorti
four dans le clinker ne sont pas également purs. Dans cette parties détaillons la forme
morphologique,o0 & 3]A]S S Jve] o[]v(oun v u E ¢ @Ees| pheses v S
minérales du clinker.

11.3.1. Alite (GS)

>[ 0]S ¢S 0 %Z e« u i}l prés@nte Apolprhadphi@&sXifférents dont la formation
dépend de la température : trois polymorphe tricliniques (noté T1, T2 &t IPolymorphe
monoclinique (noté M1, M2 et M3) et un polymorphe rhomboédrique é®) [44]. Ce
phénomene est appelé polymorphisme. La figure Bod@E& * vS O %0}0CuU}E %o Z
fonction de la température
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620°C 920°C 980°C 990°C 1060°C 1070°C

1 2 — 34—M14— 2 — 3 —

Figure 1- "W W}oCu} E %o Z o[ 0]S v (}v $9awrce[60]) S u% E SuE

0 S u% E SPE u Juw prédendd soys la plelymorphe T1. Cependant, lors de la
(JE&uU §]}v o[ 0]S H e ]Jv [uv o]vl CE Pv p8®&F0U]O UTEE% EU
stabilisation de certains polymorphes monocliniques, principalement M1 et [B8 au
détriment du polymorphe triclinique théorique. En outre, la présede magnésium favorise a
stabiliser le polymorphe M3, tandis que la présence de fa@orise la formation M1 [68]. La
figure 1 - 8 présente la relation entre le teneur dez3®teneur de MgO et les transformations

. %O}OCU}GE%OZ d O[ O]é X

2,5

M1 + M3

Teneur en MgQ du clinker (% massique)

0,5 4

0 0.2 04 0,6 0.8 1 1,2 1.4 1,6 1.8 2
Teneur en SO, du clinker (% massique)
Figure 1- 8 : Relation entre le teneur des3Dle teneur de MgO et les transformations des
% }0CU}E % Z o[ o]s8 ve o o]vl EX

11.3.2. Bélite (GS)

La bélite ou le silicate bicalcique, est le deuxieme constituant majordaiminker. Elle possede
5 polymorphes différents dont la formation dépend également detdenpérature: r
(hexagonal), rf (orthorhombique), r[ (orthorhombique), t (monoclinique) et X
(orthorhombique) [69]. La figure 1- 9 présente la relation entre la termfpge et la formation
de polymorphe de £S5 [44].

690°C s 1160°C 1425°C
p —— &’ ——— o’y /———— «a
630-680°C
< 500°C 780-860°C
Y

Figure 1- 9 : Relation entre la température et la formation de polymeghGS (source [67])

La structure de la bélite consiste un assemblage de tétraedres dé& 8iEs par des ions

calciums CH en sites octaédriques [44, 69]. Les polymorptiesr[ § t <}vs & o $]A u
*JuljJo J& ¢ S [} S] VvV VS % (E %0 U VSU V % [EE] ud]S{EV% <E

tétraedres de Si® et des mouvements de la part des iong @8]. Le polymorpheXrésultedu

refroidissement lent depuis-GS.A la température ambiante, la structuré CS est la forme la

plus stable, par conséquent, elle est peu réactive.

Dans le clin E ]Jv p*SE] oU o 0]S S ee vS] 00 U VS *}ue 0 (}CE
[ o utsvmineurstelsqueo[ opu]v]puU o ( & [43]0 %o}S e*]pu

11.3.3. Aluminate tricalcique(GA)

>[ opul]v § SE] 0 Jypr 00 ¢ [UV }tu%o}e %o EU Vv %o}ecliée %o o

a la température [44]. Le & pur présente sous la forme cubique}Is (}]*U o[]ve ES]
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[ 0 uvSe ul]v pnE* veo E e« P E]*S 00]v ® 0ot %} UFUD I
la symétrie du réseau cristallin. Le remplacement d& @ar deux ions Na+ favorise le passage
de systeme cubique a des systémes monocliniques ou orthorhombiques diofoda taux de
substitution [70]. En effet, lorsque la teneur totale en alcalinfaiile, le GA est sous la forme
cubique. Par contre, la teneur totale en alcaieope o A U [ 5 0o (JEUqUWESZ}E
préedomineX $8 (}Eu % psS pAW]|® iwesfi{ ul]v pE-X
11.3.4. Aluminoferrite tétracalcique(GAF)
>[ opu]vi( EE]S S SE o0 J<pu }]S!ISE }Jve]o]E IVEIWwAEY c}ou:
GF[69], dont la formulation chimique est 2CaO(Alxggl: avec 0 < x < 0.7. La valeur limite de
£ P o IX6U pn (]85 o[]JveS ]o0]S 7 Vv ¢[70].°Dahy Id Stfhictere %o (E
E]*S ooJ]v Uo (& S o[ opu]v]puu ¢ % ES P BS} ESEEE oE] e[S
fonction de la composition et les conditions de la formation de la phase. Ce#tgepquant a
elle, peut contenir jusgu[ v A]QE } véléhgent$ mineurs [44].
[1.3.5. Quantification des phases minérales dans le clinkeFormule Bogue

Le pourcentage massiqgue en chacune des phases minérales du clinker peut étre estimé
utilisant la formule Bogue [50] selon les équations suivantes

GS = 4.07 * (Cafdal t CalOreelime) -6.72 * AP0z 11.43 * FeOs
GS = 8.60 * SO+ 1.08 * FgOsz + 5.07 * A0z - 3.07 * (Ca@ytar t CaQree lime)
GA = 2.65 * Al0; 11.69 * FeOs

GAF = 3.04 Fe0s

Une hypothése fondamentale des équations dans la formule Bogue estdgeples phases
minérales du clinker et la non-incorporation des ions étrangers. Ceajeggourquoi la somme
massique des phases minérales en comptant également de teneurZ puAZ o] & v[ §5 ]Jv§
100%.

II.4. Hydratation du ciment
>[ZC & 8§ 8]}v M Ju vsd e %@E} pul]d « o u]eachagelsefon diffélentso[ p
processus de dissolution/précipitation. En effet, dans le premier temps,uib@ des ciments

VZC E » 8 su% E] & 00 e ZC (E S X }ve]uUSo[ZRVE §
dissolution des phases anhydres du clink&fu]eU o[ P Z P [ VE] Z]S % E}F
C&*, SiQH? SiQH*, sulfate et aluminiumipe<pu[ ! St@e par rapport aux hydrates dont

ES Jve [ VSE PAE % E ]%]S vS %48Ju> [ACuE v® SE} %o Ju uJusdvs %o

de former des hydrates qui vont par la suite conférer des propriétés nigaes telles que la
résistance en compression et en flexion, et des propriétés de dugatglies que la résistance a
la carbonatation, la résistance a la diffusion des ions sulfatesuchboa la pate de ciment durcie.
> & S]}v [ZC & § S]}v umprdoessus cerdplexe qui dépend de plusieurs
parameétres intrinseques et extrinseques du matériau [71].
[1.4.1. Hydratation du ciment Portland
>[ZC E S S]}v M Ju vsS W}ESOo v - Ju%}te O[ Ve U ® %2 «E §]
minérales du ciment telles ques:& @S, GA, GAF et gypse.> ¢« «u S]}ve [ZC &E S §
couramment utilisées dans la littérature [44, 72] sont présentes ci-dessous

GS+ 5.3 H ->1GSH +1.3 CH
GS+4.3H->165H+0.3CH
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CMM2H->04
GA + 6 H->8H
GA + 3 CH4 + 26 H -> 6B 3Hs> (Ettringite)
GAF +3 @4+ 30 H-> %K+ CH + FH
2 GA + GA%Mz + 4H -> 3 8 'Hip

2 GAF + A%M+ 12 H-> 348+ 2 CH + 2 BH

>[ 0]S§ S o 0] <[ZC & S vS (]v (}E&u & o -§bl) etdde 0
o[ZzC E}AC O Jpu }p o %CHESO v ]S ~ ~K,-
Le gypse ajouté dans le ciment va se dissoudre trés rapidement conduisant a utiensol
saturée, réagit trés vite avec les ions {CAF") libérés a partir de la dissolution des phases
interstitielles pour former un trisulfoaluminate de calcium hydrgt@A Hs) appelé ettingite
(Aft). Cependant, la quantité du gypse dans le ciment est souvarifigaite pour que la totalité
de GA réagisse. Par conséquencétttingite est partiellement transformée ens&%Ks ou
monosulfoaluminate de calcium hydraté (Afm).

%o E ¢ %oOpue] HWE®* ul]e [ZC & S §]Jevddmpuse %AB60% C-BuHYES -20 %
de Ca(OH) 10t 119 [ SSE]JVP]S SI}pu ulviepo(} opu]v § -20%aepuu ZC
pores et de 0 -5% de composés mineurs [44].

[1.4.2. Hydratation du ciment composé

X Hydratation du ciment au laitier de haut fourneau (ciment CEM llI)
> & S]iv [ZC & S S]}v po [S] E vV e<]S pywlldypp -]
laitier est optimale dans le milieu ou le pH est supérieur a 12ffen les composés les
%O o]<u e P 0 ]3] E % HA v ISE AP2luse %@ ogf3]pvu {
beaucoup plus lente que pour des solutions basiques [73]. Dans le caseaht au laitier,
o[ZC & S S]}v e % @&} ]S o0 (}]® <p 0o[ZC &S S]}v Hu o]Vl
>[ZC &E S S]J}v M JuvsS n 0 ]JS] E % E} H]SU % E]V ] %o
[ZC & § « <« HE (}EU » % E 0[ZC E § SIIMEW * OV «E >
[ZC & $§ wdinent au laitier peuvent citer comme : le silicate de caldiydraté (C-
S-,*U 0 %}ES0o v ]S U o[ vVSE E]vPISHT:ARH). § AE «EZ € EE VS S
sont également présents dans les pates de CEM/llIb [ Z C EAdh00U B stratlingite
GASH. }vSE |JE& u vSs o[ZC & S S]}v M Ju vSs D M) 0o %}
ciment CEM lll est consommée au moins partiellement au cours du temps[afif E S &
le laitier.

vV }JUSE& U o «pu v§]Ss [ opu]v]pu tluctyrd&Ede PIS-H estvfaibte o
dans le cas du ciment CEM |. Cependant, cette quantité est plus élevée danslds cas
additions cimentaires riches en aluminium. Les hydrates sont notés C-A-$etrset
propriétés chimiques et leur structure sont modifiées par rapport &a C-3.
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laitier [74]
La figure 1-10 illustre des principaux hydrates présents dans les pates de ciment CEM Il en
fonction de la quantité du laitier (la modélisation réalisée en suppogaatla totalité du ciment
portland ainsi que 75 % du laitierontréagh)} &+ [ZC & § S]}v 4 Ju vsS -D ///U
A-S-U o[ SSE]JVvP]S U (uU o[ZC &E}BEnouire, deux $ypes da& IG-A-SK sont
différenciées en fonction de la leur structure (jennite et tobermoritejrs de la teneur du laitier
*U% E] HUE 09U Jo v[C LA.simtingitedest @alement résente lors de la
teneur du laitier supérieure a 80%.
> P& [ZC & § S]}v H ]Ju vs D //] <8 Jv(op o % &E
que W o[}E]P]v M o]8] EGU o Ju%1}e]S]}v ZJulkiwU o[} & JPhv E
clinker.
X Hydratation du ciment composé Systeme ciment/Métakaolin (A
Le métakaolin est une pouzzolanique synthese en faisant la calcinatitan kdmlinite
e 0}v o[ <p 8]}v:ep]A v3
AbGz.2SiQ.2H0 -> AYG:.2SiQ (amorphe) + 2D

> e ZC E S ¢ (}EuU ¢« 0}E- c[HEet @ntensi¢}du metakaolin sont les

suivantsW o[ opu]v § 8§ SE o04AHi WZ Q[ ECS E :RHE, Stratlingite

(C2ASHS8) et CHB-Murat a établi plusieurs réactions pouzzolaniques en fonction du

rapport de CH/AS2.
CH/AS=1 AS + 3CH +6H -»A&SH + C-S-H

AS + 5CH + 3H -»A&H; + C-S-H

CHIAS = 1.67
CH/IAS =2 AS + 6CH +9H ->»&H 3 + C-S-H
Cependant, &3 ]ve ©ZGC E &+ +}vE +% 0+ P JUE- p S WheeU |

gels silico calciques. La présence des hydrates en fonction du rappgbk&Cet du temps
[ZC & S S]}v S % E VS Ve 0 « § ol2etHablpdildsse ~d o p i

Tableau 142 : Hydrates stables en fonction du rapport CH/AfSrés 90 jours.
CH/AS 0.4<CH/AX 1.5 0.4 <CH/AS 1.5
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Hydrates présentes a 90 GASH, C-S-H GASH, C-S-H, 8Hs
jours (traces)

Tableau143 W ,C & S ¢« ¢S 0 ¢ Vv (}v S]}v 4 S u%e [ZC &E S S]}v

Echéance (jours) J<7 7<J<28 28 <]
Hydrates formés GAHis, GSH GASH, GSH GAS.3Hs.4, GSH
(CHIAS > 7)

Comme le cas du ciment au laitier, le métakaolin peut consommgoriéandite pour réagir lui

t méme et produit le C-S-H, CASH, CAH. La figufalllistre la teneur la portlandite en fonction
SVUE pn u S|l }o]lv S g S u%On fem@rgde §qus plus la teneur de

métakaolin est augmentée, plus la vite est consommeée la porlandite.
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Figure 1411 : Teneur de portlandite dans la pate de ciment en fonction tenaur de métakaolin
etdutem% e+ [ZC E S S]}v

5. @& & E]+8]<u * =+ %E} plée [ZC E & §]}v

> (}&u s]}v ](( & vSe ZC & S » 0}E&-* [ZC (EVS ] woOo P Ju VvS§
diverses phases plus ou moins cristallisées a la température et la presslmante. Parmi ces
ZC E S U 0 %}ES0o v ]S U o[ §SE]JVvP]S U o u}véstdes(hieupu]v §
cristallisés. Par contre, le C-S-H a une structure faiblement cristallisée, voirpheem€ette
%o ES] %o @& * VS 0 *SEU SPHE S 0 °* %E} % E] S|4V *HZQulw X (
x Silicate de calcium hydraté (C+H-
Le silicate de calcium hydraté (C-S-H) est le principal hydrate tcanstia phase liante
de la pate de ciment. Il contribue de maniere significative aux matm®priétés du
béton telles que la résistance et la durabilité [75, 76]. La struatier€-S-H se présente
sous la forme de particules nanomeétriques agrégees les unes aux autresleLdetaes
particules varie en fonction du rapport Ca/®8l [ VA]E}v 01 Zpdur V< TalSi<
1.5 et de 60 * 30 * 5 nfhpur 1.7 < Ca/Si < 2 [77].
> 87 Z]}u S E&$-H dépend au rapport W/C, a la température et la composition
du ciment [7880]. Elle est également liée a la composition de la solution intexifiti
avec laquelle le C-S- «§ o[ <«uP} IEsHution interstitielle est concentrée en
calcium (ou faible en silicium), plus le rapport C/S de C-S-Hegsét él
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- C-S; ~reW iX00 D I"D i (}&u ve ppC&Y]linfériedréEaz|}v
mmol/l.

- C-S; ~teW i D fbfmBe @dXn$ une concentration de fJantre 2et 22 mmol/l.
- C-S-H ¥ C/S = 1.7 formée dans une concentration de?|Gapérieure a 22 mmol/I.
Le C-S-H possede une structure lamellbir }u %o} ¢ [uv  Ip Z [} EC

A e Z "V e *]Jo] S ¢« }JEP v]e < Vv JEH|(FHuUEEL-12).Ces] E |
inter-feuillets se composent deg v ¢ o Jpu § e u}o pesechdings Xe
silicate sont constituées a partir des dimeres de silicates reliésipantre eux par un
tétraedre, appelé tétraédre pontant, formant des pentaedres [82] (Figurd)1-1

(N¢

Dimere Tetratedl;e 30 nm \Go.nm
- ontan
de S|I|cate P 5nm

feuillet —.*r:gjfm%a@) .

Inter feuillet ——3

/

Entre9et 14 A en
fonction du nombre
de H,O

Strurture ‘nrcicrkrﬂrn

Figure 113: "SE&n SUE fe[jleSddE-5-H

Cependant, la structure atomique du C-S-H dépend également au rapforER effet, pour le

C-S-H de faible rapport C/S (0.7 < C/S < 1.5), leur structure atomiguedtst de la tobermorite

[83]. Le C-S- E %% }ES IN ep% E] PE iXAU 0 *SEWESHUE «f 8 %
discussion. Les études précédentes indiquent que ce C-S-H semblerait a gerdtructure

proche de celle de la tobermorite [84, 85]. En outre, une diminutiorrapport C/S entraine un
allongement des chaines (Figure 1-14) [86].

29



Ca/Si
Tétraédre de silice - Charge négative

Figure 1414 : Structure simplifiée du C-S-H en fonction du rapport C/S
X >[ZC E®}AC (Portandite)
> %}ES0 V]S ¢S P o uvsS puv % E]v % o LCVE SEUEE [Z
* % E ¢ vS e}pue pv (}CEuU [MV uU%]Oo u vS§ ( M E DS o XE> |
dansdece ( pJoo Se ¢S e}lpue 0o (}CEuU [uv S @&c¢aldyunttest2n/AE P}v
] }'§ E&J«<p S o[}ACP v [BlY]kafiure @15 p@Egdente la structure
de la portlandite.

* o099 00 «—— Ca’

OH-
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a

Figure 145: Structure de la portlandite [81]

X Enttringite (Aft)
>[ SSE]VP]S }u (S S P o u vS pv % (E hydi#ation duinens (} E
CEM I. Elle provientee vS] 00 u VS o[ZC Eagedlg}négulateiur de prise
(le gypse) s  &J]+S oo]s +}pe o (}EL ([(EwWioo <[ E]
[CaAl(OH3.12H0.(SGQ)3.nH20]avec @ R. > «SEU S E o[ SSE]JvP]S -
}olvv o S]}ve }}E Jv ¢ % €& 0 * }ECP ve ««ZC ®}AC
(Figure 1-16)> « J}ve epo( & » « EA v$§ eelE E o[ O[BI3E}V USE

30



— octaédres Al (OH),

— tétraedres SO, *

<— molécules H,0

~ polyédres CaO,

Figure 146 W "SEN SPE (&E]J*S oo0]Vv o[ SSE]vP]S

Cet hydrate est stable a la température ambiante]s 85 SE + ¢ ve] O o[ uPu vs§
température. Zhouetal [87] u}vSE <«u o[ §SE]JvP]S }uu v ]88 PE
eau liée a partir de 50 °C.
X Monosulfoaluminate de calcium hydraté (Afm)
Le monosulfoaluminate de calcium hydraté (Afm) provient de la réactitme ém phase
T v £ e« A o[ 4a @Eiwiég Scristallographique de cette phase est
[C2AI(OH3.2H0k.SQ.nHO avec 0&1 . Il cristallise sous la forme de feuillets avec
une structure hexagonale. Dans la structure de cet hydrate, certains ions ci{Cain)
sont remplacés par des ions trivalents, majoritairement des ions aluminium (AI3+) et
minoritairement des ions ferrique (Fe3+). Ce remplacement entraine un excés de charges
% }*]5]A o Ju% Ve % E 0 % E < v-feuilltvGes ons peueh} ee E
OH, SO42-. La figure 1-17 illustre la structure du monosulfoaluethatalcium hydraté.

Ca (OH),
‘/ interfeuillet
L e S ) x 6
—> D e SR A
Insertions d'anions
en interfeuillet v\
e pour compenser la charge plans de cations
Substitution 1/5 Ca par Al r
feuillet chargé positivement e "o o (Ca? [ Mgt /
AR/ Fe¥)

® ca* OH @ anions

Figure 147 : Structure du monosulfoaluminate de calcium hydraté [81]
I1.6. ]v Sl<p [ZC &E § S]}v

>[ZC E S S]}v H Ju vS ¢« % E} p]S dues hMadifferentenGable &n%ermes
Al3 e« [ZC & & 3]}v + ]1(( E vS3En ¢iHer les phages jnierstitidlles, plus
particulierement le 6A }vs ASE!u u v3 E 3$]A « « pp }vs 3.lA o]
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réaction commence des les premieres minutes. Un ralentissement important deeksevi
[ZC E § 8]}v 3 E %] Ce phdnpmen&dst ke principalement a la réaction entre
leG S 0 PC%e* <u] }v ple v8 o (}@EUnesfpisvtout l@fysse @hedhijieX

une diminutionde laxp v8]8 [ SSE]JVvP]S (}CEuU S pv o EsAdrtv o[Z
été observées.> ¢ %o Z ¢ ¢ *]0] S - 0O Juu G Plee v§ o[XaquGS u v] (
Juu v E P]JE ve <cpocpg e Z UE *» % E » 0 e ayf Ceties 3

réaction génére dans le premier temps le C-S-H puis la portlanditeSLesta derniere phase a
réagir (aprés quelques jours) pour former le C-S-H et la portlanditéiglue 1-18 illustre
o[ Alou3J}v « ZC E 3§ » (}Eu + tatienau dme¥ee [ZC E

60 - —— i

A

Progress of hydration (%)

Hydration time (h)

Hydrate formation (%)

bllo née ! 141

0.1 1 10 100 1000

Hydration time (h)

Figure 118 W  A}ouS3]}v * %Z * « 0}E+ [ZC E § 3]}v pn ](B8S =« V.
~<luE  [[M3)P

>[ZC & § $]}ve de oment suivie par la calorimétrie se compose 5 étapes consécutives
(Etape (I) a Etape (V))(Figure 1-19).
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I : Phase de pré-induction
IT : Phase dormante

Figure 119 W Z o nuE PP o}E&e [ZC E S SHV}ULE Ju N} ESO Vv

x Etape | : Phase de pré-induction
Dans cette% Z « U o[ZC E S S]}v 4 Ju vsS P v E pv <WEUS0]]U %o
v}S uu v8 0[ZC & S S]}¥A. 0 %Z -
x EtapellW WZ « }Eu vS }u WZ ¢« []v 4 8]}V
W v VS 88 % E]} U o A]E o e E S]}ve [ZLHE@E S S]}v
pttringite) diminue, de méme que le flux de chaleur observé en calorimi@rie
x EtapelllW WZ « | o E S]}v
Dans cette période, les ions €&t OH dans la solution précipitent afin de former de la
portlandite. Les ions en solution consommés vont permettre une dissalattcrue de tous
les composants du ciment, puis une précipitation, notamment sodieriae de silicate de
calcium hydraté. La formation de C-S-H et leur connectivité conduisent égalame
diminution de la plasticité et une rigidification du matériau [67]
x Etape IV: Phase de décélération (ou de durcissement)
Cette phase commence aprées que le flux de chaleur ait atteint son maxitraivitesse des
réactions [ZC & S S]}v ]oressivetie@Edans cette période. La précipitation de C-
S-H continue encore, cependant, le mode de formation ainsi que la morpbaldtgrent
Ju% @E 3]A u v8 0 % Z e« [67]. En effefEdans ba phase précédente, le C-S-
, (}@E&u e SE}UA ol £ E] nE - PE} vViu vEX % EBY
%o E ]%o]S o[]JvS E] HE wu'u e P vPu o Pe<Epropriétés vS (}
u V]j<g e pHusS E] MU e[ E}eeVvS yu }pE- Ila fobdatid.d€E |} P
liaison entre les particules hydratées.
x Etape V : Phase de ralentissement (ou de diffusion)
La derniére phase consiste & un ralentissement €& S]}ve [ZC [DBnS céffév X
% @E]} U o A]S e¢ [ZC E 3 3]}V *8 % E]V ]% o0 U(APIuA EV
ol 0 8§ oo e« J}ve Jeelue pu SE A E- [43.ZC E 5+ i (}JEuU -

33



1.7. PE&E o[ZC & § §]}vet |]a mé¢thod& de détermination du degré de
o[ZC @nsS S

.7.2. P& o[ZC & § S]}v 4 ]Ju vS§

> PE o[ZC & $§ S]}v [MUV u S E] 4 Ju vsS JE E % % S
guantité de ciment hydraté a celle du ciment anhydre initial [71]. Il exptisieurs approches
expérimentales afin de déterminer la quantité de ciment hydraté :

- Analyse thermique (ATG)
Analyse des images au microscopie électronique (MEB)
Analyse de la diffraction des rayons X (Méthode Rietvelt)
Résonance magnétique nucléaire (RMN)
Calorimétrie
Le principe de ces méthodes consiste a déterminer la quantité des hydrates formésso
anhydres restes dans un matériau cimentaire hydraté. Dans cette padies détaillons les

méthodee Z ]Su 00 u vS psSJo]e ¢ %}UE u pE E o]u PIK o[ZC &

X Méthode de quantification de la portlandite%o E o[ v 0Ce §Z :Eu]<p d'

Cette méthode est utilisée par plusieurs auteurs [71, 89, 90] afin de déterr@rdegré de
o[ZC & § S]}v Vv wugnt® vS 0 %}ESo v ]S (}CEuU 0}E-

o[Z

ciment. Le principe de cette méthodeeS ¢ su®& o ( ]S <p O P dEroit o[ZC

linéairement avec la quantité de la portlandite formée. La massa gerlandite est mesurée

% E o[ v oCe d' of ] [uv %0 P S u% & S athtion HE E -« %o ]

la portlandite. > PE o0[ZC & S S]}v *S 0 MO <:0}Vv O[ <H S]}v ¢
_avnlEA6,
r(t)—m 100
Avec :
rl): P& o[ZC & S S]}v 4 Ju vsS of]ves vS §X

M caoH)2 Masse de Ca(OHprmée.
mc: Masse du ciment
rw Yu vs]s 0 %}ES0o v ]S (}EU %o }uE]w [ZEEEVEed] }
dépende de la composition chimique du ciment.
Lamassedu]u v8 ¢8 0 pOo e+ 0o}v O[ <u 8]}v eu]A v3
mo=2 +0004agURRAA

@5—%3:5>AEA;
Avec :
Méchantillon W D e« o[ Z vS]oo}v
E/C : Rapport Eau/Ciment
LOI : Perte de masse du ciment

vV }u

> «<u VvS]S 0 %}ESo v ]S u-pE o[ ]'SE o] v &+ <dO}V
o[ <p 8]}v *p]A v3§
_ Aa894%DI4AYig AL VEOAG

M ca(OH)2= EGE
Avec:
McaoH)z Masse molaire de la Portlandite
MH20W D <+ ul}o |&E o[ M
el vwrio%wrw ER: W ES usee VvSE ofi S ARl £ o[ Z vsS]oo}
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Cependant, la difficulté de cette méthode réside a la déterminaties intervalles de
température de déshydtation de la portlandite. En effet, plusieurs plages de température
pour la portlandite ont été proposées par plusieurs auteurs (Figuz@)1-

[L. Missemer, 2011]

[J. Zreiki, 2009]

[P. Mounanga, 2004)

[V. Baroghel-Bouny et al., 2002]
[E.A.H. Atlassi, 1993]

[A. Bajza et al., 1983]

[B. El-Jazairi et al., 1977]

350 400 450 500 550 600 650
Température [°C]

Figure 120: Intervalles de température de déshydroxylation de la portlandite seloréreliffs
uHS pEe- ~"}pE[71)[]Ju P

La différence des intervalles de température entre les auteurs pourrait provena différence
de la méthode de calcul de perte de masse. En effet, il existe deux méthoidesrdds pour le
calcul de parte de masse dans la littérature :

- Méthode de la « tangente » :

Le principe de cette méthode consiste a un changement de pente deuege ATG pour
déterminer le début et la fin de la plage de température (Figud)l-Puis, des tangentes ont

été tracées de chaque point le long de la courbe ATG. Une ligne verticale & ébduracée

*ME 0 %o}]vsS []Jv(o A}V o }uCE d'X 3835 o]Rv uW/H %o }PVSEe
et B. La différence de masse entre ces deux points A et B présente la deeneasse
correspondant a la déshyalation de la portlandite.

Perte de masse [%]

92

90 :\

88 - A

86

] -
PU——

84 -
1 —aTG

/

82<...'..'.,..'....'
300 400 500 600 700

Température [°C]

Figure 121 : Détermination de la plage de température de déslayaliion par la méthode de la
S VP vS ~"}uCE [71])]Ju P
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- Méthode de la dérivée :

Le principe de cette méthode est basé a tracer la courbe de la dérivée premiére (DTd®) afin
trouver le début et la fin du pic de la dérivée, respectivemenblatpA et B et a mesurer la perte
de mass correspondante (Figur@2).

Perte de masse [%] DTG [%.°C?]
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Figure 122 : Détermination de la plage de température de déslayaltion de la portlandite par
la méthode de la dérivée- "} u E [[[ra])P

Les études précédentes [91, 92] ont comparé deux méthodes de calcudeafiéterminer le

PE o[ZzC & S S]}v e e uUS E] HEX > ¢ E pod[B€ WBVSE E] MW
mesuré par la méthode de la tangente était largement inférieur a celui mesré&apnéthode
de la dérivée. Cependant, la méthode de la dérivée a domnéA o pE 0[ZC & § S]}v ¢}
al.

x D sz} <u vS](] S]}tv o[ H o] % € o[voCe d’
> % E]V ] %o §§ u 8z} *3 . 0 S Euw]v A1 pM ~o[SWw |
hydrates forméso } (E ¢ 0[ZC & § §]}v M Ju vde v }u% E v A}lT® 3§
o[ZC & 8§ S]}v }u%o § H Ju vsX > P& oyZ¥ZYE $§ S]}v

<u v8](] S8]}v o[ H o] % us !SCE 0 ud: * o}v o[ <p 8]}v <plJA
r~§2A % 100
bafv,;

Avec :

r~sw PE o[ZC & S$ S]}v of]ves v§ §X

Wn(t) W Y vS]S o[ M O] o[ Z vsS]Joo}v of]ves vS §X

Wn((»; W Yu v§]S8 o[ M 0] 0}E- o[ZC & S S]}v }u%BboVvsS p ]

eégalement a la composition chimique du ciment.
La difficulté §§ u 8§27} S 0 § Bu]v §]}v 0 %BoUuBS E SUEU%B]}N
En effet, entre 25 °C et 400 °C, il y a grand nombre de déshydratations simult@ieegue la

«ZC & § §]}v o[usls PR pS Yo }E S u e+ o] Dangleg¢todesE X
précédentes [44,900) o0 <«u VvS]S o[ un o] Ve 0 %o S Ju W8 ZC &
o[ < 8]}v *u]A v3§

Wh(t) =[ An (145 °Ct 1000 °C) #n (600 °Ct 880 °C)t mc* PAFIm.
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Avec .

fn (145 °Ct 1000 °C\W W (E S U ee ol Z vS8]Joo}v VvSE ioAa £ S iill
Fn (600 °Ct 880 °C) W (E S u ee ol Z vS]Joo}v VvSE oii £ § 0601 £
mc : Masse du ciment.

PAF : Perte au feu du ciment.

X Méthoded o[ v oC- * Ju PBSE)D ™ t
Un inconvénient de la méthode de quantification de la portlanidtesdEndétermination du

P&E o[ZC & § S]}v U phpphgliév[vesS 0% ¢ [V U S E] B ]Ju ve
contenant des additions pouzzolanique di a la consommation dertlapdite de ces additions.
W & }ve <cpv Uo u sz} o[ v o0CBSE ontkte ttilisée [#85] afin de

§ Gul]v & o PE o[ZC €& § S]}v ]Jve] <p © PVPWSE]LE] po

cimentaire hydraté. Le processus de cette méthode se compose 3 étapes principalagesuiva

- Choix du grossissement et de la résolution des images.

- Segmentation des phases grace a les seuils en fonction des niveaux de gris.

- Quantification des phases dans la zone analysée.
Le choix du grossissement et de la résolution des images joue un réle importantcelans
processuX Vv (( 83U %o ope 0 P@E}ee]ee u vd 5 0 A U %ope o*E *}o
plus les nombreuses images nécessair8so § U %o ¢ se[sontangportants.
La segmentation des phases est effectuée par les seuils en fonction de grismedt ok
distinguer les phases telles quka pore, les hydrates et les anhydres (Figure 1-23).
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Figure 123 : Histogramme du mortier [95]

Les seuils peuvent étre détarjv ¢« v puS]o]e vS8 0 ¢ %}]vSe []v(o A]J}v upE
cumulée en fonction du seuil de gris [95] (Figure 1-24).
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Figure 124 : Estimation des seuils par la méthode de Wong et al {95} u E [[P3])P

Enfin, la quantification des phases est effectuée et pegm o po &E o PE o[ZC
U Ju v3 « o}v o[ <pu 8F}v spu]A vs

« 1RAIXAT ¢,
r S'I' Aixag :(;@]Z,O;O
Avec .

V anhydre ()W s}opuu ol vZC E }@[EVe%yE vE o0 pE( M %o ]
calculée.

V anhydre (t=0W s}opu ol vZzC & o[]JveS v§ § A iX
Le volume initial gt Ju vS % nS !'SCE 0 Mo <+ o}v:o[ <p 8]}v *p]A vs
- = S *
V anhydre (t = 0) PErYTEVEw 100

Avec :
Pc: Densité spécifique du ciment.
E/C : Rapport E/C de la pate de ciment.

8. D} o]s §]}v  0o[ZC & § §]}v

>[ZC & S S]}v e usS E] A Ju vs JE « eshipguéodiplexeuParko Z C
conséquence, une compréhension et une analyse numeérique de ce processus au deanpsiu
[ZC & S S]}v *}vS% & }JBV0*SE o[ § 8 pHusS E]l Y Jve] <p ou]
%oZ * ¢ Ve 0O S U%e [ZC E § S]}vX
Ve 0 0]8SS E SpPE U Jo A]*S 0 PE Vv * (u]Joo o[ZQUYE & S]}vu}
matériaux cimentaires :
- Modeles analytiques
- Modéles semit analytiques
- Modéles thermodynamiques
- Modéles associés au développement de la microstructure.

[1.8.1. Modéles analytiques

Dans cette famille de modélisation, il existe 3 différents types qui pttemede donner le degré
o[ZC & S S]}v Vve 0 S U%oeX
X Nucléation t Croissance
Ce modéle considere la vitesse de nucléation et la vitesse de croissesbgdrates selon

of <u 81}v {98 :vs
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== G(t)%;
Avec :
G(t) : Vitesse de croissance du systeme.
dN(t)/dt : Vitesse de nucléation du systeme.
>[ <u S]}v § C %p97] dsprindpalement utilisée afin de modéliser la nucléation
croissance du systeme :
%g: (1-1) * nkt™D
Pour chaque phase anhydre, les valeurs n, k doivent a ajuster expérimental38gnt
x Dispersion
Knudsen[99] %o E} %} o0 u} o ]*% Ee]}v <gffetded finesse dgsu %o S
PE Jve u&E o ]v S§]cu o[ZC & § S]}vX >[ZC @S Stlo}ve |
o[ < 8]}v *u]A v3§
r(r, t) = A B0
Avec :
r : Rayon moyen des grains du ciment.
k : Coefficient a ajuster expérimentalement.
x J((pe]}v J}vlep SE A E+ 0 ¢ jpZ - [ZC E S -
>} E- o[ZC & § §]}v-S-H foymésarla surface des grains de ciment modifierait
}ve] E o0 uVvVS 0 % @&} eeope 0[ZC EBR &ffet)] Jer pracesdus ds X
nucléation t croissances| E E!S S o[ZC &E S S]}v S }vSEE€oO % E
SE A E+* 0 JpZ-+ [ZC E 8§ +X VvV JUSE U 0 « ZpwHwW WSS }18 ]
étre pris en compte. Pour prendre en compte le changement de rayon des ghaiciment,
Fuijii et al [100] a proposé le modele suivante :
x&_ Y%

xc &H?a

Avec :
D : Coefficient de diffusion ionique a travers de couche des hydrates.
N?: Rayon du grain du ciment pour t% t
> PE o[ZC & S S]}v M Ju vS % pusS !'SCE So po * o}v of «
a
r=1t (—.E.,‘ﬂ u
Avec :
R : Rayon initial du grain du ciment.
X Modele semi-analytique
u} o }vv o PE o[ZC & S S]}v M Ju VBC G SES[)E& u
chaque phase du clinker. Mounanga et al [90] a utilisé ce modwle mpesurer le degré de
0[ZC & § §]}v 4 Juvsd D/ e o}v:o[ <p 8]}v *u]A v
r(t) = rcagt) * [%GS] +rcadt) * [%CS]+ rea(t) * [YoC3A rcaakt) * [Y%0GAH
Avec:
r(t): Degréde[zC & 8§ S]}v 4 Ju v8 of[]ves v8 §X
rcagt), rcadt), rcadt) Ucanft) W P E 0[ZC @5, 8S5¢GAet GAF respectivement
o[]veS vS§ §X
[%GS], [%€S], [%€6A], [%GAF] : Proportion massique initiale deSC GS, GA et GAF
respectivement.
X Modele thermodynamique
39



> %o E]V ] %o u} o *3 . o[]JvSs E S]}v WY Se %o (
o[ <p]o] & Zlul<p X > }u% S] ]o]S * %0Z o e ESE SAEU]
composition de la solution interstitielle et la formation des principaydrates du ciment
hydraté [101].
X Modele associé au développement de la microstructure
Le principe de ce modeéle consiste a une représentation géométrigusystéme pour
calculer les principales propriétés physiques et mécaniques du matériaut@ydiaus
pouvons citer certains codes de calcul utilisant ce modele tels qUMO$STRUC et
CEMHYD3D.
- HYMOSTRUC
Ce code de calcul développé par Breugel [122] Eu § u} o] & o[ZC & 8
Ju vs % ES]E <« }vv e+ [ vidEapporS8EMD la granulométrie du
ciment, la composition chimique du ciment.
- CEMHYD3D
Ce code développé par Bentz au NIST (National Institute of Standards and Techs®logy)
compose trois version [10305]. Il utilise une approche géométrique tridimensionnelle
(1v u} o] & o % E} eou- o [ Z&nsEug deklpropriétépudevia
microstructure[106t108]. Dans ce code, chaque voxel (un volume cubique de’llgsn
attribué a une phase telle queanhydre(GS, @S, GA, GAF, Gypse), hydrates (C-S-H,
Ca(OH) etc (Figure 1-25

[1pm

Figure 1-25: Présentation des voxels attribués aux phases dans le code CEMHYD3D (Source
[lu R71])

hv % E} eepe }u%o}e V3 i 8 % * }ve HSE]A ¢ % Eu Spv u} o

us El 4 Juvs ]E S [} SV]I]E pv u] E}*SEBSBSACEE S o0

(Figure 1-26).

- Etape 1: Dans la premiére étape, le code permet de placer aléatoiremens da
volume cubique fini (en général, 100 * 100 * 1003uches particules monophasiques
de clinker et des particules du gypse a partir des données expérimentdéssdak:
la granulométrie du ciment, la teneur volumique du gypse, le rappatmique (E/C)
de la pate de ciment.

- Etape 2 Dans cette étape, les particules monophasiques du clinker sont divisées e
différentes phases du clinker telles queSCGS, GA et GAF grace a des données
expérimentales de la proportion volumique de ces phases dans le clinker.

- FEtape3 ve 0 EV] E 3 % U o u} o] 3]}v o[zC E § §])
sera effectuée dans les conditions contrélées sous forme de cycle de dmsotu
diffusiont % E ]%0]S S]}vX > wu} o] 8§]}v 0[ZC & S S]}v < ¢
phases anhydres est hydraté ou aprés un certain nombre de cycles @éfini
o[us]o]s § HEX
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Figure 126: Etapes%o EE]V ]% 0 ¢ [ %o @E} eope o u} o] 3]V} o[ZC
D,zi1 ~"}uE& [ P

. Méthode de Calcination Flash

[11.1. Présentation de la méthode de calcination Flash

La méthode de calcination Flash est une technique de traitement therndgaenatériaux fins

a la température élevée pendant le temps tres court. Cette technique a i@ément utilisée

pour activer certaines argiles telles que le kaolinite [109], les phases argileesasgdiments

[26]. Le principe de SS u SZ} }ve]es ojJu]v & o[ M ]JvsS B(o]v]E
((SU o0 ~sS Zv]cp » Hlee}v & %o}e + o[pBlo]e<S{HYS S[tumepA

% EU SSE [ }US]E pv $]1A 3]}v e« EP]@nteffitacedntEis <

le temps du processus est important. De plus, les colts énergétiquestte raéthode

v}8 uu v3 ¢}Jv3 SE ¢ 0 A X W E }ve cpuv U o[pu3]o]ea]w STw

%ooOpe [ }viu] 5 v }uE P X

La méthode de calcination Flash est une cuisson brutale et trés rapideusotransport

aéraulique qui optimise la consommation énergétique et provoque des phases atdtsbu

de morphologie complexe (grains multiphasique). En outre, le choc thermique pourrait

provoquer les défauts de surface des cristallites ce qui crée le nombre deésitéiés. Dans cette

méthode, deux parameétres sont prépondérar¥® o S U%oe [ A% }*]S]}v S o § u'

cuisson [26].

111.2. Etapes du processus de la calcination Flash

>[uv]s o ]Jv §]}v &lan3s Zetiedheskeest le four de calcination Flash installé au
vsE E Z & Z ~ Z/ Dot Eurape DFdyute 1t 27). Le four permet de

o]JvE [VAJE}VIAIP pusd E]l YU % E Z pdki £ X § u% E SpE
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Figure 127 : Schéma du four de calcination Flash (IMT NwEgirope)

Les étapes principales du processus de calcination Flash se composentaetesui

x Préparation du matériauWw A v § o[]JvSE} pn S]}v ve 0o & o]
matériau doit étre séché et finement broyé. En effet, la finesse est umpztra majeur
de leur future réactivite.

X Introduction du matériau: Le matériau est introduit dans la chambre de combustion
PE&E MV JUE vS o[ ]E pgartbeui®Es|du Naddtipy sbht@uites a haute
température pendant quelque dixieme de seconde.

X Récupération du matériauLe matériau calciné est récupéré dans le cyclone en bas grace
a la gravité du matériau.

Conclusion et perspectives en vue du travail de these

Cette étude bibliographique permet de mettre en évidence plusieurs panivants :
xLe ciment Portland est un matériau complexe malgré que sa fabrication soiti€on
depuis pres de 2 siécles. La valorisation des déchets dans le proce$sbgaddion du
oJvli & <5 o[}E]P]v o J((] nos [} S w¥[}v}iufwye]$d}vs
réguliere dans le temps. Un changement des matiéres premieres pourrait preraq
changement la structure des phases formés dans le processus de clinkérisation
x>[ZC & § 8]}v 4 Ju vs 3 pv %hE}lque epmpbexg Qui Pépeind aux
plusieurs parametres. Il existe plusieurs modeles qui permettent de nsauéli
o[ZC & § S]}v M Ju vEX % v vSU ]Jo ¢SE vo}eE Eo*pndB( &
la littérature.
Xe sédiment est un matériau tres hétérogéne qui se compose des matieres organiques,
e u 8] & ¢« JVIEP v]cu Lelkédifnent a ééxvalorisé avec le succés dans
%oope] HE* SPHu ¢ U ]J* 0 %OU% ES e SuX e 5§ o[ Z oo
Dans ce contexte, cette these incluse dans un projet industriel en parterearieg IMT Nord
Europe et le cimentier EQIOM vise a mettre en évidence un certainsagétions suivantes :
X YU O o}vS 0 ¢ (( S~ o[]v }EE% }E S]}Vv afumation]desvsS %o} C
phases minérales du clinker ?
X YL 0O ¢S uSZ} (] 0 %}pE u pyE E 0? PE o[ZC &
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X % 1S u} o] S]}v vpu EJ«p o[ZzC & S S]3vo - ]
} D,z i1 (]v Ju% E v E u] pAE o Jwdi]ciment pb@seE S S

sédiment ?

X Quel est la température optimale dans le processus de calcination Flash pou

activer la réactivité pouzzolanique du sédiment ?

u
]

X Quels sont les effets du remplacement du laitier par le sédiment calcing ldan
fabrication du ciment CEM Il ?
X Quels sont les effets des taux de substitution du sédiment sur la qiréti

[ZC & § S]}vU 0 % E(}EuU Vv u Vv]cu Jve] <p 0 SEWU S
formeés ?
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Partie | : Valorisation des sédiments dans la fabrication
du ciment

Cette partie présente, sous forme de plusieurs articles, les études menéekgormulation de

ciments pour lesquels le sédiment est directement intégré dans ld_esudifférents impacts sur

o[ ve u o * %o E}% E] S ¢ e+ usS E] A (]Jv HAE S oo EXepoS S
Dans cette partie deux chapitres y sont présedtéo[puv A MV %% E} Z o }d
numérique, le second avec une approche tenant en compte les contraittestrielles

Chapitre 2 : Valorisation du sediment contaminé dans le
cru t Impact du teneur élevé du sédiment incorporé sur
la formation des phases et la performance du ciment

produlit.

l. Introduction du chapitre
Ve Z %]SE U [HUV % ESU Vige % E * vSE|{vOo t & {pOSSSeve
o ( ®&] Sliv p Juvs D/ §so- ((Se o[]vHE %} @ @dd S|}y -
phases minérales du clinker. En outre, le code CEMHYD3D a été utilisde afnodéliser
o[ZC & § S]}v e Ju vSe sCVSZ §]e X ] % Eu[3A}ous(Bv |E
%Z ¢« P Juvs Hu JUEe* P S UWee [ZC E S S]}viatdment }v(]CE
[ZzC & S S]}v 4 ]Ju vSs . H e Ju vEX [ UMSE %o ESA)ev}ipge §
E *p0OS S o[ Su Ju% E Je}v U PE vS o[CEMEVS S} E RAQ
différentes méthodes (Méthode de quantification de la Portlanditééthode de quantification
o[ n o 3} o[ v oCe ceJuP «eA"DtA”NeX>[}i BIA op &S
la fiabilité de chaque méthode. Par la suite, la méthode retenue ddisée afin déterminer les
Ao pE. p PE ondpZ gmaptssSsydinétisés dans cette thése et ces valeurs seront
également utilisées pour étre comparées avec les valeurs prédites par le coderOBDIH ette
SuH % ®u $ Pouvd [ Aop o (] ]o]s o u SZBSEqliv oC-
pourrait étre utilisée dans le cas de ciments contenant des additiongzmlaniques.
Les objectifs de ce chapitre sont les suivantes :
x Evaluation de la qualité du processus de cuisson des mélanges cru et le processus de
E}C P e o]vl E- orathireZ oo o
X SH o[]Jv(op v [uv § e gédimerd SAr la formation des phases
ul]v E o+ pn o]vl GU suE&E o v S]egperfornodricé€s rdecanigléy S o
du ciment a base sédiment.
x Etude de la fiabilité des différentes méthodesdedd Eu]v $]}v p PE o[ZC C
du ciment.
x D} o] §]}v vpu E]J«pu o[ZC & § S]}v e Ju s ECVTZ §]
utilisant le code CEMHY3D
Les résultats de ce chapitre sont présentés dans deux articles ci-dessou
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Il. Démarche expérimentale

Dans la premiere partie de ce chapitre, deux formules de cru ont étéulées. Les clinkers, les
ciments synthétisés ont été caractérisés afin de comprendre des effediment sur les
propriétés du ciment. Le dosage des composants dans la formulation a @éoah utilisant les
Ao pEes « u} po s >2"&U ZU ~Z <u] *}vs p3jo]e E]Z e wdHlodE X
WuJeU o[ ve u o e US] E = %E& u] & *« }vS S u o VvP e« @& i}pus
un mélange plus homogéne. Pour faciliter la cuisson dans le four, leslgsastit été
confectionnées. Elles ont été ensuite cuites dans le four selon le programme suaanisson

Til £ % v v3 11 ulvusd U %p]sU 0 3 u% E SUE WP UAYS ecipec]
de chauffage de 7 °C/min, la température maintenue a 1450 °C pendamirilBes, enfin le
E (E}] ]J** uvsS ve 0o (}UE ipge<pu[] 0o S U% E SHE u ] vs X
Le processus expérimental de cette partie est présenté ci-dessous :

composants du clinker
Analyse FX sur perle -
- Resistance en
compression, Degré de
I'hydratation
Fasfile du cru
avant la cuisson

wy

. Q F"’T' Caractéristiques

G S = physiques: Granulométrie,

o= T e 3 -~ Surface Blaine

- o] g

o £ Teneur de chaux libre du

0 o CE : clinker @
o Q v —— @ Chaleur d'hydratation
% @ Uu Four utilisé &
P — )
E o~ ol | 5 | Identification des phases O -
¢ 2 % 1= mingrales du clinker = & Composition chimique du
6. = = %E Analyse DRX E |:> ciment —

— —

w O =0 E‘,> Comparaison
Q ™ E L | desrésultats
:@ - 4 2 Identification et Hydrates de la pate de expérimentaux
*6 o quantification des ciment hydraté et numériques
z 2 :

v

-

0

Q

O

O

Culsson &1450°C

Prédiction des

Code propriétés de la

CEMHYD3D pate de ciment
hydratée

Les résultats de cette étude sont présentésvda o[ ES] o X

by

Dans la deuxiéme partie de ce chapitre, nous nous intéressons a évatianéthodes
Z ]S54 00 u vS pusS]o]e ¢ ve 0o 0]88 & SUE PBEIE o00[Z6 EujVvsFE}
ciment CEM I. Le ciment utilisé est le ciment de référence synthadise la premiére partie de
Z %]SE ~KW 086dD-X Z}]AE % Eu § oJujs @Wvol)dE «} E%s } C
les phases minérales du clinker ainsi que les hydrates de la pate de cimeatleydra pate de
ciment a été effectuée avec un rapport E/C = 0.5. Puis, les pates omdtsété/ées dans la solution
e SuCE Z WAE ipe<u[ p iI}pE [ Vv oCe ~T &eichoi¥dpeEnret ~ v 0
[ A]J8 E 0 %Z v}u v E }v 8§ §]}v o(oZ w{® oWE FlodE t§g¥
o[ v oCe e JuP e«r"D1t"”Uof ZvsS]Joo}v }]58 !SE ofEE&UP]5]}o|-
e Ju P «X Wope] HE* Ju P ¢ }vE & % E]e » Vve 0 }VX(E G ME] ] Igy
Origine Pro a été utilisé afin de quantifierd#sZ « ¢ *uE& o0[Z]*S}PE uu o[Ju P X
La composition chimique des phases minérales du clinker et de la ph8dgd e la pate de
Ju v ZC & § S u puCE v uS]oEDS.auf cette @ralys®, enwviron 100
points ont été mesurés surles@ & v « [}v ol Z v8]Joo}vX
Le processus expérimental de cette étude présente ci-dessous :
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Caractéristiques
physiques: Granulométrie, .
Surface Blaine Méthode 1 :
Quantication de la
Portlandite

_—
Four utilisé

0,5)

LSF, SR, AR

Composition chimique du
ciment - Analyse FX

Valeur des modules

Méthode 2 :
Quantication de I'eau
liée

Composition chimique de E>
I'hydrate (C-S-H) -
Analyse MEB - EDS

Formulation du
Cru
Clinker
@ Gypse
Ciment

Degré de I'hydratation de la
pate de ciment (E/C

Résistance en
compression de la pate
(E/C =0,5) Méthode 3 : Analyse
des images SEM -BSE

Matieres premieres
CaCO03,5i02,Al1203,Fe203

Comparaison en utilisant I'approche Power (Relation entre le
degré de I'hydratation et de la résistance en compression)

Pastile du cru
avant la cuisson

¢« Cuisson &1450°C

(V514

> ¢ (E *p0OS S~ SU  *}VvS %oE ¢ vS ¢ ve o[ ES] 0o iX
[I. Résultat du chapitre

Les résultats des travaux effectués dans cette partie sont présentésapn& § ptoo[ E2] o
ci-apres.

Article 1: Recycling of dredged sediment as a raw material for the
manufacture of Portland cemertNumerical modeling of the hydration of
synthesized cement using the CEMHYD3D code

Synthése : Dans cette étude, deux ciments ont été synthétisés au laboratoire. Les
caractéristiques du ciment OPC 97 (32% wt du sédiment incorporéalang ont été comparées
aux ceux du ciment OPC TM (ciment de référence, sans sédiment damys lees caractéristiques

H Ju vS8 KW 606 }vS § }Ju% E « pAE PAE H Ju[Z€ WS DX >-

ciments a été déterminév pusJo]e vS o u $Z} <u vS§]ddns &k}hwdraten] u
o[ ] o[ voCe d' %@ 1 § 16 ilyjaEsistancd enCcoBpressiph\aretée

mesurée sur les échantillons de la pate (E/C = 0.5) de 1 * 1 *1Emoutre, les caractéristiques
HA Ju vSe }vs § usSJo]e ¢ }uu o }vv eDJzvB&E > pu }
u} o]e S]}v o0[ZC & Sctpvdanssles(cdonditions similaires a celles dans les
analyses expérimentales.
Les résultats montm que :
X Le sédiment pourrait étre utilisé comme matiere premiére dans la fabricatiaindent.
X La présence de MgO, $favorise la formation de phase M3 do [ alpéis le clinker a
base du sédiment
x Le sédiment ne modifie pas la formation des phases minérales dans le clependant,
la présence des éléments mineurs pourrait provoquer un teneur Ca/Si plus épséad
phase C3S par rapport du clinker de référence.
X Le ciment a base du sédiment présenite comportement similaire au ciment Portland
}E Jv ]E o}Emesure@[}vZ o pE [ZC &E S S]}vU o P& [Z(
développement de la résistance en compression dans le temps.
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X Le logiciel CEMHYD3D a été utilisé pour modéls¢z C E 5 S]}v 4 Ju vs §
o[ Alous]}v o %oZ o o Ve 0 Simubee%X &( ]$ u vs o[ZC & § §]
ciments en comparant les résultats numériques et les résultats expérimentaux. La
modeélisation confirme le comportement expérimental du ciment a base sédiment.
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Article 1: Recycling of dredged sediment as a raw material for the manufacture
of Portland cementt Numerical modeling of the hydration of synthesized
cement using the CEMHYD3D code
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ABSTRACT

Around 56 million rof sediments are dredged in France per year to maintain the access to ports
and waterways. Sediments are considered as waste regarding regulatiomscamse
environmental, ecological and economic issues. This paper aims to use dredgededismaw
material to replace traditional materials in Portland clinker productidiwo clinkers are
produced at the laboratory scale: a reference with chemical reag€afS®@, SiQ, AbOz and
FeOs and a second clinker with sediment as a partial substitutiorcfiemical reagents while
controlling all the three cementitious modulus.

The synthetized cements were characterized by X-ray diffraction; Xayescence and
scanning electron microscopy in order to identify their mineralogicdl @remical composition
as well as their microstructure. The reactivity of the synthesized céneas followed by
isothermal calorimetry and the mechanical strength of cement pastes was meastu2ed5 and
28 days. The CEMHYD3D code was used to numerically modelling the hydratyothetized
cements in order to follow the evolution of phases and to predict pheperties of hydrated
cements.

The results demonstrate the potentiality of reuse sediments in the cement raatwring with a
high rate of sediment incorporation without affecting the phase assemblage.
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1. INTRODUCTION

In 2016, the French cement industry produced around 17 million toosmoent and represents
the leader in producing Portland cement in the European UfiignHowever, the production of
cement has a considerable impact on the environment related to ékraction of natural
resources and the G@missions [2]. In 2012, around 800 million tons of raw materials were
extracted in France where 50% are allocated for the production of congiruataterials[3].
Consequently, the valorization of industrial by-products and waste asmaterials in the
manufacture of cement became a trend for reserving natural resources. Previalissi4 t9],
have demonstrated the effectiveness of using wastes by partial replacing sonte ghw
materials in the manufacture of cement.

In France, around 56 million *hof sediments (marine and river sediments) are dredged
annually to restore acceptable navigation thresholds, to avoid flooding anidnprove the
quality of the environment. After dredging, sediments are either immeisdte sea, remained
in the land (in general polluted sediment), or recovered in diffelsdtors such as construction
and agriculture. Several treatments and recovery methods for sediments haveshediad and
applied in various fields of civil engineering. Among these, the re-usediments in road
engineering as a base layer or a form layertf4), manufacture of artificial aggregates [15] and
as a mineral addition in mortars [16, 17]. In the most of these applicstimediments should be
treated before recovery.

In addition to the above applications of sediments, some studies shovedtta latter could
replace some of the raw materials in the manufacture of cement due to its cda¢gomposition
that contains the main components (Cai-6iQ, AbOs and FeQs) for clinker production. In fact
Portland cement contains about 95% of clinker and 5% of secondary cems$if18]. The clinker
results from burning at high temperature (1450°C) of the raw mixture generaltpioamg 80%
of limestone, as a source of calcium oxide, and 20% of clay as a source of silica amal ahani
iron oxide. At high temperature, the chemical elements recombine to foran fisain mineral
phases: Tri-calcium silicate 38C 3Ca0.S#) Di-calcium silicate §6: 2CaO.S¥) Tricalcium
aluminate (GA: 3Ca0.ADs) and Alumino-tetracalcium ferrite {&F: 4Ca0.4Ds.FeOs) (Table 1)
[18].

Table 1Main phases of Portland clinker according to the cement nomenclature

Mineral phases Full chemical - Maximum
Cement Minimum

nomenclature formula content (wt%) content

(Wt%0)
Alite GS CaSiQ 45.0 79.7
Belite GS CaSiQ 57 29.8
Tricalcium aluminate GA CaALGs 1.1 14.9
1:AeI:Jr?tnE:no-tetracalC|um CAF CaAbFeOo 20 16.5
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Dalton et al [19] have synthesized clinkers at a laboratory and industrial sealle, raw
materials extracted from quarries and with a contaminated sediment from New York/New Jersey
Port. Different formulations with variable sediment substitution ratesnir1% to 12% were
tested. The authors noted that the Alite/Belite ratio in the synthedizknkers decreased when
the sediment content in the clinker was greater than 6.5% onaberatory and industrial scale
The compressive strength of these cements was slightly lower than tifa oeference Portland
cement. Therefore, they conclude that cooling is necessary to prevent the decdropadialite
into belite and free lime.

Aouad et al [20] used the lower fraction (2 mm) of a heavy metal contaminatedsediment

from a canal in northern France, to synthesize a clinker in the labgratitin 39.1% of sediment.
The authors showed that the four mineral phases of the cement were obtainéuouwt
appearance of secondary phases. The compressive strength of the synthesized paste was
20% higher compared to that of the reference cement paste (CEM | 555)ddys.

The fine sediments (<200um) from French hydroelectric reservoirs has beeby&edre et
al. [21], [22] as a raw material in the raw meal for Portland clinkedgction. The sediments
replaced all or a part of the silico-aluminous raw materials in the raxv The mixtures were
burned in a static furnace at 1450°C for 45 minutes and subjectedpid ear quench cooling.
The Portland cement produced from clinker incorporating 11.3% aofresd has satisfactory
properties in accordance with NF EN 197-1 standard. Compared with fémemee cement, it
has a higher reactivity and develops a higher mechanical performance.

Therefore, the objectives of this study are, first to synthesizen&enliin the laboratory scale
with the highest possible content of the river sediment Noyelle - Sbeiss (NSL) from the Haut
de France. The cements containing sediment have been characterized andrednp those
synthesized from pure raw materials in order to study the substitupacts of the sediment
on the property of the cements. Second the hydration of synthesized ctsmeas modeled using
the CEMHYD3D code.

2. MATERIALS AND RESEARCH METHOD

dZ & A u s E] oe pe ]Jv 8Z]e «3p C (}JE o]vl E[PwFu(s KuE]VI
SiQ, AbOs, Fe(s, in addition to the sediment.

The sediment used is river sediment collected from the Noyelles-SougNl8h¥§ disposal site in

the Haut de France region, France. This sediment was homogenizedeahth the oven at 40°C

to reach a constant weight, then grounded.

2.1. Results of the sediment characterization

Different characterizations were conducted on the sediment betmiag it in the raw meal for
clinker production.

The physical characterization consists to determine: the particle s&ebdition of the
sediment using the COULTER laser granulometer type LS 13320 after a liquidodispieesi
organic matter content (OM) by measuring the weight loss at 550°C for 2 hihw@slensity by
a helium pycnometer of Accupyc 1330 type [23], the value with metleyldue (VBS) [24], the
fineness of sediment by the Brunauer-Emmett-Teller (BET) method, andétine Brethod [25].

The chemical composition of the sediment was identified using X-rayefloence analysis.
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The mineralogical composition of the sediment was analysed by XRD analysis ([Beikgr
D2 Advance device equipped with a Cu anticathagre,1.5406 A) with the angle}drom 5° to
0IE v *§ % ]l }( iIXiTX /v }E E 8} }u%oelizatd®T a ¢ Ju \
thermogravimetric analysi§GA/DTA (using a Netzsch STA 409 device) was carried out on 100
mg of dried fine sediment (particle size less than 40 um) with aitngaate of 10 °C/min and
temperature range from 40°C to 1000°C.

The mobility of the metallic trace elements (MMTE) and the anionic elementseofréw
sediment were measured after the leaching of the sample using a liqudisdlo of 10 and an
equilibrium time of 24 hours according to the standard NF EN 12438} using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES 5100 Agilent Technolagies). Th
leaching limit values for inert waste (IW) and non-hazardous waste (NHW) sgeacidirective
1999/31/EC were used to verify material compliance.

2.1.1. The physical characteristics of the sediment

The results of the physical characterization are shown in the Table 2. 9lheddiment has an
organic matter content of 16.1%. The loss on ignition at 950°C is due to the desibion of the
limestone in the sediment.

The Blaine surface of the sediment is higher than that of commercial Portiament (the
value of approximately 3800 ). The value of the BET surface of the sediment is more
important than that of Blaine because it is more influenced by the raegh of the surface and
the open porosity [18].

Table 2Physical characteristics of the sediment

Property NSL
Density (g/cm) 2.43
BET (crfig) 43765
Blaine surfacgcny/g) 6562
OM content (wt%) 16.1
LOI 950°C/1h (%) 27.63
d1o (Mm) 1.39
dso(um) 10.16
doo (um) 47.90

The patrticle size distribution of the sediment presented in Fig. 1 stioatsapproximately
99.7% of the particles have a particle size less than 200 um. Bhisisein accordance with the
particle size required for the raw materials in the cement indug2ii}.
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Fig. 1Particle size distribution of the NSL sediment
2.1.2. Chemical and mineral characteristics

Table 3 shows the chemical composition of the sediment as well as for therathenaterials.
The four main oxides of the sediment are £i0Ca0O, AD; and FeQOs. In addition, minor oxides
such as MgO, ZnO, pMaand KO are detected and their presence could have impacts on the
clinker. The chemical composition shows that the sum of oxides (CaQ + 840z + FeOs) of

the calcined sediment is equal to 89.75% which is in accordanhethvei agreement between
French cement industry groups signed in 2001 in order to define thesloh@cceptability of the
entry of the mineral waste used as raw materials into the plant.[28ording to this agreement,
calcined waste must comply with the following composition:

CaO + SiOr AJOs + FeOs HO 19
Table 3 Chemical compositions of raw materials

E\)/\j(ti.d(;; NSL Limestone  Iron oxide Sand Alumina oxide
SiQ 39.62 0 0 98.5 0

AbOs 9.64 0 0 0.6 100
FeOs 512 0 96 0.1 0

CaO 10.57 55 0 0 0

MgO 0.88 0 0 0 -

NaO 0.69 0 0 0 -

KO 1.84 0 0 0 -

t‘c(’% 0.22 0 0 0 )

TIO 0.60 0 0 0 -
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PG5 2.10 0 0 0 -

Zno 0.27 0 0 0 -
L.O.I -
950°C 27.63 45 0 0

Total 99.17 100 96 99.2 100

The results of the mineralogical analysis (Fig.2) show that the main phasesefitheent are
guartz, calcite, brushite, and muscovite. These results are in accordaticgrevious studies
conducted on the same sediment [1{16], [21].
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Fig. 2X-ray diffraction (XRD) of the NSL sediment

The TGA-DTA analysis of NSL sediment (Fig.3) shows three main peaks relatednbaithree
weight losses.
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Fig. 3 TGA/DTA analysis of the NSL sediment
The results are summarized in the Table 4.

Table 4Weight losses at the different degradation temperatures for NSL sediment

Temperature range (°C) Weight loss (wt. Attributed reaction
%)

58



105°Ct 150°C 0.65 Remaining adsorbed water evaporatior

212°Ct 550 °C 4.89 Organic matter, clay phas
decomposition

615°Ct 850 °C 9.72 Calcite decomposition

40°Ct 1000 °C 17.74 Total mass loss

2.1.3. Environmental characteristics

The result of the leaching analysis shows the presence of metallic tracergkems well as
anionic elements in sediments (Table 5). The content of certain metate elements in the
NSL sediment exceeds the value specified for inert waste (IW), in partitidacontent of zinc.
Nevertheless these values are below the acceptable limits of heavy metéte ioommon
agreement between the French cement industries [28].

Table 5Metallic trace elements in sediment (mg/kg)

Elements NSL W NHW
As (mg/kg) <0.08 0.5 2
Ba (mg/kg) 1.4912 20 100
Cd (mg/kg) <0.008 0.04 1
Cr (mg/kg) <0.03 0.5 10
Cu (mg/kg) 2.0509 2 50
Mo (mg/kg) 0.5538 0.5 10
Ni (mg/kg) 0.4799 0.4 10
Pb (mg/kg) 0.0447 0.5 10
Sb (mg/kg) - 0.06 0.7
Se (mg/kg) 0.1019 0.1 0.5
Zn (mg/kg) 7.8518 4 50

2.2. Clinker and cement synthetizing method

&E}lu 8§Z & ~pos }( 8z VoCe]e }( 8Z u s E] o[{((Z4ZEuySo
formulations of the raw meal were set up based on the following masluisually used in the
cement industry: the Lime Saturation Factor (LSF), the Silica Ratio (SR) andiihe Ratio (AR)
[18]. These are the main parameters to control the quality of the clinker [@83.calculations of
LSF, SR and AR are presented by the equations below:

LSE= 544 "G_S Eq (1)

a<0 " WgS685Bj6S7429) "Jc6S7
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— "WgsSé Eq (2
SR "Ej6S7>"Jc6S7 CI()

"Ej6S7 Ea(3
AR “Jc6S7 q( )

The LSF ensures good stoichiometry between calcium oxide and the other threexitas.

A higher LSF value corresponds to higher calcium silicate content, but thi@dpwill be more
difficult and may cause volume instability of the hydrated cement (bitent of free lime). In
addition, the LSF modulus helps to control the relationship between tlaaty of GS and €5
[30]. The value of LSF is usually considered between 95 and 97 [31] butctdihtiie range of
LSF can vary from 90 to 104 [3Zhe SR modulus allows the determination of the relative
proportion between the silicate phases and the aluminate phases. Avhaigle of SR will cause
difficulty in the clinkerization process due to a lack of flgx@agents. This modulus affects also
the properties of clinker including the setting and durabilitye Malue of SR is between 2.0 and
3.0[18] but in the more restrictive and optimized field, it is takestweeen 2.4 and 2.6 [31]. The
AR modulus expresses the ratio between the mineral phasésa@d GAF.A high value of AR
will provoke the formation of significant content okACin the clinker and this affects the
resistance to sulphates [33]. The appropriate value for AR is betweeandl.%.831].

In this study, the objective is to synthesize a Portland clinker wsimgximum amount of
sediment as a raw material.

After the sediment characterization, two clinkers where synthetiFédt, a reference clinker,
CP 97TM, is produced using pure chemical reagents, £&IQ FeOs; and AOs (without
sediment). The choice of using pure materials aims to study the influertbe @omponents of
the sediment on the synthesized clinker. Then, a second clinker, @R87sediment was
produced. The modulus applied for both clinkers are LSF = 97, SR d AR aril.45. The choice
of value LSF = 97 is to avoid the significant presence of non-combine@rdat® have a
significant content of €5 in the clinker. In order to calculate the mass percentage of each
component in the raw meal for the two formulations, as well as thaximum amount of
sediment in the formulation CP97, solver function was used (Table 6).

Table 6Mix design for the production of the two clinkers

Formula NSL (wt. %) Limestone Alumina Iron oxide Sand
(Wt. %) oxide (wt. (Wt. %) (Wt. %)
%)
CP 97TM 0 79.99 3.17 2.32 14.52
CP 97 31 67.61 0 0.5 0.89

For each raw meal formulation, the raw materials were first mixechdbging water with a
water/material ratio = 0.6 in order to have good homogeneity. Afterrdyyat 105°C, pellets (with
a diameter of 40mm and a height of 15mm) are formed using a press and a force of 5 KN

The pellets were burned in a static furnace at 200°C for 20 mintiten, the temperature

increases to 1450°C with a heating rate of 7°C/minute, and kept atémgperature for 15
minutes. After clinkerization, the obtained clinkers were coolethefurnace to reach the room
temperature.
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The cements were produced by mixing pure gypsum (€aBQ) with clinkers after grinding.
The addition of gypsum plays a very important role in controlling théngebf the cement.
Indeed, the reaction of £ with water is very violent and immediately stiffens the cement paste
[34]. This phenomenon is due to the formation of hydrated calcialominates in plaques,
according to Eq (4), which are distributed in the space filled thighmixing water and constitute
bridges between the particles of the cement causing a rapid ggttin

GA + 21H -> @ H +GAHi3 -> GAH Eq4)

In addition, the presence of sulphate increases the hydration &, @hich requires an
improvement in the development of compressive strength [35] and a stalmbntrol of the
volume of the past¢18]. However, an excess of sulfate can cause swelling by the late reaction
with tricalcium aluminate [36] which increases the rate of degradation detérioration of
concrete [37] The standard EN 1977F38] specify the limit content of S@t 3.5%. Based on Day's
hypothesis which assumed that there would be delayed ettringite formatiory dot an
SQ/AI0s ratio greater than 0.7, in this study, gypsum was added ensuring tB&ISQ ratio
equal to 0.6. These mixtures were ground in a centrifugal ball mill to réecBlaine surface at
3500 cni/g. Table 7 shows the mass proportion of the constituents of the ceme

Table 7Compositions of the OPC 97TM, OPC97 cements

Component OPC 97TM OPC 97
Clinker (%) 95.67 95.16
Gypsum (%) 4.33 4.84

2.3. Characterization method of the produced clinkers and cements

Several tests have been used in order to characterize the raw meals, clinkereeuecht
pastes. The results of the experimental chemical composition of raw meals detertnyns$RF
allow verifying that the values of the modulus are reached. The midrases of the clinkers
were identified by XRD. The polymorphs of crystalline phases in clinkers habeafsdetailed
in order to highlight the influence of the sediment on therf@tion of crystalline phases. The
u}l 1(] }Pu [+ (FAEwagsaised to quantify the crystalline phases in the clinkers. This
method takes into account the content of non-combined lime in the cfinke

The content of free lime, in the clinker, is an important parameteg\aluate the quality of
the clinker produced. In general, a content of free lime less thais2ceptable in the cement
industry [39]. The content of non-combined lime in clinkers wassuesl using the Schlafer-
Bukokowski method.

In order to study the microstructure of the synthetized clinkerd &m observe the effect of
sediment substitution, the optical microscope Leica was used after immersimigrsl in a
solution containing 95% HN@cid and 5% ethanol.

The chemical composition of the clinker phases has been studied ah@dlsections with a
Hitachi S-4300 SE/N scanning electron microscope operating in backscattertedrefeode (20
keV) and equipped with an energy dispersive X-ray spectrometer (EDS).
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The reactivity of the cement pastes was followed using the isotheratatimetry test carried
at 20 °C. Based on a previous study [40], 8 g of cement and 4 g of water previoneslyas 20
°C were used. The calorimeter was a home-made calorimeter using fluxmeteaaawed the
calorimeter to equilibrate in less than 5 min.

The degree of hydration of cement pastes (with W/C = 0.5) was determined by megithérin
amount of bound water using TGA analysis [41]. After 24 hours, the samgs removed from
the moulds and then stored in saturated lime solution at 20 °C.dEigeee of hydration of the
cement was determined according to the following formula:

ba:¢; Ed5
WDé:‘ﬂ; C()

With:
r(t): Degree of hydration of the sample at time t.
Wi (t): Amount of bound water at time t (in gram of water per 100 g of anhydreunsent).
Wh(» ;: Amount of bound water after a total hydration of the cement paste (in godwater
per 100 g of anhydrous cement).
The value of Wt) can be determined experimentally using the formula in Eq (6) iftwe
following conditions are met:

X No carbonation in the cement paste.

X Low weight loss of anhydrous cement before 1000° C

_¢a 20aaBOIYRIALYig,
Wa(t) = a ®0aak@dds: g, 100 Eq6)

In order to determinethe W~Ls A op U E/*d % E}A] * Vv %% E}AEJu § 5.
of the amount of bound water produced for the five main mineral phaseseofent when
hydration is complete [42]

The compressive strength was measured on small cubes of the cement paste nsidima
x 1 x 1 cri A mixture of cement and water with a W/C ratio equal to 0.5 was nmixaaually for
a few minutes. The installation method is similar to that carried out in thdists [20],[43]. The
samples were stored in the saturated lime solution until testing time (2,Mtb28 days). The
tests were carried out at a constant stress of 0.3 MPa/s using a uniaxial press.

2.4. Modeling of cement hydration using the CEMHYD3D code
2.4.1. CEMHYD3D code

The CEMHYD3D code developed by Dale P.Bentz at NIST (National InsBtatedafds and
Technology) has been used successfully in several previous studies [44K[45{ allows the
user to digitally generate and hydrate a 3D microstructure of the cerpaste from the phase
composition, particle size and W/C volume ratio, under controlled hydraboditions [47]. The
model does not use a classical chemical point of view with the equitibof species in solution
and the resolution of the associated systems of equations, but uses a comptetgigal
mechanism of reaction between species using cellular automata [48]. A liseathdmical
equations taken into account in order to carry out the hydration a tement numerically is
detailed by Dale P.Benja9]. A 3D microstructure consists of micro cubes of £,joalled voxels,
each representing a phase: soligd$CGES, GA, GAF, Gypsum, etc.), liquid (saturated porosity).
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The advantage of using the CEMHYD3D code is to allow the user to actesmédrmation on
the properties of the material such as the amount of the differgnéases, the amount of porosity,
etc.
dz JU% @E e*]A «3E vPSZ Jv §Z wu} o ]+ <3]Ju 3 relaforP 3Z
[49]:

*o(t)= o(X(1)) Eq (7)
With:
«(t) : Mechanical resistance to compression at time t.
*: Mechanical resistance to compression when capillary porosity is zer@altbisated on the
basis of determination of resistance at 28 days.
n : Value taken between 2.6 and 3.0. In general, a value equal to 2.6 iscsiopICEM I.
X(t): Ratio of hydrate gel-space. In the CEMHYD3D, X(t) is determined as follows:
Cead@l0ixa0cw aléedRae Eq(8)

X(t) = —— A - - —— .
(t) Cea0@ZRAUUIxa0¢cd aUedRx&2CRB@AUCT aUeDR e

We also have:
448 ¢,
XO =g gt =49)

With:
r(t): hydration degree for a sample at time t.
WI/C: water/cement ratio

The porosity of the microstructure in the CEMHYD3D model is limitee:toatillary porosity.
The finer porosities are not taken into account because of the size of the \omafsosed of 1
pms,
2.4.2. Determination of time constant

The time constant{) is used to convert times/cycles in the CEMHYD3D code. The value should
be determined experimentally by the user depending on the type of cémsad. The formula
showing the relationship between time and the number of cycles iillows:

t=—*c? Eq (10)

With:

t: Time of hydration in hours.

c: Number of hydration cycles performed by the program in the CEMHYD3D
t: Conversation factor cycles/time in hour/(cycfes)

K: Speed coefficient for the cycle.

The value of K is determined by the following formula:

K = Aao @i e el Eq (1)
With:
E: Activation energy of the cement in KJ/mol.
T°: Temperature of the system in °C.
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To determine thet value, the degree of hydration of the cement paste should be used. The
value of the coefficient K is calculated according to Eq (12) wittattigation energy of the
cement E = 40 (KJ/mol) and gives a result of K = 0.9997.

Knowing the experimental value of the degree of hydration of the cement @asiegiven time,
the user determines the number of hydration cycles for which thegpam reaches the same
value as the experimental(t) [48]. In this study, the bound water measurement method was
used to determine the degree of hydration of the cement paste.

3. RESULTS AND DISCUSSIONS
3.1. Characterization of clinkers
3.1.1. Mineral and chemical composition of CP 97TM and CP 97 formulation

The raw meals (before clinkerization) for the two formulations CPMPand CP 97 were
analyzed by XRF in order to determine experimental content of main oxides (Table 8).

Table 8Chemical composition of CP 97TM and CP 97 raw meals

Oxide CP 97TM CP 97
(Wt. %) Theoretical Experimental Theoretical Experimental
SiQ 14.30 13.8 13.19 12.9
AkOs 3.26 2.8 3.00 3.05
FeOs 2.25 2.1 2.07 2.07
CaO 43.99 43.8 40.58 40.26
MgO 0.00 0.00 0.27 0.33
NaO 0.00 0.00 0.21 Traces
KO 0.00 0.00 0.57 0.59
SQ total 0.00 0.00 0.07 0.12
TIO 0.00 0.00 0.19 0.17
P-0s 0.00 0.00 0.65 0.56
ZnO 0.00 0.00 0.08 0.1
LOI 950°C 35.99 36.88 39.10 394
Total 99.79 99.38 100.00 99.55
LSF 97.00 101.1 97.00 98.04
SR 2.60 2.81 2.60 2.52
AR 1.45 1.33 1.45 1.47
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CaO/Si@ 3.08 3.17 3.08 3.12

The experimental results were compared to the theoretical ones in dadeheck the values
of the modules used. A good compatibility was observed in particaldre case of the CP 97
formulation between the experimental and theoretical compositioowdver, an increase in LSF
in the case of the CP 97TM formula was noted. This increase causé the risk of a higher free
lime content in the CP 97TM clinker.

The free lime content in the clinker of the two formulations CP9&Rd CP97 was measured

and corresponds to 1.287% and 0.786% respectively. The difference cauplagned by the
actual value of LSF = 101.1 in CP 97TM compared to LSF = 98.04 in CBr9Tlalindalues are
obviously below the acceptable threshold for free lime content indement industry (2% wt).
Table 9 shows the proportion of the crystalline phases of th&etinalculated by the modified
PPp [+ (JEupo X

Table 9Mineral phases content in the two clinkers CP 97TM and CP 97

Mineral phases CP97TM CP 97
GS 76.83 66.99

GS 4.96 10.69

GA 6.16 7.59
GAF 10.15 10.41
CaO free 1.287 0.786

In order to identify the mineralogical assemblage of the two produckukers, an XRD
analysis was performed. The results are represented in the Fig.4 and confipredence of the
four crystalline phasessS, GS, GA and GAF as well as the peak of calcium oxide. In addition,
we note that there is no secondary phase in the CP 97TM and CP 97 clinker.

1:C8
2:6:8
3:CA
4: CAF
5:Ca0

15 20 25 30 35 40 45 50
“2-Theta

Fig. 4X-ray diffraction (XRD) of the CP 97TM and CP 97 clinker
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In order to highlight the impacts of the incorporation of the sednt on the morphology of
the crystalline phases formed in the synthetized clinkers, themifft angular ranges Pwere

examined (Table 10).
Table10 The angular range Pfor the different mineral phases

Mineral phases GS GS GA
Angle 2} [36°-38°] [30.5°-32°] [47°-48°]
[55.5°-57.5°] [32.7°-33.7°]

We note that the XRD curve of the CP 97TM clinker is more "smooth'ttiaaiof the CP97
clinker. This may be due to the purity of the raw mix of CP 97TMhwdoes not contain minor
oxide. Concerning the morphology ofS0n the clinker, Fig.5 indicated the formation of the M3
polymorph in the clinker CP 97. In fact this could be related to teegmce of MgO in the CP 97
raw meal which can promote the formation of M3 polymorph [50].

—CPYTTM i CPe7
—CP9TTM CPa7 m
i

Ca0 i

a0

i T T
%0 %5 N0 5 R0 W0 E6 T0 T5 0 ®5 %0 %5 50 ¥5 %5 B0 65 50 95
9. Thela ) Thela ‘2-Theta 2-Theta

Fig. 5SM1 and M3 polymorph of4S of the clinker CP 97TM and CP 97
Concerning the 45 polymorph, it can be seen from the Fig. 6 that the incorporation of

sediment in the raw meal did not affect the formation ofSCThe results show also that the

polymorph t-GS is the most common in the two synthetized clinkers (with ithout sediment).

PSTTM | 7
creT ers —CP97TM CP97
| CA
i
| \ CA
] I\
B-CS [
| |
| | |
p-CS i \ ! \
f ! \ S
\ | \ L 0-C;8
r T g - S — S :
05 M0 AME 320 0F MO MF RO 28 BO 32 34 B 28 330 32 04 1
“2-Theta “2-Theta °2-Theta ‘2-Theta

Fig. 6t-C2S and-GSpolymorph of the clinker CP 97TM and CP 97
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The formation of orthorhombic 48 (Fig.7) was observed in the CP 97 clinker. This could be
due to the presence of Néons that replace Caions and leads to the change from the cubic
system to the orthorhombic system [51].

—— CP97TM ——Cper
Cubic-C,A
Orthorhombic-C,A
Cubic-C;A
4T0 472 T4 4TG 4T 480 410 472 474 476 418 480
°2-Theta °2-Theta

Fig. 7GA polymorph of the clinker CP 97TM and CP 97

Fig. 8 shows micrographs of polished sections of CP 97TM and CP 97 clinkers by optical
microscopy.

s GS  CAF GA GA GS  CS CiAF

Fig. 80bservation by optical microscope on the polished section of clinker CP S&fi)Mr{tl CP
97 (right)
The four typical phases of clinker were observed.

A good distribution of silicate phases and interstitial phases in the lwkets. The presence
of polygonal alite and round form belite is well defined.

The presence of sulfur (8An the CP 97 clinker reduces the viscosity and surface tension of
the liquid phase, and promotes the formation of alite crystals lathan those of reference
clinker CP 97TM [52].

3.1.2. Chemical composition of mineral phases of clinkers (Result SEM-EDS)

In order to study the influence of the incorporation of sediments am¢hemical composition of
the mineral phases of the clinkers, the SEM - EDS analysis was carriedtioetioree clinkers.
Approximately, 30 points were measured for each phase.

Fig.9 and Fig.10 show the result of the analysis on the silicate phases & 8%I® and CP 97
clinkers.

67



60 4,0

Cca|
B si
_+—n
___— | 366
s —435
=
40 342
g 2]
£ 303
2 o
<
20 1
425
0 2,0
CP97 TM CP 97

C3s

Fig. 9Chemical composition and the ratio of major elementss C

The result of the analysis on theSCphase showed that:

x The C/S (CaO/SiQatio of the two clinkers is higher than the theoretical value (C/S = 3)
This difference can be due to the EDS points made and to the siféusfon bulb which
analyzes an area and not a point [53].

x @GS incorporates a certain amount of secondary species, including aluminum ingvary
amounts. The measurement showed the Al/SiQ4ISIQ) ratio equal to 0.07 for the two

o]Jvl E«X dZ]s A op ]J* Z]PZ €& 8Z v $Z P W 3% dICJoEES}} 3¢

to 0.04.

x For the minor elements in thes§ phase, the CP 97TM and CP 97 clinkers contain 1.14%,
2% respectively.

L _Ica
25 si

~ - e
49 2,44 247

30 T
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204

10 A

CP97 TM CP 97
c2s

Fig.10 Chemical composition and the ratio of major elementsJd C
The results of the EDS analysis on tb® ghase show the following:
x The C/S ratio of the three clinkers is more than the theoretiafle of the €S phase (C/S
=2).
x Same as thedS phase, the &S phase contains a certain amount of secondary species.
The Al/Si ratio is equal to 0.07 for the two clinkers, this value is relatsielilar to that
in the Taylor study (Al/Si = 0.077).
x GS incorporates 1.42%, 3.03% respectively of the minor elements in tkersli@P 97TM
and CP 97.
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Fig.11 and Fig.12 show the results of the SEM-EDS analysis at the interst#tesd.ph

40

e e . 425
2,44 2,47

[cCa

CP 97TM CcP97
C3A

Fig.11 Chemical composition and the ratio of the major elements of the phage C

From the result illustrated in Fig.11, some conclusions can be made:
x The C/A (CaO/#Ds) ratio in the two clinkers is higher than the theoretical value fCa/
1.5) of this phase. However, this ratio is relatively similar for the twoeaiak
x The content of secondary elements in the CP 97TM, CP 97 clinkers is 8.32%
respectively.

40 e 3.0
Ca

-
e —————a FelJ2s
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CP97TM CcP 97
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Fig.12 Chemical composition and the ratio of the major elements of the phad& C

The result of the SEM-EDS analysis of the phasE (Fig.12) showed that:
X The Ca/Al (CaO/Ads) ratio in the two clinkers is higher than the theoretical vatfi¢his
phase (Ca/Al = 2).
X The Al/Fe ratio of the two clinkers CP 97TM, CP 97 is 0.99wihith is relatively close
to the theoretical value (Al/lFe = 1).
3.2. CHARACTERIZATION OF CEMENTS

3.2.1. Chemical composition of cements
Table 11 shows the chemical composition of cements measured by XRF analysis.

Tablell Chemical composition of the OPC 97TM, OPC97 cements

Elements (%) OPC 97TM OPC 97
SiQ 20.5 19.7
AbOs 4.7 5
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FeOs 3.1 3.1

CaO 65.5 62.4
MgO ND 0.6
Na.O ND ND
KO ND 0.5
sQ 1.9 2.5
T ND 0.3
P.Os ND 0.9
Zno ND 0.2
L.O.l 3.6 4.0
Total 99.2 99.0

3.2.2. Heat of hydration of cements

The hydration of the cement is an exothermic process, the analysis betiteeleased makes it
possible to provide information on the kinetics of the hydratioheach constituent of the
cement, in particular of £5 because it is mainly responsible for the compressive strength from
early age [54]. The cement hydration heat curves shown in Fig.13 inslitegeak delay due

to GS hydration of OPC 97 cement pastes compared to OPC 97TM paste. This couldde due
the higher reactivity of the M1 form compared to the M3 form gsCndeed, OPC 97TM cement
contains mainly M1 form while OPC 97 cements contain mainly the M&npoph.

4,0 T

2 —— CP97TM
| cP97

1: Start of acceleration period

2: End of acceleration period

Heat of hydration (mW/g)

\ 2" heat flow maximum:Further dissolution of C;A

1| / / \ \ nd accelerated ettringite precipitation

Fig.13 Heat of hydration of cement pastes (W/C = 0.5)

Compressive strength is an important indicator to assess the quality of ¢eRign14 shows
the compressive strength of cement pastes after 2, 15 and 28 days of hydration
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Fig.14 Compressive strength of cement pastes over time of hydration
OPC 97TM shows higher compressive strength than the OPC 97 cements in the earty age an
long term. The observed difference in compressive strength could be exglain
X The delay in the hydration o&E observed by the isothermal calorimetry test (Fig. 13) of
OPC 97 cement. This causes less development at an early age.

X The GS content in OPC 97TM cement is higher than that in OPC 97 cement (Table 9)
because €S is mainly responsible for the mechanical development of the cement matrix.

3.2.3. Degree of hydration of cements

The degree of hydration of hydrated pastes can allow:

x Highlight the delay in hydration of OPC 97 cement compared to OPC 97TMtcemen

x Establish the relation with the compressive strength.
Table 12 shows the theoretical amount of water bound to two cements for complgdeation.
Table 12 Determination of W~Le (E}u S$Z wu]v E 0o }u%}e]S]}v }( SZ

theoretical values of bound water produced for the major phases efaddment at complete
hydration

Mineral composition of cements ~ Mass of bound water to

Phase proposed s o o s
by NIST cement

OPC 97TM OPC 97 OPC 97TM OPC 97
GS 0.24 73.96 66.33 17.75 15.92
GS 0.21 477 10.58 1.00 2.22
GA 0.4 5.93 7.51 2.37 3.00
GAF 0.37 9.77 10.31 3.62 3.814
Lime 0.33 1.24 0.78 0.408 0.257
Total (%) 95.67 95.51 25.148 25.22
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The degree of hydration of the cements was calculated according to Eq (Epaijl from the
result of the TGA analysis shown in Fig.15.

[_]OPC97TM
094 727 opC 97

Degree of hydration
o R £ o
N w E- o
L

o

o
[=]

2 Time (days) 28

Fig.15 Degree of hydration of cement pastes (W/C = 0.5)

The result of the degree of hydration of the cements shows that the OPI@ 8&ment has a
higher reactivity than the OPC 97 cement. This result is consistent wathothheat from
hydration by the isothermal calorimetry test.

The Ca(OH)Xxontent formed in hydrated pastes was also measured by TGA analysis. Table 13
presents the Ca(OkH)]v]S] o u vS[e u o« E S]} * (v S]}v }(SZ ZC E ¢

Tablel3Ca(OH)I]v]S8] o sumass[ratio over time of hydration

Time (days) OPC 97TM OPC 97
2 days 20.15 (%) 16.31 (%)
28 days 29.04 (%) 25.33 (%)
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The results show that the OPC 97TM cement is more reactive than the OPC 97 aathen
well consistent with the result of degree of hydration and heat of hydration.
Fig.16 - 17 show the XRD analysis on cement pastes after 28 days of hydratioesulihe

shows clearly a decrease in anhydrous phases as well as the formoBhigdrate phases such as
portlandite and ettringite in hydrated cements.

—— OPC 97TM
OPC 97TM -28 Days|

T T T T T T T T
5 10 15 20 25 30 35 40 45 50
°2- Theta

Fig.16 X-ray diffraction (XRD) of OPC 97TM over time of hydration$12CeS, 3: €A, 4: GAF,
5: Gypsum, 6: Ettringite (Aft), 7: Portlandite)

7 ——OPC 97
—— OPC 97 28 Days!

T
5 10 15 20 25 30 35 40 45 50
°2- Theta

Fig.17 X-ray diffraction (XRD) of OPC 97 over time of hydratiors&l:2C€S, 3: €A, 4: GAF, 5:
Gypsum, 6: Ettringite (Aft), 7: Portlandite)

3.3. MODELING OF CEMENT HYDRATION

The hydration of the synthesized cements OPC 97TM and OPC 97 is numericelgdmeihg
the CEMHYD3D code and compared with the experimental results. The reapti
characteristics of the two cements were used as the input data foClBBIHYD3D code.

3.3.1. Patrticle size distribution of cements

The particle size distribution of the cements was determined by the LOBR laser
granulometer type LS 13320ables 14 - 15 present the experimental and numerical results of
the OPC 97TM and OPC 97 cements respectively.
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The result shows that the patrticle size distribution of the cemestd in the CEMHYD3D code
was relatively similar with the experimental result.

Tablel4 Particle size distribution of OPC 97TM cement (Experimental aménnzal result)

Mass fraction (%)

Diameter of particles (um) Mass fraction (%) (Exp; (CEMHYD3D)
1 12.805 12.236
3 4.056 3.874
5 6.023 5.756
7 6.443 6.176
9 6.163 5.909
11 5.662 5.328
13 5.127 4.898
15 4.644 4.611
17 4.259 3.944
19 3.982 3.805
21 3.736 3.820
23 3.490 3.297
25 3.241 2.116
29 5.808 6.639
33 7.257 4.854
37 4.199 6.886
49 10.860 12.851
73 2.250 3.000

Total 100.00 100

Tablel5 Particle size distribution of OPC 97 cement (Experimental and nahersult)

Diameter of particles (um) Mass fraction (%) (Exp  Mass fraction (%) (CEMHYD3C

1 11.3487 10.9460
3 3.8930 3.7573
5 5.9458 5.7252
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7 7.0075 6.7446

9 7.2094 6.9749
11 6.9718 6.7212
13 6.4481 6.1794
15 5.8153 5.5849
17 5.1927 5.3073
19 4.6175 4.8009
21 4.0419 3.8550
23 3.5097 3.3277
25 3.0766 2.1353
29 5.2911 6.7007
33 6.7252 4.8991
37 3.9203 6.9499
41 6.5334 6.3905
53 1.6881 3.01
57 0.7630 -
Total 99.9993 100.0000

3.3.2. Mineral composition of cements

The CEMHYD3D code uses the volume fraction of mineral phases as input daplyBy a
the densities values of the mineral phases proposed by NIST [55], Table 16 thlgows
experimental and numerical result of the volume fraction of two cemé&@iC 97TM and OPC 97
as well as the W/C ratio.

The result demonstrated a good coherence between the experimental and ncathegsult on
the fraction of the phases as well as the W/C ratio.

Tablel6 Volume fraction of cements OPC 97TM and OPC 97 (Experimental and nuresuitpl

OPC 97 TM cement OPC 97 cement
Phases
CEMHYD3D code CEMHYD3D code
Exp (%) Exp (%)
Pixels % Volume Pixels % Volume
GS 74.693 289811 74.617209 66.64 257381 66.267505
GS 4.719 18378 4.7317564 10.41 39609 10.198071
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GA 6.344 24902 6.411481 8 30572  7.8713275

GAF 8.492 32944 8.4820429 8.91 34026  8.7606238
Gypsum 5.75 22362 5.757511 6.04 23235 5.982281
Total 99.998 388397 100 100 384823 99.0798

wi/C 0.5 0.4999 0.5 0.5

3.3.3. Determination of the t value in the CEMHYD3D code

In order to determine thet value in the CEMHYD3D code, the values of the degree of
hydration of OPC 97TM and OPC 97 cement pastes at 2 days of hydration were used as t
calibration values. In fact, we run a simulation of 1000 cycles withtaryue, then we look for
the value of the number of cycles that allows to reach a degree of hydraboesponding to
the experimental value of the degree of hydration at 2 days.

The t value is determined according to Eq (11) and Eq (12) with the cycle values found above. In
our case, thet values are 0.00008742 for OPC 97TM cement and 0.00011186 for OPC 97 cement.

3.3.4. Results of the modeling of cement hydration in the CEMHYD3D code

The hydration of the two cements OPC 97TM and OPC 97 was numericadiedchodthe
code CEMHYD3D at a constant temperature of 20 °C and in the satea@idition, which are
similar with the conditions of the experimental hydration. The modeling resuitpesented in
the following figures and compared with the experimental results.

a) Degree of hydration of cement pastes

Fig. 18 shows the degree of hydration estimated by the CEMHYD3D code by cgmptirin
the experimental values measured at 2 and 28 days of hydration. A good consisenween
the numerical and experimental values was observed. The result in the code agedsh higher
degree of hydration of OPC 97TM cement compared to OPC 97 cement.
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Fig.18 Degree of hydration of OPC 97 TM (left) and OPC 97 (right) cements (Experimédntal an
numerical result)

Fig. 19 shows the microstructure generated in the CEMHYD3D code from thela@and the
microstructure after 28 days of hydration.
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Fig.19 Microstructure generated in the CEMHYD3D code of OPC 97TM and OPC 9 @aemen
the initial state (left) and after 28 days of hydration

b) Compressive strength of cement pastes

The code uses Eq (8) to estimate the compressive strength by taking an experivauresds
the calibration value. The numerical and experimental result ef compressive strength is
presented in Fig. 20. The compressive strength estimated by the CEMHYD&D0s quite
consistent with the experimental results.
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Fig.20 Numerical and experimental result of the compressive strength of OPC 97TMa(idft)
OPC 97 (right) cements

C) Mass ratio of hydrates

Given the Ca(Okl)s a data relatively to be determined thanks to the TGA analysighose
to compare the numerical and experimental quantity of this hydrateualuate the relevance of
the CEMHYD3D code in our study. CEMHYD3D code gives the volume of G&0Dtithe of
ZC & S]}vU % }ES0 v 15 [+ VveTFEi€udedotp cohyeitroén voRime fraction
to mass fraction. Fig. 21 shows the CH/ initial cement mass ratio of two cemesitshe time
of hydration.
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Fig.21 CH/initial cement mass ratio of OPC 97TM (left) and OPC 97 (right) cement past

Indeed, the code gave good consistency with the experimental resultisddwo cements. In
addition, the CEMHYD3D code also makes it possible to monitor the ievotiditthe anhydrous
phases as well as the hydrates over time of hydration. This is integds¢icause it is difficult to
follow the evolution of phases by experimental test, for example C-S-Hofdss is responsible
for the development of mechanical resistance in the cement matrix. Following tHatewoof
C-S-H could help understand the development of mechanical strengtfisistudy, we present
the numerical result of the evolution of C-S-H over time of hydraith the CEMHYD3D code (Fig.
22).
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Fig.22 C-S-H/Initial cement mass ratio measured by CEMHYD3D code for DR {l€f) and
OPC 97 (right) cement pastes
From the result of the mass ratio C-S-H/initial cement mass ration, wexaact the following
conclusions:
x OPC 97TM gives a higher C-S-H/ initial cement mass ratio than OPC 97 aeeawi
age (2 days). This may explain the greater early-age mechanical development of OPC
97TM compared to OPC 97.
X At 28 days of hydration, this ratio is relatively similar for the two cetsiehowever the
compressive strength of the OPC 97TM is higher than the compressivgthti@nthe
OPC 97. This may be due to the presence of the elements miners integraied-BS-
which influence mechanical performance.
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4. CONCLUSION

The objective of this study is to recycle the maximum possible of the NSkedierent as a raw
material in the cement manufacturing. The following main results are obdaine

- The NSL sediment contains the 4 main oxides, Cag) SiO; and FeO: needed to
produce a Portland clinker.

- 31 wt. % of NSL sediment can be recycle in the raw meal with-@a@®@orrection agents
SiQ, AbGs and FeC:s for the formulation with LSF = 97, SR = 2.6 and AR = 1.45.

- In all synthetized clinkers (the reference and the clinker wgldiment) the 4 mains
crystalline phases of an ordinary Portland cemes8,@S, GA and GAF are obtained in addition
to the free lime. The XRD analysis indicated that the incorporatiomeo$édiment promotes the
formation of an alite M3 polymorph and an orthorhombic polymorphA Gue to the presence
of minor oxides such as MgO, Ja

- The free lime content and the identification of the crystalline phasdbetlinkers show
that the cooling process used in this study did not cause a negaifect such as the
decomposition of alite.

- The typical form of alite and belite crystals has been well identified pfésence of S©
in CP97 clinkers promotes the formation of larger crystals of alite thasetlin the reference
clinker CP 97TM.

- The atomic ratio estimated from the SEM-EDS analysis of the major eleimémésmain
phases of the two clinkers is higher than the theoretical values. Thisol£S, GA, GAF phases
are relatively similar, however this ratio ofSphase is higher in sediment-based clinkers.

- Cements based on sediments show a development of mechanical resistancaref t
hydration. However, the mechanical performance of cement decreases with the rate of
sediment. This can be explained by the formation of the M3 polymorph fér@less reactive
than the M1 polymorph form in sediment-based clinkers.

-  The CEMHYD3D code was used to model the hydration of OPC 97TM and OPQ\&/7 ceme
The numerical and experimental results are quite consistent. This alsd allows you to visually
follow the evolution of all phases over time of hydration. This is interg&ecause the hydration
of the cement is a complex process and difficult to follow all thewgiwis by the experimental
tests. In addition, based on the result of the modeling, several studiéiseomicrostructure can
be investigated as leaching in coupling with other computer code.
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Article 2 Determination of the degree of hydration of Portland cement using
three different approaches: Scanning electron microscopy (SEM-BSE) and
Thermogravimetric analysis (TGA)
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Abstract

Cement paste hydration is a complex physical-chemical process. The aimpHphisis to use
three approaches to determine the degree of hydration: portlanditextification, scanning
electron microscopy and bound water quantification. In order to investighe physical-

chemical and mechanical properties, as well as the hydrates genetetland cement was
synthesized and characterized in the laboratory. At all hydration durstitime portlandite

guantification method and SEM-BSE image analysis show similar resultsielied of SEM
images analysis requires time to gather and process images, but is unaffgctbeé bype of

hydrates produced. The bound water quantification method gives a lower degree ditloydr
than two other methods at all hydration times. To test the reliapitf these procedures, the
compressive strength was calculated based on the degree of hydration. THhis iedicate that

the portlandite quantification method and SEM-BSE image analysis areancueate than the
bound water quantification approach in terms of reproducing theezkpental results.

Keywords Cement, Hydration, Portlandite, Bound water, SEM-BSE, Compressivgtstren

l. Introduction

Portland cement is a mixture of clinker and calcium sulfate in a ddtapproximately 95:5%
[1]. Cement is one of the essential constituents in the manufacture ofretgythe most widely
used building material in the world. The mineralogical composition okediconsists of alite
(GS: CeSiQ), belite (GS: CaSiQ), tricalcium aluminate #: CaAkOs) and tetra-calcium
aluminoferrite (GAF: CaAkO1oFe). During hydration, the cement reacts with water resulting in
the formation of different hydrates. Ettringite is formed from theaotion of calcium sulfate,
tricalcium aluminate and water. The reaction of the silicates leads téotineation of portlandite
(CH) and a Calcium Silicate Hydrate (0-S-

Previous studies [2, 3] have shown that C-S-H is the main hydrate of hydeatesht paste
and contributes significantly to macro-properties of concretehsas strength and durability.

The composition of the C-S-H, depends on the water to cement ratio (atio), the
temperature as well as the composition of the cemght6]. Indeed, in the literature, there are
three distinct phases C-S-H depending on the C/S (Ca/(&i(o:

X C-S-H(): 0.66 < C/S < 1 formed when the {aoncentration is less than 2 mmol/I.
X C-S-H{): 1< C/S < 1.5 formed when the {§aoncentration is between 2 and 22 mmol/l.
X C-S-H ¥ C/S = 1.7 formed when the [Elaconcentration is greater than 22 mmol/I.
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In addition, Phung et dI7] have shown that the C/S molar ratio of the cement paste was
critical in determining the microstructure of C-S-H and the decreaseit8 ratio can alter the
microstructure of C-$t.

The amount of hydrates formed during hydration depends on the degree oatigdrwhich
is defined as a ratio of the amount of hydrated cement to that of thigal anhydrous cement.
There are several experimental approaches to determine the degree of hydration ohteuo
as:

Scanning electron microscopy (SEM-BSE) [8, 9].
X-ray diffraction (XRD) [10].
Thermogravimetric analysis (TGA) [11].
Measurement of the heat of hydration by isothermal calorimetry [9, 12]
Nuclear magnetic resonance (NMR) [3, 13].
x Compressive strength [14].

Several studies have employed the thermal analysis method (TGA) to determine the degree
of hydration of cement. The basic idea is to use the followinglgieghequations ((Eql) -> (Eg8))
to measure the portlandite amount (CH) [10, 11] and chemically bound ja2¢rgenerated
during hydration15t17].

X X X X X

GS+ 5.3 H ->,GSH +1.3 CH (1)

GS + 4.3 H ->GSH + 0.3 CH )

Cr 2 H-> G4 (3)

GA + 6 H ->0H (4)

GA + 3 CH4 + 26 H -> 60 s> (Ettringite) (5)
GAF +3 @4+ 30 H ->¢2 %Mz + CH + FH (6)

2 GA + GA%Ms2 + 4H -> 3 B 'Hiy (7)

2 GAF + GA%Ms2 + 12 H -> 38 M4 + 2 CH + 2 EH (8)

In a recent study, Lei et ] used the Ca(OH)guantification method measured by TGA
analysis and the NMR method for the determination of the degree ofatyah of cement paste
(W/C =0.3). Th##'Si NMR and’Al NMR is used to quantify the phases containing these elements
in a cementitious material. Good consistency between the two methods was obsgf4€ito
for the Ca(OH)quantification method at 28 days and 78.4% for the NMR method at 28 days).
However, in his study, the degree of hydration was calculated according tegiation (EQ9):

_a %CEAB 9

t) = T Usrr

Knowing that the 25% value is not always constant because the mineral coimpaxi
cement is always variable. In addition, the NMR method is a complicated méthaganalysis
time, 1 day forr°Si NMR analysis), therefore, in this study, three methods used are: Mdthod
Portlandite quantification method, Method 2: Bound water of quéioation method, Method 3:
SEM-BSE image analysis method.

The first approach for evaluating the degree of hydration is to use th@afimig equations to
calculate the Ca(@r amount estimated from the TGA analysis according to (Eq10):
¢a894u42994t%f;;a/5118‘)&6 (10)

EMSE

M ca(oH)2=
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with:

M caoH)z Amount of Ca(OHl)

¢ 1 vwr% Fww % P: The mass loss of the samples between 450 °C and 550 °C from the TGA
analysis.

M caoH)z2 Molar mass of Ca(OHfqual to 74.09 g/mol.

Mu2c Molar mass of water equal to 18 g/mol.

Then the degree of hydration of the cement can be calculated using theiequatlow (Eql1):

_avwlEASG

® aviaa 100 (D

The mass of the sample can be calculated using the equation (Eq12):

a ®0aaR @

mc_@S%Aé:5>AEA; (12)
with:
r(t): Degree of hydration of the cement at time t.
M sampise Mass of the samples.
mc: Mass of the initial cement.
X%. Amount of Ca(OHRproduced upon complete hydration of the cement. This value depends on
the composition of the cement as well as the stoichiometry of the C-S-H dgbkafement
hydration reactions (Eq(1) -> Eq(8)).
wi/c: the water to cement ratio of the paste.
LOI: loss of cement on ignition.

The second experimental approach for determining the degree of hydration of cement
recommended by the National Institute of Standards and Technology (NIS$istsomn
determining the amount of water chemically bound according to thksvahg equation (Eq13):

r~&2A %% 100 (13)
ba:T;

with:
r(t): degree of hydration of the sample at time t.
Wi (t): amount of bound water for a sample at time (in gram of water per 100 g of anhgdrou
cement).
Wi(» ;: amount of water bound for a completely hydrated sample (in gram of water p@gii
anhydrous cement).
The W(t) value can be determined experimentally by (Eq14) if the two followamgliions are
met:
X No carbonation in the cement paste.
x Low weight loss of anhydrous cement before 1000° C

ca 20a8BP VU444 Y,

a ®0aamcdiss ., * 100 (14)

In order to determine the W- «alue, NIST provides an approximate theoretical estimation of
the amount of bound water produced for the five main mineral phasfesement after hydration
is complete [18].

The third method consists of the SEM-BSE image analysis technique tohstwigtribution
of phases in the observation area. Indeed, this technigue has been freqagpiigd to examine
§Z u v8]S]}ue unieraiiquatdre [19]. In an SEM-BSE image, the backscatter coefficient
increases monotonically with the average atomic number of each phase T20§ allows
differentiating and quantifying of each crystalline phases in thalysis area. However, in
cement-based materials, the backscattering coefficients of numerous hgdratoducts (C-S-H,

Wh (t) =
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Ettringite, etc.) are too similar to be separated individually on theohistm [19]. Because the
epoxy backscatter coefficient is substantially lower than the otbieases, the pores mayeb
easier to segment [19].
The SEM-BSE image analysis has been used to quantify phases of hydratedhested1],
to study the phase distribution in the mortar interphase zone [22], amdstimate the reaction
fraction of mineral additions in the cement mati8]. The three steps in this approach are as
follows:
X Choice of magnification and resolution of the image.
X Phase segmentation by gray level thresholds.
X Quantification of phases in the analysis area.
Table 1 summarizes the advantages and disadvantages of the three methods of determining
the degree of hydration used in this study.

Tablel7

Advantages and disadvantages of the three methods (Method 1: CagOahtification method,
Method 2: Bound water of quantification method, Method 3: SEM-BSE imaggsanaiethod).

Method Method 1 Method 2 Method 3
x Ease of sample x Ease of sample x Apply cement
Advantages preparation. preparation. containing a
x Ease of x Ease of pc_)zzol?mc
processing  the processing the minera
result. result. addition, a slag.

x Difficulty of

x Do not apply

X An adequate

Disadvantages cement analysis progran sample
containing a to avoid the loss preparation
pozzolanic of bound water. X Difficulty of
mineral addition. processing the

result.

There have been no researches published to far that compare the varietisods for
determining the degree of hydration of CEM | cement. Therefore, thpqas of this study is to
compare the feasibility and reliability of the SEHHBSE image analysis approach for estimating
the degree of hydration of cement with two other methods using the thegna@imetric analysis

(TGA).

. Material and method

[I.L1. Method of characterization of the synthesized clinker and cement

The clinker cement (OPC 97TM) used in this study was synthesthedaboratory by burning
a mixture of limestone (CaGQsilica oxide (SKD aluminum oxide (ADs) and iron oxide (R€x).
The proportion of components was calculated using the modulus ususdig in the cement
industry: the Lime Saturation Factor (LSF), the Silica Ratio (SR) aldrhea Ratio (AR). The
calculations of modulus (LSF, SR and AR) are presented by the equationsbgl®y ¢ (Eql7)):

LSF =

544 "G_S

6a<0 " WgS635E]6S 4290 "Jc6S7

(15)
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In this study, the values LSF = 97, SR = 2.6 and AR = 1.45 were used fonukagidor of
mixture. Table 2 shows the composition of the components of the formulation.

Tablel8
Mix design for the production of the clinker cement OPC 97TM.

Formula Limestone Alumina oxide Iron oxide Silica oxide
(wt. %) (wt. %) (wt. %) (wt. %)
OPC 97TM 79.99 3.17 2.32 14.52

The raw materials were first mixed by adding water with a water/mategtio = 0.6 in order
to have good homogeneity. After drying at 105°C, pellets (with a diametermhd@nd a height
of 15 mm) are formed using a press and a force of 5 KN. The pellets waezlbn a furnace at
200°C for 20 minutes, then the temperature increases to 1450°C witieading rate of
7°C/minute, and kept at this temperature for 15 minutes. Aftenkarization, the obtained
clinkers were cooled in the furnace to reach the room temperati®ertland cement was
produced by adding gypsum (CaxbbO) to ground clinker in order to have ans5»0z molar
ratio of 0.6.

The content of free lime in the clinker was determined by the SchBifgoekowski method.
Indeed, cement manufacturers consider that a clinker, whose compositmarfisctly dosed, has
a Ca@ee content of less than 2% wt. [23]. Therefore, in this study, the maximum aadgepCaO
free CONteNt is set at 2%.

The mineralogical composition of the clinker was identified by X-iffsaction (XRD) and
guantified according to the Bogue modified formula, which takes into atcthe presence of
CaGree [24].

The chemical composition of the clinker and hydrated cement pastegghaas analyzed on
the polished sections using a Hitachi S-4300 SE/N scanning electron operagzerating in
backscattered electron mode (20 keV) and equipped with an energyerdisp X-ray
spectrometer (EDS). For the measurement, the points were carried out on seweesl z

The particle size distribution of the OPC 97TM cement was measured theirBeckman
Coulter t LS13 320 type device after dispersing in an ethanol solution. The absolutey dgnsi
the OPC 97TM cement was carried out using an Accupyc 1330 helium pycnohinetdBlaine
specific surface of the cement was measured according to standard NF BN[29F-In this
study, the Blaine surface of the cement is between 3500 and 406@cm

The chemical composition of the synthetized cement was verified by HelRegscence (XRF).
The mineralogy of cement and hydrated cement paste was analyzed by X-ragtidiff (XRD)
using a BRUKER D2 Advance device equipped with a Cu anticatkatl&406 A with the angle
2 } from 5° to 80° and a step of 0.02.

[I.2. Method for determining the degree of hydration

In this study a cement pastes with a w/c ratio of 0.5 was used to deterthme&legree of
hydration. After three minutes of mixing, the paste was introduced intbe t
polytetrafluotethylene molds for measuring the degree of hydration, and inéoltklx1 crisize
molds for the measurement of compressive strength. The cement pastes were dsarafier
24 hours and stored in the saturated lime solution.
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Based on previous studies [23, 28], the compressive strength of the cement paste was
measured on the cube of dimension 1x1x13ammder a constant stress of 0.3 MPa/s using a
uniaxial press at 2, 15 and 28 days of hydration. For each measurement, 6 sam@d¢ested.

[1.2.1. Determination of the degree of hydration by thermogravimetric analggiTGA)

To prevent carbonation of the cement paste, in this study, no methodopipstg hydration
was used. The cement paste for the TGA analysis was analyzed immediately agfung¢he
desired hydration time. The device used is the NETZSCH STA 409 type wihotheg
experimental conditions:

x During the analysis the sample is kept under a flow of Argon ataréite of 75 ml/min.
X The temperature increases from 30 °C to 105 °Cat a rate of 2 °C/min, thetameshat
105 °C for 1 hour before increasing to 1100 °C at a rate of 3 °C/min.

[1.2.2. Determination of the degree of hydration by the SEM-BSE imagd\sis method

To stop the hydration, the samples for image analysis were submerged in an aceloent
solution. Indeed, drying samples at 105 °C has the potential to alter the micrastuaf the
cement paste [30] and so impair image analysis results. A JEOL scanning etéctascope
operating in backscattered electron mode (15 keV) with a magnificati@@@fand a resolution
of 1280 x 960 pixels was used to capture images of the sample. For #surament, around 20
pictures were taken at various positions throughout the sample.

. Results

This part presents, on the one hand, the result of characterization of¢hgent (OPC 97TM)
and the cement paste in order to assess the quality of the cement syngeisizhe laboratory,
and on the other hand, the results of the degree of hydration offihste determined by three
different methods.

lll.1. Characterization of clinker and synthesized cement

The Ca®e content of the clinker measured according to the Schlafer-Bukokowski meshod
iXT009U AZ] Z ]* 0 *» 8Z v 3Z o]Jul3 A op ~DIvX @EZd* Ju%p} g 3]}
well dosed.

Table 3 and Table 4 show the chemical composition of the mineral phases dinker c

identified by SEM-EDS analysis. Approximately 30 points were measureddorphase in
different areas.

Table19
Results of the SEM-EDS analysis on the silicate phases of the synthedieed clin

Mineral phase Formula CaO/SiQ CaO/SiQ(SEM-EDS
(Theoretical ratio ) results)

Alite CaSiQ 3 3.42

Belite CaSiQ 2 2.44
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Table20
Results of the SEM-EDS analysis on the interstitial phases of the synthéskasd c

Mineral phase Formula CaO/Ad0s CaO/AIGs (SEM-ED¢
(Theoretical ratio) results)

Tricalcium aluminate CaAkLOs 1.5 2.44

Calcium CaAkOFe 2 2.575

aluminoferrite

The results of SEM-EDS analysis showed that the ratio of the main oxtdedanir phases
A e ZIPZ E 8Z v 8Z 3Z }E 8] o A opu X +Julo CEoE os & < (Jwu
clinker synthesized in the laboratory [23]. The difference betwdbha theoretical and
experimental values could be due to the presence of minor elemaritse mineral phases, for
example, Al and Fe in theXand &S phases. This could influence the ratio of major elements in
these phases. Table 5 show the physical characteristics of OPC 97TM ceradiaiié surface
of the cement reaches 3800 éfy, which respects the values of the Blaine surface targeted
between 3500 and 4500 ciig.

Table21
Physical characteristics of OPC 97TM cement synthesized in the laboratory.

Cement Density Blaine BET surface  d10 (um) d90 (um)
(g/cn?) surface (m?/g)
(cn?lg)
OPC 97TM 3.15 3800 1.224 0.72 43.31

The chemical composition of OPC 97TM cement is also presented in Table 6.
Table22
Chemical composition of OPC 97TM cement.

Element SiQ AbQOs FeOs CaO SQ LOI at Total
950 °C
(Wt.%) 20.5 4.7 3.1 65.5 1.90 3.6 99.2

The chemical composition of the main elements of the hydrated calciicatsilby the SEM-
EDS analysis measured on the sample of the hydrated cement paste at & pesented in the
Fig.1. Around 100 points were measured in four different areas. The Ca@i&¥ternary
diagram is superimposed on the ternary diagram produced by LothenbachT[Bik] diagram
shows the positions of the main cement hydrates: CafOEHS-H (with two C/S ratios) or even
C-A-S-H. The diagrams show that the hydrated calcium silicates are nwingntrated in areas
where the C/S ratio is greater than 1.7. A similar results have been fayrévious studies on
CEM | [11, 32]. Fig.2 illustrates the C/S an@#$iG ratios of the different measured points.

The result show that:

X The C/S ratio (CaO/Sibtained in the C-S-H phase varies from 2.5 to 3.5 but is
always higher than the value of 1.7 used in the equations for the déseripf
cement hydration (Eql), (Eq2). This difference can be due to the EDS mpaidé
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and to the size of the diffusion bulb which analyzes an areh raot a point.
dC%] o0oCU 3Z ]((ue]}v 3iand[the srEbolttioni ofRaUSEM 20 kV
tungsten filament is 3 nm. Thus, other hydrates are analyzed and will have an
influence on the C/S and&k/SIG ratios, in particular, the C/S ratio [32].

X The average value of the-®k/SIG ratio of hydrates measured is equal to 0.14 and
this value is very consistent with the initial value of theQAISIQ ratio in the
anhydrous OPC 97TM cement (theISIG ratio in the cement is equal to 0.137).
This result means that all of the aluminum in the cement is fournldarC-A-S-H and
C-S-H phases. The incorporation of aluminum into the C-S-H phaseedas b
demonstrated in research by Richardson et al [38]s study showed an Al/Si ratio
equal to 0.25, corresponding to the maximum aluminum that can be incorpdrat
into C-SHl.

[pro s 2D

-0
0 10 20 30 40 50 60 70 80 90 100
Ca0 (%)

Fig.23 CaO-Si®AkOs ternary diagram obtained for the cement paste after 2 days of hydration.

OPC 97TM 2D)
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20
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Fig.24 Ratio of the principal elements of hydrated calcium silicate measw&HM-EDS analysis
on the sample of the cement paste after 2 days of hydration.

The evolution of the mineral phases over time of hydration identified byXdR® analysis is
presented in Fig.3.
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Fig.25 X-Ray diffraction of OPC 97TM over time of hydration £3; €. €S, 3: 6A, 4: GAF, 5:
Gypsum, 6: Afm, 7: Ca(QH)B: Ettringite (Aft).

The formation of additional phases such as ettringite and portlanditberhiydrated cement
paste has been observed. These hydrates formed correspond to the products desaribed i
equations (Eq 1) -> (Eq 8). However, the presence of hydrated calcium siliGte) (€-difficult
to detect due to its amorphous nature.

The compressive strength of the cement paste is presented in the Tabl&is result is
consistent with the previous XRD result showing the transformation of apnhgdphases to
hydrates in hydrated cement paste, which is the origin of resistance dawelop

Table23
Compressive strength of the cement paste over the time of hydration.

Time (days) Compressive strength (Mpa) Deviation (%)
2 days 25.26 6.5
15 days 57.98 9.5
28 days 66.61 8.5

l1l.2. Degree of hydration of cement by portlandite quantification analg by TGA analysis

The amount of portlandite produced during cement hydration was estimated byah@lsis
on cement pastes at 2 and 28 days of hydration. Table 8 shows theaihamnposition of the
cement and the Ca(OKH)amount produced during complete hydration, according to the
calculation from the simplified equations (Eql) -> (Eq8). Indeed, the resfuttee SEM-EDS
analysis on the clinker and the cement paste showed a different eleretio than the
theoretical ratios used in these equations.

Table24
Ca(OH) production for a complete hydration of cement of OPC 97TM cement.

CH mass for 1 g of anhydrot

Anhydrous phases Mass content in cement (%

cement (g/g of cement)
GS 73.96 0.312
GS 4.77 0.0062
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GA 5.93 0

CAF 9.77 0.0147
CaOree 1.24 0
Gypsum 4.33 0
Total 100 0.3329

Fig.4 shows the TGA analysis curve of the cement paste after 2 days of hydration.

x Zone (I): the temperature increases from 30 °C to 105 °C to remove evaporable
water.

x Zone (Il): the temperature is maintained at 105 °C for 1 hour to removegst of
evaporable water.

x Zone (lll): the temperature between 650 °C and 800 °C corresponds to the
decomposition of calcite temperature. In this case, the loss of weighteo§ample
is very low, this means that the protocol allows avoiding the phenomerfon o
carbonation and the quantity of Ca(QHietermined between 450 °C and 560 °C is
the totality of the Ca(OH)produced during the hydration of the cement.

TG 1% Temp. /°C

+11000

[1]OPCOTTM-2JngBss3
100 TG
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Fig.26 TGA analysis of the cement paste (w/c = 0.5) after 2 days of hydration.

Table 9 shows the amount of portlandite as well as the degree of hydration ataidul
according to (Eq10), (Eqll) and (Eql12) taking the vdl(tetal amount of Portlandite produced
when the hydration is completed) equal to 0.3329 (Table 8).

Table25
Quantity of Ca(OH)prnd the degree of hydration of the cement paste over the time of hydration

Time (days) Portlandite mass (g/100 g o  Degree of hydration (%)
pastes)

2 days 13.24 60.09

28 days 20.44 92.16
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[11.3. Degree of hydration of cement by quantification of chemicallydrtd water by TGA
analysis

This approach determines the degree of hydration of the cement accotdiifgql3) and

(Eq14) using TGA analysis. TheMie A op ] o0 po § e Jv 37 }E §]

of the amount of chemically bound water for the five main phases of cement gpamplete
hydration. Table 10 shows the theoretical amount of water in the cerfmmtomplete hydration.

Table26
Theoretical amount of water bound for complete hydration of OPC 97TM cement.

Anhydrous phases Masse content in Quantity of bound Mass of water
cement (wWt%) water produced in g related to complete
of water/g of phase hydration (g)
in the cement

GS 73.96 0.24 17.75
GS 4.77 0.21 1.00
GA 5.93 0.40 2.372
GAF 9.77 0.37 3.614
CaGree 1.24 0.33 0.409
Gypsum 4.33 0 0
Total 100 25.145

From Table 10, we conclude thatthe;WLe A TAXIiOA ~PeX
From the result of the TGA analysis (Fig.4), we then obtain:

¢l O=ILHAWLI% F srrr;: %@ =8 037 (9).
| O=ILHATrr%:t @ =48656.21(g).

2 0AaBPI ViRI 4L Yig
a ®0aam@issc;

The degree of hydration of the cement within 2 days of hydration was calculsied (Eql13):

_ba:¢; 58096 _
") =g L eoge 100=56.28 (%).

Wn(2 days) = £2

100 =—2- UsrrL14.152 (g).

Table 11 shows the degree of hydration of the cement paste calculated atgdodihe
method of quantification of water bound over time of hydration.

Table27
Degree of hydration of OPC 97TM cement estimated by the bound water quatidifienethod.

Time (days) Degree of hydration (%)
2 days 56.28
28 days 80.85
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[11.4. Degree of hydration of cement by SEM-BSE image analysis method

Fig.5 shows the essential steps applied in this study to quantify the cephases over time
of hydration.
x Step 1: Acquisition of SEM-BSE images of the sample.
x Step 2: Acquisition of histogram of SEM-BSE images of the sample usia Matl
software.
x Step 3: Quantification of phases on the diagram of histogram using Origin pro
software.

The segmentation of the pores from an image with gray levels (0-255), firstresghe
setting of a threshold value [34]n the literature, many methods exist for determining this
threshold value, which is very important for quantification withtee precision, for example it
corresponds to the point of intersection of the tangents to the peakves of the pores and of
the peaks of the hydrated phases (HP) (Fig.5). This threshold level oegarnerstation is around
50 for the cement paste in this study. After setting the thi@gHevel, the deconvolution method
was applied using the Origin Pro 8.5 software for phase quantificati@qiiintity of phases
from the analysis of the images corresponds to the volume fraction of thessgshin the cement
paste and the degree of hydration of the cement is estimated accordingetfttowing equation
(Eq18):

. TQodix&aee OQABAG ~k;
r~s"|‘é%ixéaéae Oraazai @4 (18)
The cement paste made with a W/C ratio equal to 0.5 corresponds to aal vilume
fraction of the cement equal to 38.83%.
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Fig.27 Methodology of phase quantification using image analysis technique (cqrastd after
2 days of hydration)

Several images were analyzed and the Table 12 shows the result of the degyekeabiom of
the cement over time of hydration by the method of SEMSE image analysis.

Table28
Degree of hydration of cement estimated by the SEBISE image analysis method.

Time (days) Amount of anhydrous Degree of hydration Deviation (%)
cement (%) (%)

2 days 14.35 63.04 7.80

28 days 2.46 93.66 8.40
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[11.5. Assessment of the relevance of method for determining the degree adiagion

Table 13 shows the degree of the OPC 97TM cement paste determined bydtfiezent
methods.

Table29
Degree of hydration of the OPC 97TM cement paste determined by three difi@ethods.

Degree of hydration (%)

Method

2 Days 28 Days
Method 1 60.09 92.16
Method 2 56.28 80.85
Method 3 63.04 93.66

The deviation of the degree of hydration estimated by different methwds observed. In
JE @& 8§} oo oo 5Z E oA v }( 8Z e udZ} U 8Z WIABH]-
which presents a model for estimating compressive strength as a funofidghe degree of
hydration.

=~ S *ofX(#)) (19)
with:
«(t): Compressive strength at time t.
«: Compressive strength when capillary porosity is zero. It is calibratedhe basis of
determination of resistance at 2 days.
n: Value taken between 2.6 and 3.0. In general, a value equal to 2.6 iscbfpl CEM 1.
X(t): Ratio of hydrate gel-space, is determined as following equation (Eq20):

_ 4a&< g,

X(t) _436 :g;>5 (20)
with:
r(t): Degree of hydration of sample at time t.
W/C: water/cement ratio.

From the relationship between the compressive strength and the degrégdrfation (Eq19)
and (Eq20), the experimental value of the compressive strength was used to desesgdbility
of the three methods. The principle is to determine the degree of hyahaat 28 days from the
hydration at 2 days in order to achieve desired compressive strength.égrealof hydration at
28 days is calculated using the following equation (Eq21):

r(28 days) = 289 (21)

d.%.ZWoi-,,6,41~828Y.. ZWoi .
o 1, 0, )
%6. ZWOQi-,, 0 §§YZ.4 ZWOi'47£

with:

(2 days): Compressive strength at 2 days (Mpa).

«c(28 days): Compressive strength at 28 days (Mpa).

r (2 days): Degree of hydration at 2 days (%0).

r (28 days): Degree of hydration at 28 days calculated from the degree of hydrafiatags to
reach the desired resistance value at 28 days (%).

Table 14 shows the value of the degree of hydration calculated according to (Eo@lihe
degree of hydration at 2 days determined according to the three methods.
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Table30

Degree of hydration at 28 days calculated from (Eq21) according to threeodwtMethod 1:
Portlandite quantification method, Method 2: Bound water of quéioation method, Method 3:
SEM-BSE image analysis method.

Degree of hydration Method 1 Method 2 Method 3
r (28 days) (%) (Eq2. 102.9 97.6 111.9
r (28 days) (% 92.16 80.85 93.66

(Experimental)

Deviation (%) 11.65 20.71 19.47

The result shows that:

x Ca(OH) quantification method seems to give a better result compared to other
methods with the smallest deviation. However, the degree of hydration at &8 d
calculated from method 1 and method 3 exceeds 100%. In addition, Zhang et ali36] f
that the degree of hydration of CEM | cement paste varies between 538ar¥d at 28
days depending on the W/C ration (W/C ration between 0.3 and 0.7).

X Ju% @E]JvP A]S8Z «Z vP[s E spod3U u 3Z} 1T ¢ ues 3¢ %BAEA G
it should be noted that some phases (Ettringite, C-S-H) start dehyldtmn at a lower
temperature than 105 °C [11].

In addition, we chose to compare the experimental quantities of Ca(@Hgvaluate the
methods' relevance in our study because Cat@ relatively easy data set to determine thanks
to TGA analysis. The SEM-BSE image analysis presents the volume of Q@aOtithe of
hydration. We convert from volume fraction to mass fraction using a Ga@etisity of 2.24
(g/cn?). The Ca(OH)nitial cement mass ratio measured by the SEM-BSE images analysis
method is calculated according to the following equation (Eq22):
1/4@A6A:ga©?ea:e _ 1%@EAG :¢; « 668, 100 (22)
UaUcUOR GRaxzh©aixdaee OQagac 76@4,;

With:

Ca(OH)t) mass: Masse of Ca(QH} time t.

Vcaony{t) : Volume of Ca(OKft time t.

Vanhydrous cement =¢)INitial volume of anhydrous cement.
Ca(OH)density : 2.24 g/cth

Cement density: 3.15 g/ch{Table 5).

The result of three methods is presented in the Table 15.

Table31
Ca(OHinitial cement mass ratio measured by three methods.

#OEAG (qal0eman, Method 1 Method 2 Method 3
0a0cU0R ApanL)
2 Days 20.27 20.15 21.25
28 Days 30.68 29.03 31.18

The result shows that:
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x Method 1 and method 3 seem to present the result consistent with method 2 by
presenting a higher ration. But the deviation is small.

V. Conclusion

The objective of this study is to estimate the degree of hydration of cesygrihesized in the
laboratory by three different approaches: method of quantificationpoftlandite, method of
guantification of chemically bound water and method of image analysisresults showed that:

x The C/S ratio in the alite and the belite in the clinker measured &ystBM-EDS analysis
are higher than the theoretical ratio equal to 3 and 2 respectivdig. TaO/AIO; and
CaO/FeGs ratios in GA and GAF are also higher than the theoretical value of 1.5 and 2
respectively. The difference between the theoretical and experimerahies could be
due to the presence of minor elements in the mineral phases, for exarApknd Fe in
the GS and €S phases. This could influence the ratio of major elements in thesseph

X The C/S ratio in the hydrated calcium silicate (C-S-H) phase measured S¥M-EDS
analysis on the hydrated cement paste at 2 days is also higher thahdabeetical value
of 1.7 used in the equations of cement hydration. This differencebeadue to the EDS
points made and to the size of the diffusion bulb which analyzesr@a and not a point.

In addition, the incorporation of aluminum in this phase has been detectéds could
have an influence on the C/S ratio.

X The bound water quantification method seems to present a reasonablet nesinlg the
W}A E[* %% E} Z v pe]vP 8Z E +puos ]Jv 8Z 0]8 E SuE X

X The Ca(OH)yuantification method seems to overestimate the degree of hydration. The
result also depends on the temperature range of Cag@tintification on the TGA curve.

X The SEMt BSE image analysis method presents relatively similar results with thesresult
by the Ca(OH)quantification method. This method demonstrates the feasibility used as
a reliable method to determine the degree of hydration, the amount of higdran a
cementitious material. However, it is necessary to improve the number of imagktha
resolution to increase the precision.
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Chapitre 3: Valorisation du sediment contaminé dans le
cru t Application dans un projet industriet Projet
SEDICIM

L[} i &pfs ce chapitreest] A op E o egcirndrts a base sédimestsynthétisés au
laboratoire en respectant les criteres industriels.

Pour cela, dans le premier temps, nous avons caractérisé au total 7 sédimegrsndiffafin de
trouver le sédiment le plus adapté en termes de priorités physico-chiesigLes essais ont été
effectués en tandem aux seins du laboratoire IMT NoElrope et du laboratoire EQIOM afin
de comparer les résultats.

Dans le chapitre 2, les résultats de caractérisation des ciments synthétidabaatoire ont
% Eule [} 3 VIE 0 ¢ %}]VvSe Ju%}ES v3e epu]A vse

X > % @&} eope H]ee}v n o }E S} Es chikerds avec uné lorme
qualité (la teneur de chaux libre dans les clinkers inférieusevaleur limite de 2%wt).

x > (]* ]o]S [pS]o]e S]}v e Juvs v S vsS yp 00 (U & E]MC

H Juvd A pv S v pE 3IR%BWL ipecp]
l. Introduction
"WE o . e« E *p0os 8¢} S vue Vve 0o Z %0SEO}E]V I[IVE UE +qL
dans le mélange cru en respectant des criteres industriels tels que tsitésdu mélange.
Contrairement au chapitre 2, les matieres premiéres utilisées danBaggte sont les matiéres
udjol]e ¢ Z 1 Y/KD %}u@E o ( E] 3]}v p JEEVE ~HE}BCIG % * 0
o[}EC (EU o0 * 0 X > (E +uos 8 (JEUnNIBE ¢ GEro v EA]

o[ Z oo ]Jv ueSE&] oo X

>[}i 8]( *3]1] o0 A o}E]s 3]}v pu e Juvs %QGWdE o (JudENMIS]}v
525 et CEM Il 42.5.

x CEM 1 52.5: Deux formulations de cru ont été confectionnées. La premséria
formulation de référencecpu] 8 }ves]Su e o0 J]&E U + EP]Jo U
de fer. La deuxieme formulation a une teneur de 2% wt de séalipeur remplacer une
% ES] e US] E * %Eu] E+« 8§ ¢ o0 JE& U <« EP]O ¢

x CEM IIl 42.5: Trois ciments CEM Il ont été confectionnés. Les coomgosié ces
ciments sont les suivantes :

- CEM Il de référence : Clinker (sans sédiment dans le mélange cruijer +tai
Gypse.
- CEM lll 2% ASL : Clinker (2% wt du sédiment dans la formulation cru#&r+Lai
Gypse.
- CEM Ill 10% SF : Clinker (sans sédiment dans le mélange cru) r+La0bk
Sédiment calciné + Gypse.
La liste des essais de caractérisation des sédiments sont présentés dans leesuivan
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Il. Démarche expérimentale

Dans le premier temps, lesmpt@E ¢ % E u] E « S 00 * <p 0+ 0 JE& U o0« C
de fer et le sédiment ont été caractérisées afin de déterminer leur amitipn chimique et leur
composition minérale. Puis, elles ont été broyées finement pour obtenir une gragtiiem
inférieure & 200 um. Le dosage des composants dans la formulation a éti& ealautilisant les

Ao pEes « u} po s >2"&U ZU ~Z <u] *}vs p3jo]e &J]Z s wdHlodE X
WuJeU o[ ve u o e US] E °* %E& u]  «ifwv¥ vs uao VR (]Jvv [} S
un mélange plus homogéne. Pour faciliter la cuisson dans le four, leslgsastit été
confectionnées. Elles ont été ensuite cuites dans le four selon le programme suaanisson

a 200 °C pendant 20 minutes, puis, § U% & SHUE pPPu v3 ipecu[ idA1 £ A
de chauffage de 7 °C/min, la température maintenue a 1450 °C pendamiriiBes, enfin le

E (E}] ]J** uvd ve o (JUE ipe<p][ 0 3 u% E SPEAJu ] ws X >
chapitre est détaillée ci-dessous :

Caractéristiques
physiques: Granulométrie,
= Surface Blaine

Teneur de chaux libre du
clinker

Chaleur d’hydratation
Four ufilisé

Valeur des modules
LSF, SR, AR
[ Gypse

- Identification des phases =
-] T - w
S g 2 miperoiesduicinker 2 Composition chimique du
E _% 5 :> % E> Analyse DRX é ciment
o 50 = 5 Comparaison
N g © L_| desrésultats
"’ o Identification et Hydrates de la pate de expérimentaux
quantification des ciment hydraté et numériques
composants du clinker
Cuisson &1450°C Analyse FX sur perle B

Résistance en
compression, Degré de
I'hydratation,
Microstructure

Matieres premieres
Calcaires, Bauxites, Oxyde de fer,

Prédiction des

Code propnélés.de la

CEMHYD3D pate de ciment
hydratée

Pate du mélange cru

Les deux clinkers obtenus ont été caractérisés afin de vérifier la compadiimique, la teneur

de chaux libre, la composition minérale.

Les ciments sont obtenus en broyant le clinker avec les autres composants tédsgypse, le

laitier, le sédiment calcinés en fonction du type de ciment. La réaxtieis ciments a été évaluée
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la résistance en compression des ciments a été mesurée sur les mortiers sésrsgion la
norme NF EN 196-

La microstructure a été évaluée en mesurant la porosité au mercure des éarentié# mortiers.
Enfin, la composition chimique des phases minérales et des hydrates de ldgpément a été

] vs](] o[ ] [ v-BEDS.ePolr chaque phase, environ 100 points ont été mesurés
sur différentes zones.
>e¢e E S E]*S]<p e ¢ Juvse D/ e}vS P o uvS pS]J]oE epluu

} D,z 17T %}uE u} o]- t@&n dy ZiQedECEM | dans ce chapitre.
> ¢ (E *posS 8- Z %]SE *}vS % @& ¢ vS ¢ Ve 05c0[EE§]o0* © ~
le CEM III).

[I. Résultat du chapitre
Les résultats de ce chapitre sont présentés dans les ar8aed.

Article 3: Valorization of sediments as raw material in the manufacf
Portland cementt Numerical modeling of the hydration of synthesized
cements

Synthése: Dans cette étude, le ciment témoin a été fabriqué a partir des matieres presiiere

[ £3E&E issugdu gisement o[]v ueBEiment contenant 2% de sédiment (fluvial) en
masse a été aussi produiv E *% S vS o &E]S & o Al]e }<«Iabricgiion o VP
par voie humide)Les résultats saillants montreque :

X Le sédiment ne modifie pas la composition des éléments dans les phases minérales d
clinker

x Le ciment a base sédiment a une hydratation simil@veciment de référence sans
sédiment.

X Les deux ciments présentent une résistance en compression supérieaiglB2.a 28 jours
mesurée sur le mortier normalisé.

X D,z i § p3]ole %}uE u} o] E 0o[ZC E 2BEAYous]ju v
%oZ * ¢ Ve O S U%oeX > } u} ol]e % E( ]S u \resolfaZsC E S
numeriques et les résultats expérimentaux similaires)

X D,zi % Eu & %E& ]E (] ouvsS P ouvs of Nj@E&us]}v

[MV u S&E] Ju vs JE S 00 <gug 0 %}E}*]S w k¥ EAS o0
les résultats expérimentaux de la porosité au mercure.
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Abstract

The valuation of sediments in the manufacture of cement could havefiisnThe first is that
it could solve the problem of sediment management. Second, it helps to resateal
resources and reduce the impact on the environment due to the extraction ofrrat&rials. This
research aims at the use of sediment as a raw material while respectingispeitdria in the
cement industry. The sediment-based cement was characterized by X-Ray DiffaddRD), X-
Ray Fluorescence (XRF), and Scanning Electron Microscope with Energy DispRijive X
Spectroscopy (SEM - EDS) to verify the mineralogical and chemical composition lodgbs. p
The reactivity was followed by isothermal calorimetry, the degree of hydratidhe hydration
time. The compressive strength was measured on the mortar sample and the microsgro€tu
the hydrated cement was investigated by measuring the mercury porosity. By compating w
the reference cement (without sediment), the result shows that thdisent-based cement
would have the same characteristics as the reference cement and the use sédimaent did
not modify the composition of the phases and the hydration behaviohefdtement.

In addition, the hydration of the synthesized cements was numericadigeled using the
CEMHYD3D model (NIST). Numerical modeling makes it possible to better uritigrstan
hydration of cement and to quickly follow the evolution of phases anddtgd over time. The
experimental and numerical results confirm the success of the recoveryeddatiment in the
manufacture of Portland cement.

Keyword:Sediment, Cement, Valorization, Hydration, CEMHYD3D.
l. Introduction

The cement industry is one of the most polluting industries. In 2019, Fremshrt industry
produced 2.9% of the country's carbon dioxide emissions [1]. In additiorextraction of raw
materials from quarries can have negative impacts on the environment. Indeed, thastext
and the construction of the roads necessary for their transport cadifp the landscapes and
have an impact on the use of the land [2]. The use of material recovelijfertent stages of the
cement process becomes a challenge to preserve the natural resource. This will lave tw
interests, on the one hand, reducing the extraction of raw materials, @nthe other hand,
solving the problem of waste storage. In 2014, French cement industry recyclistd @fénineral
materials, of which 0.6 Mt recovered in the preparation of raw mate8al [

In France, approximately 56 millior*mof sediments (marine and river) are dredged each year
in order to ensure acceptable navigation thresholds, avoid flooding rmpdove the quality of
the environment[4]. These sediments are then either submerged in the sea or deposited in
landfields. However, according to European Directive 2008/98/EC, land§ettiment with
specific thresholds could be considered as inert or dangerous wastes [Sediemtly, it is
necessary to find adequate solutions for the recovery of these sediments. Intehature,
sediments have been recycled as the foundation layer in road constru@&it#), the mineral
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addition replaces part of the cement [9, 10] or the replacement of part ofrétve materials in
the manufacture of clinker [113]. Anger [14] has evaluated the potential of the recovery of
sediments for several applications. The results showed that replacing ptre caw materials
with sediment seemed to be the most promising solution. In 2015, 12.5 Milioker was
produced in France [15] and the required annual amount of raw mateaiabe reached at 21.3
Mt.

The objective of this research is first to assess the impact of the use iohesgtd as raw
materials on the formation of clinker phases. Then, the properties of hydregetent were also
evaluated by experimental tests such as isothermal calorimetry and compressivegtbtre
Finally, the CEMHYD3D model was used to simulate the hydration bebéta synthesized
cement and to monitor the evolution of the phases over time of hydratidre @&xperimental
results and the results of the numerical modeling of cement hydrasi@compared to assess
the reliability of the model. Numerical modeling also provides a bettgdlerstanding of the
hydration behavior of synthesized cements and to reduce the number of experaniests.

. Materials and methods
[1.L1. Raw materials

The sediment used in this research is the fluvial sediment collected at treuALys (ASL)
depot site in the Haut de France region, France. It was then homoglesinkdried to a constant
mass at 40 ° C.

The limestone, clay, sand and iron oxide extracted from the deposit wemnglisd by the
cement company EQIOM. These materials were also dried to constant mass and ground to a
particle size of less than 200 pm.

Table 1 presents the nomenclature of materials used in the research.

Table32
The nomenclature of materials in the research

Sediment Limestone Limestone Limestone Clay 1 Clay2 Sand Iron  Gypsum
1 2 3 oxide

ASL LIM1 LIM 2 LIM 3 CLY1 CLY 2 SAN IRO GYP

[1.2. Raw material characterization method

The particle size distribution of the raw materials in this studys wneasured using the

BECKMAN COULTER type LS13 320 device. To do this, approximately 2 grs of powder was
immersed in 50 ml of acetone solution and dispersed using the ultrasoundmegicin 2 minutes.
For the sediment, the particle size was measured in two different fractidrfsaction greater
than 80 um was measured using wet sieves, and a fraction less than 80 um wasedaasng
the laser diffraction particle size analyzer. This choice allows a mores@recaluation of the
particle size of the sediment because the analyzer can only measure up tqua0diameter.
Fig.1 illustrates the particle size distribution of two fractions of thaireent.
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Fig.28 Particle size distribution of the two fractions of sediment
Table 2 shows the density of the raw materials used in the research.

Table33
Density of the raw materials

ASL LIM1 LIM2 LIM3 CLY1 CLYZ2 SAN IRO GYP

Density
@em’) 265 276 276 276 265 265 263 399 2.36

The chemical composition was determined by X-Ray Fluorescence (XRF) udin@ EDNEEER
apparatus equipped with a 4 -kW generator and an Rh anodebdédmds were prepared by mixing
2 grs of the material analyzed with 10 grs of melting agent (mass ratio 1: 5). Table 3tkbows
result of the chemical analysis of the materials. The main oxides of the mater@abiQ AbOs,
FeOs and CaO. These are the main oxides constituting the phases of the temen

Table34
Chemical composition of materials

Oxide ~ASL LIM1 LIM2 LIM3 CLY1 CLY2 SAN [IRO GYP
(%)

SiQ 65.15 5.3 9.5 6.0 48.7 60.6 88.3 2.2 1.95

ALGs 7.35 1.9 3.7 1.2 20.6 14.9 4.8 0.3 0.33

FeOs 3.1 0.6 13 0.6 10.7 7.9 1.2 70.6 0.28

CaO 7.55 49.8 45.8 50.0 11 2.3 2.1 13,5 32.85

MgO 0.7 0.4 0.6 0.4 11 0.8 ND 2.2 0.34

NaO 0.85 ND ND ND ND ND ND ND 0

KO 1.65 0.4 0.9 0.2 15 1.3 0.3 0.1 0.08

SQ 0.1 ND ND ND ND ND ND 0.2 38.58
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TIQ 0.65 ND 0.1 ND 0.7 0.7 0.9 ND

P05 0.25 ND ND 0.2 0.3 0.2 ND ND

Mn20s ND ND ND ND ND 0.2 ND 0.7

o | oOo| o | o

ZnO 0.1 ND ND ND ND ND 0.1 ND

LOI 12.1 40.9 37.5 40.9 14.6 10.5 1.9 1.2 24.85

Total 99.5 99.3 99.4 99.5 99.3 99.4 99.6 98.7 99.28

Note: ND = not detected.

X-ray diffraction (XRD) was used to identify the mineralogical phases using a Baiker
Advance type apparatus equipped with a Cu anage,1.5406 A, with the recording anglé af
the diffraction from 5° to 80° and a step size of 0.02. Table 4 presentsdiremineral phases
identified in the materials.

Table35
The main mineral phases of materials identified by X-ray diffraction (XRD)

Materials Phases
X Quartz (Sig)

ASL x Calcite (CaCG
X Muscovite (KAI2(Al$D10)(F,OH)2)
x Albite
x Montmorillonite (Clay) ((Na, Ga)Al, Mg}(SkO10(OH».nH20).
x Orthoclase

LIM 1 x Calcite (CaCG

LIM 2 x Calcite (CaCG

LIM 3 x Calcite (CaCG
X Quartz (Sig)

CLy1l X Montmorillonite (Clay)
X Iron aluminum oxide hydroxide
x Kaolinite (Al03.2SiQ.2H0)
X Quartz (Sig)

CLY 2 X Montmorillonite (Clay)
x Kaolinite (AlGs.2SiQ.2H0)
X Quartz (Sig)

SAN x Calcite (CaCGp
X Magnetite (FeO.

RO g (FeO.ReX)

x Calcite (CaCGp
X Wustite (FeO)
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GYP x Gypsum (CaSQHO0)

Thermogravimetric analysis (TGA) was used to measure the loss of mass of materials through
temperature. Certain mineral phases such as limestone and clay can be wpahiblyf TGA
analysis. The device used is the Netzsch STA 409 type with a heatio§ 18téC/min and the
temperature increased from 40 °C to 1000 °C. Table 5 shows the result of the &lg#isaof
materials and the associated phenomena as a function of temperature. The result skizaved
presence of organic matter, clay phases and limestone in the sedimeeednthe mass loss
observed between 450 and 600 ° C is most likely due to hydroxylatibwe afday phases [16, 17]
However, Fernandez et §l8] showed that the hydroxylation of montmorillonite occurs at a
higher temperature between 400 °C and 800 °C with slow removal of watés 800 °C. The
decomposition of calcite mainly occurs between 650 °C and 850 °C [19]. The massdogsdb
between 850 °C and 1000 °C is most likely due to recrystallizatian [20]

Table36
Material mass loss between 105 °C and 1000 °C, as well as associated phenomena

Temperature  Attributed Mass loss (wt %)

°C phenomenon  Aq) | |M1 LIM2 LIM3 CLY 1 CLY2 SAN IRO
105 t 150 Evaporable  g48 025 014 023 014 0.02 007 0.02
water
150 t 450 Organic matter , 5,5 03 019 0.06 4.31 292 0.45 3.15
oxidation
450-650  Dehydroxylation 473 114 0096 091 474 325 1.19 1.69
of clay
650 t850  DECOMPOSIion 536 3647 3656 36.54 0.80 1.37 0.46 4.30
of calcite
Dehydroxylation
850t 1000 Of 0.81 0.14 0.15 0.14 0.33 0.38 0.14 2.39

montmorillonite,
Recrystallization

105- 1000  Total mass loss 10.60 38.03 38.00 37.88 10.33 7.94 2.32 11.55

Finally, the mobility of the metallic trace elements (MTE) and the aniEeiments of the
sediment were measured after the leaching of the sample using a liqudisdlo of 10 and an
equilibrium time of 24 hours [21], Inductively Coupled Plasma @pEmission Spectrometer
(ICP-OES 5100 Agilent Technologies) was used for the analysis. The leat¢hialyiéisior inert
waste (IW) and non-hazardous waste (NHW) specified in Directive 1999/31/EC werto used
verify material compliance. In addition, the acceptable values for the cowtemtavy metalsn
waste required by all French cement industrial groups in 2001 were IfiMér were used to
assess the possibility of recycling the waste. The result of the sediment leachipgiarsashown
in Table 6. The sediment is classified as inert class-non-hazardousontlet of heavy metals
(As+ Ni+Co+Se+Ti+Cr+Pb+ Sn+V)<10000 mgtkmeeksahe requirements of French
cement industry groups on waste recovery.
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Table37
Metallic trace elements of ASL sediment

Sample Concentration (mg/kg)

As Ba Cd Cr Cu Mo Ni Pb Sb Se Zn

ASL

<0.1 0.14 <0.008 <0.005 0.18 0.10 0.04 <0.03 0.06 0.1 0.14
W 0.5 20 0.04 0.5 2 05 04 05 006 01 4
NHW 2 100 1 10 50 10 10 10 0.7 05 50

The characterization result shows that:
X The main oxides of the sediment are £i@b0s, FeOs et CaO. These are major oxides
constituting phases of cement.
X The sediment used in the research is inert and non-hazardous.
X Heavy metal content in the sediment meets the requirements of Frenaheoé
manufactures for waste recovery.

[1.3. Cement synthesis method
[1.3.1 Formulation method

Unlike previous research [11, 12, 22], the recovery of waste has occurred at the talporat
scale. The objective of this research is to assess the feasibility of recoveastg in the
manufacture of cement on an industrial scale. Therefore, the formulatroost meet the
following specifics:

X The viscosity of the raw mixture (water/material ratio given) must meet theiregnents
of the cement manufacturer EQIOM to avoid risks of clogging of the basin amdjaggn
of the paste. Knowing that the higher the water/material ratio, the higherviscosity of
the mixture, the greater the energy consumption.

X The chemical composition of the clinker must meet the requirements ofdisred
content of the main oxides.

The analysis of the viscosity of the raw material paste mixture was daueat the EQIOM
cement company according to its protocol. The result shows that:

X The viscosity of the mixture decreases with the increase in the contenthef
incorporated sediment.

x The flocculation of the paste appears from 2% of sediment incorporatedhetoixture
Consequently, the maximum possible content of the sediment incorporatethenraw
mixture according to the viscosity criterion is 2% wt but should be 7&ocdm process was used.
Also, the total cement produced by the manufacturer which is ntbes 10 000 tons per day

should be taken into account.

For the criterion of the chemical composition of the clinker, from tasult of the analysis of
the materials chemical composition, the different formulationstloé raw meal were set up
based on the following modulus usually used in the cement industrylithe Saturation Factor
(LSF), the Silica Ratio (SR) and the Alumina Ratio (AR) [23]. These are tharama@ters to
control the quality of the clinker [24]. The calculations of LSFn8RAR are presented by the
equations below (Eq(1) -> Eq(3)):

544 "G_S
LSF=——— b - )
6a<0"WgS6895Bj6SU=29d "Jc6S7
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The LSF ensures good stoichiometry between calcium oxide and the other threexitas.
A higher LSF value corresponds to higher calcium silicate content, but thi@dpwill be more
difficult and may cause volume instability of the hydrated cement (bmitent of free lime). In
addition, the LSF modulus helps to control the relationship between tlatify of GS and €S
[25]. The LSF value is usually considered between 95 and 97 [26] buictdyhtine range of LSF
can vary from 90 to 104 [27The SR modulus allows the determination of the relative proportion
between the silicate phases and the aluminate phases. A high value ofi 8&use difficulty in
the clinkerization process due to a lack of fluxing agents. This ndifiects also the properties
of clinker including the setting and durability. The SR valbetigeen 2.0 and 3.0 [23] but in the
more restrictive and optimized field, it is taken between 2.4 and [26d. The AR modulus
expresses the ratio between the mineral phase8 @nd GAF.A high value of AR will provoke
the formation of significant content of 3& in the clinker and this affects the resistance to
sulphates [28]. The appropriate value for AR is between 1.5 and 1.8 [26].

To comply with the criterion of the viscosity of the mixture ahd tomposition of the clinker,
in this research, two formulations were established using the foligwialues: LSF = 98, SR = 2.5,
AR = 1.65, and maximum content of 2% wt of the sediment. The first iseftbeence clinker
noted OPC TM using only components (LIM 1, LIM 2, LIM 3, CLY 1, CLY 2, SANHm IRO).
second formulation, denoted OPC 2% ASL, consists of the components (IlM21 LIM 3, CLY
1, CLY 2, SAN, IRO, and ASL) with a substitution rate of the sedimentoe@%alwt. Table 7
shows the composition of the components of two formulations of thekelr.

Table38
Composition of the components of two clinker formulations

ASL LIM1 LIM2 LIM3 CLY1 CLY2 SAN IRO

Formula o

wtoe) WER) (wrop)  (wt%) (Wt%) (Wt%) (Wt%)  (wt%)
OPCTM 0O 52.08 17.36 17.36 318 478 431 093
OPC 2 51.87 1729 17.29 298 447 317 0093
205ASL

Based on previous studies [11, 22], all the components are mixed with watertter be
homogenize them. The mixture is then dried at 105 °C and pressed anhfoldellets. Then, the
pellets are burned at 200 °C for 20 minutes, then at 1450 °C vdgieed of 7 °C/min. After 15
min of burning at the clinkering temperature (1450 °C), the clinkas cooled in the furnace to
reach room temperature.

Cement is produced by blending the clinker with gypsum. The addition of gydaysigovery
important role in controlling the setting time of the cement. Indedug reaction of GA with
water is very violent and immediately stiffens the cement paste [EBis phenomenon is due to
the formation of hydrated calcium aluminate in plates, according t¢4gqgwhich is distributed
in the space filled with the mixing water and constitutes the bridges betwi® cement
particles, causing a setting fast.

GA + 21H -> B H +CAH3 -> GAHs (4)
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In addition, the presence of sulphate increases the hydration &, @hich requires an
improvement in the development of compressive strength [30] and a stalmbntrol of the
volume of the past¢23]. However, an excess of sulfate can cause swelling by the late reaction
with tricalcium aluminate [31] which increases the rate of degradation detérioration of
concrete [32]. In this research, the content of gypsum was added to obtaiQ content of
3.6% wt in the cement. Table 8 shows the composition of the compusra the two cements.

The components were ground together to reach the Blaine specific surfac®ofeh/g.

Table39
Composition of the components of two cements

Cement Clinker (wt. %) Gypsum (wt. %)
OPC TM 90.71 9.29
OPC 2%ASL 90.64 9.36

[1.3.2 Characterization methods of clinker and cement

Several experimental tests were carried out to characterize the propertieeqgirtbduct and
to assess the quality of the cooking process in the laboratory.

The specific density of clinkers and cements was measured using the ACG33PYielium
Pycnometer according to the standard NF EN 1097-7 [33]. The specifiesufrthe cement was
estimated by measuring the specific surface area Brunauer-Emmett-Teli@) (B4] and the

Blaine specific surface [39]he particle size distribution of the cement was measured using the
BECKMAN COULTER type LS13 320 device. X-Ray Fluorescence (XRF) was used to verify tl
chemical composition of raw mixes, clinkers and cements. The mineral composits

identified by X-Rays Diffraction (XRD). All the processes are identitaha/processes used in

the raw material characterization part.

The Rietveld analysis was also performed using TOPAS software to quantify thepbiyseal
of the clinker.

The content of free lime (Caf) in the clinker is an important parameter to assess the quality
of the clinker and of the firing process in the laboratory. In gener&iee lime content of less
than 2% is acceptable in the cement industry [36]. In this researctgf&cBlukolowki method
[37] was used to estimate the free lime content in the clinker. The corgéntineral phasesgS,

GS, GA, GAF) can be estimated using the Bogue formula [14] according to the fofowi
equations (Eq (5) -> Eq (8)):

GS = 4.07 * (Cal@a t CaQrec imd -6.72 * AJOs t 1.43 * FeOs ()
S = 8.60 * SiOF 1.08 * FgOs + 5.07 * Al - 3.07 * (CaBl t Calkee ime) (6)
GA = 2.65 * AlD; t1.69 * FeOs (7)
CAF = 3.04 * B©; (8)

To study the effect of the substitution of the sediment on the enal phases of the clinker,
an analysis of the chemical compositions of the mineral phases was carried tut polished
section of the clinker using a Hitachi S-4300 SE/N Scanning Elbtthascope operating in
backscattered electron mode (20 KeV) and equipped with an energy dispeksiray
spectrometer (EDS). For each phase, around 100 points were measured in fountifares.

112



The setting start time was measured using a Vicat device after determininggtiee seemand of
the cement which allows it to reach the normal consistency accordimgR EN 196-3 [38]

The isothermal calorimetry analysis performed at 20 °C was used to monitorabewvity of
the cement paste. Based on previous research [39], the paste was made gvgloBcement and
4 grs of water that had been previously stored at 20 °C (W/C = 0.5). The edoriim a
homemade type using flowmeters that allowed the calorimeter to equilibnatess than 5 min.
In addition, the reactivity of cement over time can be estimated udimegniotion of the degree
of hydration of the cement, which expresses the fraction of the anhydrous ingacin the
literature, there are several methods for determining the degree of hydrabf cement, such
as:

Scanning electron microscopy (SEM-BSE) [40, 41]

X-ray diffraction (XR[42]

Thermogravimetric analysis (TGA) [43]

Measurement of the heat of hydration by isothermal calorimetry [41, 44]
Nuclear magnetic resonance (NMR%]

Compressive strength [9]

In this research, the degree of cement was determined by measuring the amourgtef w
bound in the cement paste (with W/C = 0.5) by thermogravimetric analysis (TG&joitiothe
phenomenon of carbonation, the pastes after demolding were stored in the satdrhiee
solution until the day of the test (2, 15 and 28 days).

The degree of hydration of the cement was determined according to the folgpf@rmula in

Eq (9):

X X X X X X

=2 ©)

With:

r(t): Degree of hydration of the sample at time t.

Wi (t): Amount of bound water at time t (in gram of water per 100 g of anhydreosent).

Whi(» ;: Amount of bound water after a total hydration of the cement paste (in godwater

per 100 g of anhydrous cement).

The value of W) can be determined experimentally using the following formula in Eq (10):
_ca ®20a8B@RYR4AL

Yig; 10
Wil = 2 20aaB@4E G, * 100 (10)

In order to determinethe W~Les A op U E/*d ~E 8]}v o /ve3]3us }( "8 v G
provides an approximate theoretical estimation of the amount of boundewptoduced for the
five main mineral phases of cement when hydration is complete [46].

The compressive strength was measured on 4 * 4 * 18mortars according to the standard
NF EN 19@-[47]. The mortars were demolded after 24 hours, then stored in the satdrime
solution until the days of the test (1, 2 and 28 days of curing). Tjesie is the determination
of the cement class according to standard NF EN11[93].

The porosity and the pore distribution of the mortars were measurgdgiMercury Intrusion
Porosimetry (MIP) technique (Micromertitics Autopore IV type). Based on previousckg$48j
the sample is first immersed in acetone solution to stop hydration, threeddo a constant mass
at 40 °C. Indeed, drying at a higher temperature can cause a modificatioe @iotles in the
porous structure.

To study the effect of incorporating the sediment into the rawktonie, scanning electron
microscopy was used to observe hydrates formed from the cement paste. To dthéhdried
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sample must be coated with carbon on the surface and observed using a sgaeatron
microscope (SEM).

11.3.3 Modeling of cement hydration using the CEMHYD3D model
+ CEMHYD3D model

The CEMHYD3D code developed by Dale P.Bentz at NIST has been used suntessturtl
previous studies[50152]. It allows the user to numerically generate and hydrate a 3D
microstructure of the cement paste from the phase composition, particle digteibution and
WI/C volume ratio, under controlled hydration conditida8]. The model does not use a classical
chemical standpoint the equilibrium of species in solution and the reswoiwf the associated
systems of equations, but uses a completely original mechanism of the reaetieen species
using cellular automata [54]. A list of the chemical equations tak&naccount to carry out the
hydration of the cement numerically is detailed by Dale P.Benzt [55D Anicrostructure
consists of micro cubes of 1 f@ntalled voxels, each representing a phase: sol8,(GS, GA,
GAF, Gypsum, etc.), liquid (saturated porosity). The advantage of usingeMelYD3D code is
to allow the user to access all the information on the properties @f tmaterial such as the
amount of the different phases, the amount of porosity.

The compressive strengthv $Z u} o ]J* *3]Ju 8§ pe]vP 3Z WI}IA[BH[s u%o]C

()= (X)) (11)

With:

«(t): Mechanical resistance to compression at time t.

«: Mechanical resistance to compression when capillary porosity is zeraadlibsated on the

basis of determination of resistance at 28 days.

n: Value taken between 2.6 and 3.0. In general, a value equal to 2.6 iscbfmpl CEM 1.

X(t): Ratio of hydrate gel-space. In the CEMHYD3D model, X(t) is determined as follows (Eq (12):

X(t) = A\Céoé\AO@aa”l‘{U"iféOQ@‘éML"iéNQBOa.t.a _ (12)
Ceal0@EUUIxa0¢cP dUEDRxe2CRAABAUGT aUedRee
We have:
48 :¢g; (13)
X = ¥
® 436 g2
With:

r(t): Hydration degree of sample at time t.
W/C: Water/cement ratio

The porosity of the microstructure in the CEMHYD3D model is limitee: toatillary porosity.
The finer pores are not taken into account because of the size of the voxels capfdsn?.

+ Determination of time constant

The time constant {) is used to convert times/cycles in the CEMHYD3D model. The value
should be determined experimentally by the user depending on the bfpeement used. The
formula showing the relationship between time and the numberyaies is as follows (Eq(14)):

t=7°v*c2 (14)

With:
t: Time of hydration in hours.
c: Number of hydration cycles performed by the program in the CEMHYD3D.

114



t: Conversation factor cycles/time in hour/(cyckes)
K: Speed coefficient for the cycle.

The value of K is determined by the following formula:
K = A5 @zt aesrait (15)

With:
E: Activation energy of the cement in KJ/mol.
T°: Temperature of the system in °C.

To determine thet value, the degree of hydration of the cement paste should be used. The
value of the coefficient K is calculated according to Eq(15) with the activatiergy of the
cement E = 40 (KJ/mol) and gives a result of K = 0.9997.

Knowing the experimental value of the degree of hydration of the cerpaste at a given
time, the user determines the number of hydration cycles for whichpgtagram reaches the
same value as the experimenta(t) [54]. In this study, the bound water measurement method
was used to determine the degree of hydration of the cement paste.

. Results and discussions
[11.1. Characterization of clinkers

The chemical composition and the values (LSF, SR, AR) of two formulations anaR®éd by
are presented in Table 9. Good consistency between the experimental valuéisestindoretical
values was observed.

Table40
The chemical composition and values (LSF, SR and AR) of two formulations dnak®é&d

Oxide OPC TM OPC 2% ASL
(wt. %) Theory Exp Theory Exp
SiQ 13.72 13.55 13.71 134
AbOs 3.42 3.5 3.41 3.5
FeOs 2.07 2.1 2.07 2.1
CaO 42.93 41.9 42.87 41.9
MgO 0.48 0.5 0.48 0.5
NaO 0.00 ND 0.02 ND
KO 0.52 0.6 0.54 0.6
SQ 0.00 ND 0.00 ND
TIO 0.00 0.2 0.00 0.2
P-0s 0.00 0.1 0.06 0.1
Mn2Os 0.00 ND 0.00 ND
Zn0O 0.01 ND 0.00 ND
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LOI 36.03 36.45 36.05 37.1

Total 99.24 99.65 99.24 99.4
LSF 98 96.47 98 97.41
SR 2.5 2.42 2.5 2.40
AR 1.65 1.67 1.65 1.67

Table 10 shows the free lime content and the content of the minerabkph of two clinkers,
OPC TM and OPC 2% ASL, determined by the Schlafer-Bukolowki method-Bogue fatioyla an
the Rietveld method. The results from the two methods are very similar. Theifneecbntent
in the two clinkers is below the limit value of 2%, which meansttmatwo clinkers have a good
dosage and the clinkerization process in the laboratory does not cthese3S phase to
decompose into £S and CaO.

Table41
Content of mineral phases in the two clinkers OPC TM and OPC 2%ASL

Method Clinker  GS (wt. %) GS (wt. %) GA (wt. %) GAF (wt.  CaO free
%) (Wt. %)
Schlafer-  opcTmM  61.63 15.76 9.14 9.18 1.60
Bukolowki
methodt  OPC2% g3 gg 12.23 10.06 9.25 1.65
Bogue ASL
formula
OPCTM  64.87 12.47 8.83 9.04 1.19
Rietveld .
method Oig L2/° 66.23 12.90 9.61 8.64 1.48

The result of the analysis of the composition of the mineral phasdseatlinkers by the SEM-
EDS analysis has been presented in the following figures. Figi2gaBdllustrate the composition
and atomic ratio of two main components in the silicate phaseS &0d €S) of OPC TM and OPC
2% ASL clinkers.

116



60 4,0
] [ IcCa| 1
] B S
50
| W 135
i 3,51 ]
40 - 3,43
g 172}
£ 30 430
2 | (%]
<
20 - 1
1 425
10 ]
0 2,0

Clinker OPC TM Clinker OPC 2% ASL
C3s

Fig.29 Composition and atomic ratio of thg € %o Z * [+ SA} u Jv }u%}v v&e

50 3,0
1 [ ICa
B si
] —425
40
4 u u
2,29 297 ]
] —42,0
301
£ ] @
£ 115 3
S 1 O
< 204
] 41,0
10 -
] —40,5
0 - 0,0
Clinker OPC TM Clinker OPC 2% ASL
C2s

Fig.30 Composition and atomic ratio of the € % Z « [+ §A} u Jv Ju%}v v§e
The result shows that:

x The main elements of the silicate phases are Ca and Si. The experimental etbm
(Ca/Si) in these phases is higher than the theoretical ratio (Ca/8i &3 and Ca/Si = 2
in GS).
x The atomic ratio (Ca/Si) of theXphase in the OPC 2% ASL clinker is slightly lower than
in the OPC TM clinker, but this difference is small.
The major elements and the atomic ratio of these elements in the aluminadsgs (€A and
GAF) are shown in Fig.4 and Fig.5.
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The result shows that:

X The major elements in the aluminate phases are Ca, Al and Fe. The expermemial
ratio (Ca/Al and Ca/Fe) in these phases is higher than the theoretaraiatatio (Ca/Al
= 1.5 in phasef8 and Ca/Al = 2, Ca/Fe = 2 in thAEphase).

X Substitution of the sediment also does not cause the modificatioth@fatomic ratio of
the main elements in the aluminate phases.

The distribution and the morphology of the mineral phases of the DMGind OPC 2% ASL
clinkers have been illustrated in Fig.6. The result shows that:
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X The four typical mineral phases of clinker have been identifi¢ke two clinkers OPC TM
and OPC 2% ASL. The phase distribution is similar in the two clinkers.

X Substitution of the sediment does not change the morphology of theas#l phases (#S
and GS).

Clinker OPC TM

€ LA
T

Clinker OPC 2%ASL
s

CS

C2S C4AF
CsS

Fig.33 Distribution of mineral phases typical of OPC TM and OPC 2%ASL clinkers
l11.2. Characterization of cement
The characteristics of OPC TM and OPC 2%ASL cements have been presehted.in Ta
Table42
Physical characteristics of OPC TM and OPC 2% ASL cements

Property OPC TM OPC 2% ASL
Density (g/cm) 3.1 3.1
Blaine specific surface (éfg) 4450 4460

BET specific surface {in) 1.46 1.47
Water demand (%) 30.03 30.05
Setting time (minutes) 180 180

OPC TM and OPC 2% ASL cements have very similar Blaine specific surfacespadif8ET
surface. This is important when comparing the reactivity of the two typeewfents because
the fineness of the cement is one of the important parameters influgne¢he reactivity of the
cement.

[11.2.1 Heat of hydration

The reactivity of the cement followed by the isothermal calorimetry was presentedyii.
OPC 2% ASL cement exhibits hydration behavior similar to that of the OPC TM cecagiseb
the shape of the heat of hydration curves is identical. However, the heatdleased during the
hydration of the OPC 2% ASL cement occurred somewhat earlier than the OPC TM cement. Th
may be due to the fineness of OPC cement 2% ASL higher than that of OPC TM cement.
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Fig.34 Heat of hydration of cements pastes (W/C = 0.5) generated during the hydration

[11.2.2 Degree of hydration of cement

The degree of hydration of the cements was measured using the bouref gaantification
method using thermogravimetric analysis (TGA). Fig.8 shows the TGA curve of the OPC TM

cement paste after 2 days of hydration.
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Fig.35 TGA curve of the OPC TM cement paste after 2 days of hydration
The bound water content W{2days) is calculated according to Eq(10):

20a3BBDIVURA4AL Y6 ><O|ge100

3 20aak@444:6 xOiee; USI‘FL SS@(Z C

Wh(2 days) =2

Table 12 shows the W._value during complete hydration of OPC TM and OPC 2% ASL

cements.
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Table43

Determination of W, - from the mineral composition of the cement and the theoretical values
of bound water produced for the major phases of the cement at completedtigatr

Mass of bound water to

Mineral composition of cements complete hydration

Coefficient

proposed (% Mass) (9/100 g of anhydrous
Phase by NIST cement

OPC TM OPC 2%ASL OPCTM  OPC 2%AS

GS 0.24 57.45 59.68 13.79 14.32
GS 0.21 14.69 11.41 3.08 2.39
GA 0.4 8.52 9.38 3.41 3.75
GAF 0.37 8.56 8.63 3.16 3.19
Lime 0.33 1.49 1.54 0.49 0.51
Gypsum - 9.29 9.36 - -
Total (%) 100 100 23.93 24.17

The degree of hydration of the OPC TM cement after 2 days of hydratioalaslated
according to Eq (9):

P46 xOiae5x<
pav; 677
Table 13 shows the degree of hydration of OPC TM and OPC 2% ASL cementxinadéasur
2, 15 and 28 days of hydration. The result shows that OPC 2% ASL cement isactore tlgan
OPC TM cement. This result is consistent with the result of the bkatydration test by
isothermal calorimetry.

Table44
Degree of hydration of OPC TM and OPC 2%ASL cements

(2 days) = Lraf{t

Time (days) OPC TM OPC 2% ASL
2 Days 0.492 0.52
15 Days 0.735 0.736
28 Days 0 .808 0.815

[11.2.3 X-ray diffraction of cement paste

The mineral phases and hydrates formed over the hydration time of the two OPCAdTOP
2% ASL cements identified by XRD analysis were shown in Fig.9 and Fig.1WedspEuee result
shows that:

x All the typical mineral phases of cement such & GS, GA, GAF and gypsum have been
identified in both OPC TM and OPC 2% ASL cements.
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x The hydrates formed are the common hydrates identified in Podtleement, such as
portlandite (Ca(OH) and Ettringite. However, the presence of C-S-H was not detected by
XRD analysis due to its amorphous.

7 ——orcT™
—— OPC TM - 28 DAYS]

2-Theta

Fig.36 Mineral composition and hydrates formed during the hydration of OPC TM dd(iten
GS, 2: €S, 3:GA, 4: GAF, 5: Gypsum, 6: Ettringite, 7: Portlandite)

-

—— OPC 2% ASL
—— OPC 2% ASL - 28 Days

Fig.37 Mineral composition and hydrates formed during the hydration of OPC 2% AShtceme
(1: GS, 2: €S, 3:GA, 4: GAF, 5: Gypsum, 6: Ettringite, 7: Portlandite)

The presence of the mineral phases of the OPC TM and OPC 2% ASL pastesitsbserved
using electron microscopy on the surface of the hydrated pastes is presémtei).11. The
morphology and distribution of the hydrates formed in the OPC TM and OPC 2% esitsc
pastes are identical.
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Fig.38 Observation of hydrates by electron microscopy on the surface of hydrated cement
pastes
l11.2.4 Compressive strength of mortar

The compressive strength of the OPC TM and OPC 2% ASL cements measwradaiath
sample was presented in Table 14. The compressive strength of the two censntsmilar at
all times of the test. According to standard NF EN 197-1, the two cenagatclassified CEM I

52.5 grade.
Table45
Compressive strength of the OPC TM and OPC 2%ASL cements

Time (Days) OPC TM (Mpa) OPC 2%ASL (Mpa)
1 Day 19.20 20.86
2 Days 32.24 33.99
28 Days 55.08 56.57

The total porosity of OPC TM and OPC 2% ASL mortars measured after 1 and 28 days of
hydration is shown in Table 15. The result shows that the two cemews similar porosity at
all times of the test. A decrease in porosity over time of hydration has beseredd. This is due
to the formation of hydrates which fill voids and reduce porosity.

Table46
Total porosity of the OPC TM and OPC 2%ASL mortars measured by MIP

Time (Days) OPC TM (%) OPC 2% ASL (%)
1 Day 16.049 16.78
28 Days 12.763 12.88
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The pore size distribution of OPC TM and OPC 2% ASL mortars aftei8ldayd af hydration
was shown in Fig.12 and Fig.13 respectively.
The result shows that:
X The pore size distribution of OPC TM and OPC 2% ASL mortars is similar at alltiienes o
test.

X The pore size decreases over time of hydration on the OPC TM and OPC 2% ASL mortars.
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Fig.39 Pore size distribution of OPC TM and OPC 2%ASL mortars after 1 day of hydration
measured by MIP
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Fig.40 Pore size distribution of OPC TM and OPC 2%ASL mortars after 28 days of hydration
measured by MIP
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[11.3. Cement hydration modeling

In this part, we present the results of hydration modeling of OPC TMD&@ 2% ASL cements
using the CEMHYD3D model. The characteristics of the cement were usedigsuihdata for
the model.

[11.3.1 Particle size distribution of cement

The particle size distribution of the cement is one of the imatha of the model, and it plays
an important role and can directly influence the precision &f thodel result. Table 16 and Table
17 present the experimental and numerical results of the partickedigtribution of OPC TM and
OPC 2% ASL cements.

Table47
Experimental and numerical results of the particle size distroutf OPC TM cement

Mass fraction (%)

Diameter of particles (um) Mass fraction (%) (Exp (CEMHYD3D)
1 10.480 10.660
3 2.450 2.492
5 5.360 5.447
7 7.270 7.386
9 8.020 8.124
11 8.070 8.282
13 7.640 7.874
15 7.000 7.299
17 6.230 6.502
19 5.460 5.647
21 4.730 5.038
23 4.140 4.893
25 3.710 4.186
29 6.500 6.568
33 7.250 9.604
37 3.010 0.000
49 2.65 0.000

Total 99,97 100
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Table48
Experimental and numerical results of the particle size distrilbuioOPC 2%ASL cement

Diameter of particles Mass fraction (%) (Exp) Mass fraction (%)
(Lm) (CEMHYD3D)
1 10.49 10.262
3 2.29 2.243
5 5.46 5.339
7 7.40 7.243
9 8.15 8,018
11 8.17 8,086
13 7.76 7,564
15 7.14 6,837
17 6.37 6,497
19 5.64 5,642
21 5.01 5,034
23 4.55 4,888
25 4.18 4,182
29 7.29 6,562
33 7.01 4,798
37 2.11 6,806
49 0.97 0,000
Total 99.99 100

The result shows that:
x Good consistency between the experimental and numerical results for tbecéments,
OPC TM and OPC 2% ASL.
x A difference between the experimental and numerical results at ¢tbarser fraction
(between 33 um and 49 um) for the two cements. However, this difference is small.

[11.3.2 Mineral composition of cement in the CEMHYD3D model

The composition of the mineral phases of cement is also one of the ohgda sets for the
CEMHYD3D model. The volume fraction of the mineral phases was used in theoromohesttuct
a numerical cement that has a composition similar to that of realesgnThe volume fraction of
the phases was calculated using the density values of the mineral phasesedopy NIST [56].
Table 18 shows the experimental and numerical volume fraction of the mipbeses of OPC
TM and OPC 2% ASL. Good consistency between the experimental result and fthef riasu
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model of the two cements was observed. In addition, the W/C ratio model¢ide CEMHYD3D
model is approximately equal to the experimental ratio.

From the results of numerical modeling of the particle size andposition of the mineral
phases, we can conclude that the CEMHYD3D model approximately mokel&PC TM and
OPC 2% ASL cements used in the experimental tests.

Table49

Experimental and numerical volume fraction of the mineral phases of OPEYdMPC 2% ASL
cements

OPCTM OPC 2%ASL
PSS 00 e voume P ) piels % voume
GS 0.5708 223945 0.5704 0.5924 235642 0.5943
GS 0.1428 56692 0.1444 0.1108 43963 0.1109
GA 0.0897 35493 0.0904 0.0986 38991 0.0983
GAF 0.0731 28712 0.0731 0.0737 29362 0.0740
Gypsum 0.1234 47776 0.1217 0.1244 48572 0.1225
Total 1.00 392618 1.00 1.00 396530 1.00
wi/C 0.5 0.499 0.5 0.491

[11.3.3 Determination of the constant of timet in the CEMHYD3D model

In order to determine thet value in the CEMHYD3D model, the values of the degree of
hydration of OPC TM and OPC 2%ASL cement pastes after 2 days of hydration were used as the
calibration values. In fact, we run a simulation of 1000 cycles withtaryue, then we look for
the value of the number of cycles that allows reaching a degree of tigdreorresponding to
the experimental value of the degree of hydration at 2 days.

The t value is determined according to Eq (14) and Eq (15) with the cycksvalund above.

In our case, th t values are 0.0001062 for OPC TM and 0.00008742 for OPC 2%ASL.

lll.4. Results of the modeling of cement hydration in the CEMHYD3D model

The hydration of the two cements OPC TM and OPC 2%ASL was numerically matieled in
CEMHYD3D model at a constant temperature of 20 °C and in the saturatatia@o)dvhich are
similar to the conditions of the experimental hydration. The modeling resutpresented in
the following figures and compared with the experimental results.

[11.4.1 Degree of hydration of cement

The degree of hydration of OPC MT and OPC 2% ASL pastes (W/C = 0.5) ebyinia¢ed
CEMHYD3D model is shown in Fig.14 and Fig.15 respectively. By comparing the atglerime
result and the numerical result, good consistency was observed. The CEMRAYD8Dseems
to present the higher hydration values at the experimental values. This bewddplained by the
numerical cements is thinner than the actual cements, therefore thectreity is higher.
However, this difference is very small and negligible.
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Fig.42 Degree of hydration of the OPC 2%ASL paste over time of hydration

The hydration of OPC TM and OPC 2% ASL cement pastes modeled by the CEMHYD3D mode
is presented in Fig.16. In the initial state (t = 0), all the phasdseafdments are present and the
fraction of the phases is following the volume fraction presented ineraBl After 28 days of
hydrations, the decrease in the fraction of anhydrous and the formationydidies (CSH,
Portlandite) around the anhydrous were observed. This modeling is similahdordal
phenomenon of hydration of cement paste. A decrease in the porosity af¢h@ent pastes was

also observed on the numerically hydrated paste.
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Fig.43 Hydration of OPC TM and OPC 2%ASL cement pastes modeled by the CEMHYD3D model
[11.4.2 Mass ratio of hydrates

Given the Ca(OHls a data relatively to be determined thanks to the TGA analysis, we chose
to compare the numerical and experimental quantity of this hydrateualuate the relevance of
the CEMHYD3D model in our study. CEMHYD3D model gives the volwriéaoffie over time
}(ZC E 3]}vU % }ES0o v 18 [+ vIis@Sed tagonvi(t fiohi dolurRe fraction
to mass fraction. Fig.17 shows the CH/Cement initial mass ratio of two types of cemetti@ver
time of hydration.

30
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Fig.44 Cq4OH)/cement initial mass ratio of OPC TM and OPC 2%ASL cement pastes over time

of hydration

The CEMHYD3D model presents a numerical result of the Cai@hbnt initial mass ratio
similar to the experimental result. OPC 2% ASL cement has a higher ratOR@TM cement
at all times of the test. This can be explained by the higher conteng®firlCthe OPC 2% ASL
cement, which allows more portlandite to be formed.
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[11.4.3 Porosity of mortars

The CEMHYD3D model makes it possible to estimate the porosity of hydratedtdeynen
considering the porosity equal to the fraction of water remaining in the saniptioes not count
the intrinsic porosity of the C-S-H phase.

Table 19 shows the components and their volumes in the formulatodithe mortars used in the
compressive strength test.

Table50

Components and their volumes in the formulations of the mortars usethé compressive
strength test

Sample Mass (g) Volume (crf) % Volume

Cement Sand Water Cement Sand Water Total Cement Sand Water

OPC
™ 450 1350 225 145.16 509.43 225 879.6 16.5 57.92 25.58

Mortar

OPC
206ASL 490 1350 225 145.16 509.43 225 879.6 16.5 57.92 25.58

Mortar

We assume the initial porosity of the mortar (t = 0) is equal to the infoddme fraction of
water (25.58%). The evolution of the porosity of OPC TM and OPC 2% ASL mortars over time
hydration followed by the experimental test (MIP) and numerical modelingistrdited in Fig.18
and Fig.19 respectively.

—— Porosity (%) (CEMHYD3D)
—M— Porosity (%) (Exp)

26

Porosity (%)

0 5 10 15 20 25 30
Time (days)

Fig.45 Evolution of the porosity of the OPC TM mortar over time of hydration folldyyeithe
experimental test (MIP) and numerical modeling
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Fig.46 Evolution of the porosity of the OPC 2%ASL mortar over time of hydratiowéol by
the experimental (MIP) test and numerical modeling

The result shows that:

X The initial porosity (t = 0) measured by experimental and numerical analygenteal.
This is because the CEMHYD3D model perfectly modeled the volume fractiba of
components.

x At 1 day of hydration, the experimental and numerical results are idahtor the two
mortars, OPC TM and OPC 2% ASL. At 28 days, the experimental test exhibits a higher
porosity than the CEMHYD3D model. The difference between the expeamend
numerical results can be explained by the size of the pixels used EMHYD3D model
being equal to 1 um. The model counts the pores at around 1 um. Intfecpores in the
cement matrix can be smaller than 1 um (Fig.12 and Fig.13). However, the rirémel i
evolution of porosity presented by experimental testing and numerical mogels
similar.

[11.4.4 Compressive strength

The CEMHYD3D model estimates the compressive strengiiv® 3Z WI}IA E[e %o %o !
according to Eq(11), Eq(12) and Eq(13). The experimental and numerical results of the
compressive strength of OPC TM and OPC 2% ASL mortars are presented inTh&.20
CEMHYD3D model seems to present the compressive strength a little thare the
experimental compressive strength. However, the difference is relatively smaltharsthape of
the resistance curve is relatively similar.
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Fig.47 Compressive strength of OPC TM and OPC 2%ASL mortars measured by experimental
test and numerical modeling

V. Conclusion

The objective of this research is to assess the feasibility of recovering sedimentheom t
manufacture of cement in order to apply it to an industrial proj&dte main results are obtained:

X The sediment contains the four main oxides (CaOgp, SM0: and FeOs) which are
needed to make Portland cement.

X A maximum content of 2%. wt of the sediment can be recycled to erthergiscosity of
the mix.

x The two cements, OPC TM and OPC 2% ASL, have been successfully synthesized in th
laboratory. The free lime content in the two clinkers is belowttireshold (2% wt).

X The four main mineral phasess:8 @S, GA and GAF) have been identified and
guantified. The values of the modulus (LSF, SR, AR) are similar to the theoretesl valu
used for the formulation.

X Substitution of the sediment does not modify the chemical composstionthe mineral
phases of the clinker. This was demonstrated in the SEM-EDS analysis.

X The sediment-based cement exhibits similar hydration behavior to the retereement
(OPC TM).

x The development of the compressive strength between the two cemisntsry similar.
They are classified CEM | 52.5 grade.

x The CEMHYD3D model has been used successfully to model the hydration e$izguth
cements. The results of numerical modeling are consistent with the erpatal results.

x The CEMHYD3D model also makes it possible to quickly assess the hydratioorwéhavi
cement and to visually follow the evolution of anhydrous hydrates forrmeer time of
hydration. This can make it possible to reduce the number of experimtasts.

X The result of the numerical modeling can be used to study the leachehgvior by
coupling with other computer models.
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Article 4 Valorization of sediments in the manufacture of CEM Ill cements

Synthése: Dans cette étude trois ciments CEM Il ont été fabriqués au laboratoire.

9
9
9

CEM Il TM = Clinker TM + Laitier
CEM Il 2%ASL = Clinker 2% ASL + Laitier
CEM Il 10% SF = Clinker TM + Laitier + 10 % sédiment calciné Flash

Les résultats montret que :

X

Les deux ciments CEM Il TM et le CEM Il 2%ASL présentent le méme compaiteme

point de vue hydratation.

>[]v JE%}E S]}v ¢ Ju vs ve gorovoquevaRcun déf@ipde qualité

du clinker et du ciment CEM lII.

> (E ]S v V }Ju% E ]}V SE}]e Ju vsSe D[//Z vEHoid hUE *

de mortier normalisé est supérieure a 42.5 MPa.

Les deux ciments CEM Ill TM et CEM Il 2%ASL présentent une demande eteeau et

temps de prise similaire. Le remplacement du laitier par le sédiment calciné icomeu

augmentation de demande en eau et le temps de prise.

L[ v oCe Z o p&E o[ZC & S S]}v % E o}E]Ju geBt] ][+}SZ

montre que le ciment CEM Il 10% SF semble a étre plus réactif quséedscCEM ||

dD S8 D /1] 79 ~>X % v Vv3SU 0o[]v JE%}E S]}v] Wb * Ju VS
]Jv §]<u o[ZzC & § S]}v u ]Ju vsS (& Zop |uEEhydrasafior} d&E

trois ciments est similaire. Ce résultat peut étre expliqué par (i) le cimentlCEMb6 SF

présente une finesse plus élevée que les deux autres ciments CEM IlI, @gtlarré

pouzzolanique du sédiment calciné commence plutét que cellaitarl

>S[ i}uS H ¢ Ju vS r&moplaZement [puv % ES] M o0 ]S] E » uo
o[ZC & $§ S]}v uAE CepivexpligBe «Ud développement de la résistance en

compression plus élevée du ciment CEM Ill 10% SF par rapport de dees @otents

CEM lll aux jeunes ages.

>[ v oCe dd'tu}vSE <«<pu of]v }E%}E S]}v 4 ¢ Ju vS % CEu

fraction de C-S-H plus importante que celle de deux ciments CEM dt CEM I1l 2%ASL.

>[ v oCe 0 Ju%}e]S]}v  Z]u]<$tH desatésk de ciments CEM llI

hydratées montre que (i) le rapport de C/S dans les pates de cimentliCEM et CEM llI

2% ASL est relativement similaire, (ii) ce rapport dans la patexaantiCEM Il 10% SF

est plus faible car la teneur en Sidans le sédiment calciné est plus élevée que celle dans

o o ]8] E&X E pos8 & +3 Jvd E e+ v3 (E JofancEaulas [ A}

lixiviation.

> (@& *posS § o[ v oCe 0 %}E}e]S H uE pE u}vsE
of]v }E%}E S]}v p e+ Juvs o]v @GHSwmo {me]Ju{s oo % }[B ]

pores. Ce résultat est important du point de vue impact surpaE ]o]S$ [MV u § E]

cimentaire.
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Abstract

l. Introduction

In France, approximately 56 million*mf sediments (marine and river) are dredged each year in
order to ensure acceptable navigation thresholds, to avoid flooding anahpoove the quality

of the environment [1]. These sediments are then either submerged in the sdapmsited in
reservoirs. However, according to European Directive 2008/98/EC, sediment extracted from
reservoirs becomes waste [2]. Consequently, it is necessary to find adequate sofotidhs
recovery of these sediments.

Several previous studies have shown the feasibility of recovering the sedindiffenent fields,

such as:

X Building materials in road engineering [3, 4].

X Mineral additions in the cementitious materig@ t7].

X Raw materials in the manufacture of cement [8, 9].

In a previous study [10], Anger used the notion of "Suitability Index"desasthe suitability of
sediment use in different pathways. The result shows that the use of setliaseraw material
in the manufacture of cement and the manufacture of terracotta-tyg@amics was the most
suitable. However, the valorization of the sediment in the manufacture of cémmamd solve
problems of sediment management and natural resource reservation, but itdvoetl be the
ideal solution to reduce the quantity of @inked to the production of clinker. In fact, the
quantity of CQ emitted during the manufacture of clinker is on average for Europe akg§®r
ton of cement, or about 130 Mt/year [11]. Therefore, the reduction of clinker dosdgbe
cement to the mineral addition profile would become the challengedduce the amount of
CQ. We can cite the most used mineral additions in cement:

x Natural addition (Limestone filler) De Weerdt et al. [12] previously demonstrated that
the presence of the limestone filler resulted in the formation bémi- and
monocarbonates (Eq (1) and Eq (2)) and the stabilization of the ettringitpaneah to
cement without the limestone filler, where part of the ettringite had coneertto
monosulfate (Eq (3)). Consequently, the presence of 5% of lime fillev kdlincrease in
the volume of hydrates and to an increase in the compressive strength.

GA + Cc + 11H -2ATH1 Q)
GA + 0.5Cc + 0.5CH + 11.5H44c0.5H, 2)
2GA + GAS3H: + 4H -> 3CAsH (3)

X Industrial waste (Slag, Fly ash, Silica fume) :
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Silica fume is a by-product of the silicon and ferrosilicon alloysimg and is mainly
composed of ultrafine particles with a diameter between 0.1 andun2 These particles
contain at least 85 to 95% amorphous silica.S#Dd are in the form of glassy
microspherea[13]. Thanks to a high silica content and an essentially glassy structaee, sili
fume is considered to be a highly pozzolanic product and frequargd in the
manufacture of ultra-performance concretes [14].

Slag is a by-product of the steel industry, obtained in blast furndaesg the production
of melting. It is rich in oxides of calcium, silicon, magnesium and alumigssentially
amorphous in nature, most vitrified slags have 5 to 10% crystalline phase=sxhiiit
latent hydraulic properties, that is, their hydration requires a chemicaVvaizr [15].
Additions having the pozzolanic property will react with portlaadi€a(OH) to form
hydrated "pozzolanic” calcium silicate (pozzolanic C-S-H (1)) aggaodEq (4) and Eq
(5). This hydrate generally has a lower C/S ratio than that of C-S-H fdramdhe
hydration of cement without pouzzolanic addition. Unlike C-S-HlI{#)C/S ratio of C-S-
H (1) is independent of temperature and the?Ceoncentration of the solution. In general,
the pozzolanic C-S-H stoichiometry isSH oand C-S-H (1) i3.&SH [16].

(SiQ) sauble + 20H AEHSIQ* (4)

xC&* + HSIQ2 + 2(x-1) OH+ y HO ZEGSH (5)

The addition of pozzolanic mineral additions provides several technical adyemtlit
improves the durability properties against certain chemical attacks sscleaching,
sulphate attack, and resistance to chloride penetration [15, 17] and mechlaresistance
[18]. However, in French, the production of slag has gradually declined due to the
decrease in steel production [19]. This could lead to a shortage of slag manufacture
of CEM lll cement. It is necessary to find another mineral addition whigla ceplace
slag in the CEM Il cement.
Consequently, the objective of this research is the valorization ofdidément in raw materials
in the manufacture of clinker and the replacement of part of the slag by therseditreated in
the manufacture of CEM IIl cement. First, the sediments are charactenipedar to choose the
most suitable sediment for each option. Then, the clinkers and cesramgstalso characterized to
assess the impact of the use of sediments on the phase formatioreiclihker, the hydration
behavior and the development of the mechanical strength of the cements.

. Materials and method
[1.1. Materials in the manufacture of clinker
[1.1.1. Raw materials

The sediment used in this option is the fluvial sediment collected aftheur Lys (ASL) storage
site in the Haut de France region, France. It was then homogenized addalia constant mass
at40 ° C.

The limestone, clay, sand and iron oxide extracted from the deposit we@isdy the cement
company EQIOM. These materials were also dried to constant mass and gocupdirticle size

of less than 200 pm.

The particle size distribution of ASL raw sediment was measured in two diffeaetions. A
fraction greater than 80 um was measured using sieves, and a fraction less than 8agum w
measured using the COULTER laser diffractometry, type LS230 device. Figure Edlitlstrat
particle size distribution of two fractions of the ASL raw sediment.
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Figure 1 : Particle size distribution of the two fractions & 5L raw sediment

The density of materials was determined according to the standard NFOgRN7 [20] using a
Micromeritics ACCUPYC 1330 Helium Pycnometer device. Table 1 show the dehsityaof

materials used in the option.
Table51 : The nomenclature and density of the raw materials

Materials Limestone Limestone Limestone Clay Clay Sand Iron Gypsum Slag Sediment

1 2 3 1 2 Oxide
Nomen LIM1 LIM 2 LIM 3 CLY CLY SAN IRO GYP SLAG ASL
1 2
Density 2.76 2.76 2.76 265 265 2.63 3.99 2.36 2.65

(glcn?)

Note: Nomen = Nomenclature

The chemical composition was determined by X-Ray Fluorescence (XRF) using an EER PION
apparatus equipped with a 4 -kW generator and an Rh anodebdédmds were prepared by mixing

2 g of the material analyzed with 10 g of melting agent (mass ratio 1lalle Z shows the result

of the chemical analysis of the raw materials.

Table52 : Chemical composition of raw materials determined by XRF analysis.

O(ﬁ/ic)'e ASL LIM1 LIM2 LIM3 CLY1 CLY2 SAN IRO GYP SLAG
0

SiQ 65.15 5.3 9.5 6.0 48.7 60.6 88.3 2.2
3.7 1.2 206 149 4.8 0.3 0.33 10.95
7.9 1.2 70.6 0.28 0.27
40.98

1.95 34.27

ALGs 7.35 1.9
FeOs 3.1 0.6 13 0.6 10.7
CaO 755 498 458 50.0 11 2.3 2.1 13.5 32.85
0.4 11 0.8 ND 2.2 0.34 6.56
ND 0 0.17

MgO 0.7 0.4 0.6
NaO 0.85 ND ND ND ND ND ND
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KO 1.65 0.4 0.9 0.2 15 1.3 0.3 0.1 0.08 0.49

SQ 0.1 ND ND ND ND ND ND 0.2 38.58

TIQ 0.65 ND 0.1 ND 0.7 0.7 0.9 ND 0.585

0
P.Os 0.25 ND ND 0.2 0.3 0.2 ND ND 0
0

Mn20s3 ND ND ND ND ND 0.2 ND 0.7

ZnO 0.1 ND ND ND ND ND 0.1 ND 0

LOI 121 409 375 409 146 105 1.9 1.2 2485 4.7

Total 995 993 994 995 993 994 996 98.7 99.28 99.17

Note: ND = Not detected

X-ray diffraction (XRD) was used to identify the mineralogical phasesauBindker D2 Advance
type apparatus equipped with a Cu anodes 1.5406 A, with the recording anglg 2f the
diffraction from 5° to 80° and a step size of 0.02. Table 3 preshetsnain mineral phases
identified in the materials.

Table53: The main mineral phases of raw materials identified by X-ray diffractid) (XR

Material Mineral phases
X Quartz (Sig)
ASL x Calcite (CaCG¥p
X Muscovite (KA{AIStO10)(F,OH))
x Albite
X Montmorillonite (Clay) ((Na, Ga)Al, Mg}(SkO1o(OH}».nH0).
x Orthoclase
LIM1

x Calcite (CaG#p

LIM 2 x Calcite (CaG{D
LIM 3 x Calcite (CaCfp
CLyl X Quartz (Sig)
X Montmorillonite (Clay)
X Iron aluminum oxide hydroxide
X Kaolinite (Al0:.2SiQ.2H0)
CLY 2 X Quartz (Sig)
x Montmorillonite (Clay)
x Kaolinite (Ad0s.2SiQ.2H0)
SAN X Quartz (Sig
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x Calcite (CaGdp

IRO X Magnetite (FeO.R€:)
x Calcite (CaC{p
X Woustite (FeO)

GYP X Gypsum (CaSQHO)

SLAG X Amorphous

The mobility of the metallic trace elements (MTE) and the anionic elemerite ofaw sediment
were measured after the leaching of the sample using a liquidisatio of 10 and an equilibrium
time of 24 hours according to the standard NF EN 12257L] using an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES 5100 Agilent Technologiesthirie lisat
values for inert waste (IW) and non-hazardous waste (NHW) specified in Direchi9&81&EC
were used to verify material compliance. Table 4 shows the resuthedo ASL raw sediment
leaching analysis.

Table54 : Metallic trace elements of the ASL raw sediment

Sample Concentration (mg/kg)

As Ba Cd Cr Cu Mo Ni Pb Sb Se Zn
ASL

<0.1 0.14 <0.008 <0.005 0.18 0.10 0.04 <0.03 0.06 0.1 0.4
IW 05 20 004 05 2 05 04 05 006 01 4
NHW 5> 100 1 10 50 10 10 10 07 05 50

The chracterization resullt shows that:

X The main oxides of the sediment are 5803, FeOs et CaO (%CaO + % St AlOs
+ %Fe0Os > 80%). However, the ASL raw sediment has a high quartz content.
X The ASL raw sediment is inert and non-hazardous.

[1.1.2. Materials in the manufacture of mineral addition

The sediment used in this option is the fluvial sediment collected tfmrNoyelles-Sous-Lens
(NSL) disposal site in the Haut de France region in France. First, thisrsedas homogenized

and dried at 105 °C to constant weight, then finely ground before @lom The method used

is flash calcination, which was previously used for the manufacture tdkaelin [22]. The NSL
sediment was calcined at 750 °C in this option, and the calcined sedimewins las NSLF 750.
Both NSL and NSLF 750 sediments were characterized using the raw material ckatexcteri
assays used in the option of manufacture of clinker. Table 5 shows theahyperties of NSL
and NSLF750 sediments.

Tableb5 : Physical properties of NSL and NSLF 750 sediments

Property NSL NSLF 750 Sandard
Density (g/cm3) 2.43 2.63 NF EN 1097-7
BET (crfig) 4 376 15 590 NF EN ISO 18757
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OM content (wt %) 16.1 1.93 XP P94-047

d10 (um) 1.24 2.63
d50 (um) 11.68 14.71
d90 (um) 55.91 64.13

The result shows that:

x Calcination considerably reduces the content of organic matter, which Hatianental
effect on the hydration of the cement [23].

X Anincrease in particle size without a decrease in specific surface wasets€his could
be explained by an agglomeration of clay particles without sintering dwahgnation
[24].

X Calcination also led to a strong increase in the specific surface (BBE&)NSL sediment.
This could increase the reactivity of the sediment in a cementitious nateri

The chemical composition of the NSL and NSLF 750 sediments determined &yaKRis is
shown in Table 6. The result shows that the calcination did not caugaificgint change in the
chemical composition of the sediment.

Table56 : Chemical composition of NSL and NSLF 750 sediments

Oxide  cap si@ ALO; FeO; SQ NaO KO MgO ZnO P.Os LOI Total
(Wt.%)

NSL 10.57 39.62 9.64 5.12 0.22 0.69 1.84 088 0.27 2.1 27.63 99.17

NSLF 11.21 49.71 12.00 533 0.18 0.74 225 112 0.31 226 13.70 99.49
750

In order to demonstrate the effect of calcination on the transformatadnmineral phases, in
particular clay phases, XRD analysis was carried out on the fraction with a diahletes than

2 um of the NSL and NSLF 750 sediments. For the study of clay species, the angular lamgk exp
is between 4° and 35°JAwith a step size reduced to 0.008 } @&nd a step time of 0.84 s/step.

The main mineral phases of NSL and NSLF 750 sediments are shown in Table 7.

Table57 : Mineral phases of NSL and NSLF 750 sediments

Sediment Mineral phases

Quartz (Sig)

Calcite (CaCGp

lllite (K, HO) (Al, Mg, Fe{Si, A)4010[(Ok)(H0)]
Kaolinite (Al0z.2SiQ.2H:0)

Albite

NSL

Quartz (Sie)

Calcite (CaCGp

lllite (K, HO) (Al, Mg, Fe{Si, Al)4010[(O)(H:0)]
Albite

Anhydrite CaS£2H0

NSLF 750

~h ~h ~h —~h —H ~h ~h ~h —~h —H
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The clay phases identified by XRD analysis on oriented slides of iNSElah 750 sediments are
presented in Figure 2.

Figure 2 : XRD patterns of clay phases of NSL and NSLF 750 sedimentsarded) shides
analysis (K: Kaolinite, I: lllite)

The result shows that:

X The main phases of the NSL sediment are quartz and calcite. In add@ipphases such
as kaolinite and illite have been identified.

x Calcination transforms the clay phases into more reactive phases according to the
following equations:
Kaolinite[25]:

Ab(O3.2Si02.2H20AI203.2Si02 (metakaolinte) + 2H20 (6)
lllite [26]:

(K, HO) (Al, Mg, Fe)2(Si, Al)4010[(OH)2, (H20)] -> 3.5 H20 +(K) (Al, Mg, )

A4010.5

The result of the leaching analysis shows the presence of metallic tracemtems well as
anionic elements in sediments (Table 8 and Table 9). The content taincenetallic trace

elements in the RS sediment exceeds the value specified for inert waste (IVdjticular, the
content of zinc.

Table58 : Metallic trace elements in sediments (mg/kg)

Elements NSL NSLF 750 W NHW
As (mg/kg) <0.08 <0.1 0.5 2
Ba (mg/kg) 1.4912 1.9 20 100
Cd (mg/kg) <0.008 <0.008 0.04 1
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Cr (mg/kg) <0.03 0.37 0.5 10

Cu (mg/kg) 2.0509 0.078 2 50
Mo (mg/kg) 0.5538 1.7 0.5 10
Ni (mg/kg) 0.4799 <0.03 0.4 10
Pb (mg/kg) 0.0447 0.074 0.5 10
Sb (mg/kg) - <0.05 0.06 0.7
Se (mg/kg) 0.1019 0.08 0.1 0.5
Zn (mg/kg) 7.8518 <0.05 4 50

Table59 W v]}iv] o u vS[e }vS vS8 Jv e Ju vS ~uPlIlIP-

Sediments Fluoride (mg/kg) Chloride (mg/kg) Sulfates (mg/kg)
NSL <1 262 15 820
NSLF 750 8 247 11 120
W 10 800 1000
NHW 150 15 000 20 000

The sulfates content in the NSL sediment is higher than the limit valuedirt waste. In addition,
it can also be seen from the results that the RS sediment has a lsiglf@te content compared
to the NSLF 750 sediments, where the sulfate content decreases
dz &&E SS]v][e 51965 RH)Xwasused to assess the pouzzolanic reactivity of the
sediment. The essay consists to react 16 g of Portland cement and 4 g of matéfal ml of
distilled water. Then, the mixture was kept tightly at 40 °C for at I8adays or 15 days. The
samples were filtered under vacuum and the filtrates were subsequantyyzed. First, the OH
ions content was determined using the HCI 0.1N hydrochloric acid. After adjtrstipgi to 12.5,
the C&"* ion content was determined by the use of an EDTA complexomeisic The Ci
content (expressed as CaO equivalent) function of @Htent are shown relative to the limit of
solubility of Ca(OH)A position under the curve of Ca(QRlplubility suggests a consumption of
CaO by pozzolanic reaction [28].
The result of the test after 15 days presented in Figure 3 shows tha
x The raw NSL sediment does not exhibit pozzolanic reactivity. On the other thend
transformation of kaolinite into metakaolin in the calcined sediment tiegozzolanic
reactivity.
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Figure3W dzZ & & 38S]v][* § 8 CE spos (S & i C-
II.2. Cement Manufacturing Method

[1.2.1. Formulation method

&E}u §Z & *posS }(SZ v oCele }(SZ u s E]d[*EZvE] (}EE JuoFq}
of the raw meal were set up based on the following modulus usually insthe cement industry:

the Lime Saturation Factor (LSF), the Silica Ratio (SR) and the Alumina R§2®|.(ARgse are

the main parameters to control the quality of the clinker [18]. Thkewlations of LSF, SR and AR

are presented by the equations below:

_ 544 "G_S 8
LSF 6a<0"WgS685Rmj6S4=90 "Jc6S7 ®)
_ "WgS6 9
SR T"Ej6S7>"Jc6S7 ®)
AR _"Ej6S7 (10)

“Jc6S7

In this option, two formulations were established using the follmywalues: LSF = 98, SR = 2.5,
AR = 1.65, and a content of 2% wt of the ASL sediment. Table 10 shovartpesition of the
components of two formulations of the clinker.

Table60 : Composition of the components of two clinker formulations

ASL LIM1 LIM2 LIM3 CLY1 CLY2 SAN IRO

Formula o

wtoe) WL (wrop)  (wt%) (Wt%) (Wt%) (Wt%)  (wt%)
Clinker 0 5208 17.36 17.36 318 478 431 093
™
Clinker 5 5187 1729 1729 298 447 317 093
20HASL

Based on previous studies [8, 30], all the components are mixed with teelb@tter homogenize
them. The mixture is then dried at 105 °C and pressed at 5 kN dtlitet Then, the pellets are
burned at 200 °C for 20 minutes, then at 1450 °C with a speed of 7 @¥ft@r 15 min of burning
at the clinkering temperature, the clinker was cooled in the furn&oereach the room
temperature.
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In order to assess the quality of the clinkerization process, the chemicalosatop of the raw
mixtures was checked using XRF analysis to ensure that the values of the modulus AR}, SR,
were similar to the theoretical values. Table 11 shows the result of teencal composition
analysis of the raw mixtures. Good consistency between the experimental valueshan
theoretical values was observed.

Table61 : The chemical composition and values (LSF, SR and AR) of two formulations analyzed
by XRF

Oxide

(it %) Clinker TM Clinker 2% ASL
Theory Exp Theory Exp
SiQ 13.72 13.55 13.71 13.4
AbOs 3.42 3.5 341 3.5
Fels 2.07 2.1 2.07 2.1
CaO 42.93 41.9 42.87 41.9
MgO 0.48 0.5 0.48 0.5
NaO 0.00 ND 0.02 ND
KO 0.52 0.6 0.54 0.6
SQ 0.00 ND 0.00 ND
TiQ 0.00 0.2 0.00 0.2
P.Os 0.00 0.1 0.06 0.1
Mn20s3 0.00 ND 0.00 ND
Zn0O 0.01 ND 0.00 ND
LOI 36.03 36.45 36.05 37.1
Total 99.24 99.65 99.24 99.4
LSF 98 96.47 98 97.41
SR 2.5 2.42 2.5 2.40
AR 1.65 1.67 1.65 1.67

In addition, the free lime content (Ca&d) is one of the important indices for evaluating the
quality of the clinker. In general, a Ga®©content of less than 2% is acceptable in the cement
industry [10]. In this study, the CaOfree content of clinkers wasrdened using the Schlafer-
Bukolowki method [31]. The content of the mineral phases of thekels was calculated using
§Z }Pu [* (}E&uUpoO ¥atioyn@ eguatidomrs:

GS = 4.07 * (Ca@al t CaOree limd -6.72 * AbO; t 1.43 * FeOs (11
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GS = 8.60 * SO+ 1.08 * FgO3 + 5.07 * AlO; - 3.07 * (Ca@u tCaO (12

free Iime)
GsA = 2.65 * AlD; t 1.69 * FeOs (13
CIAF = 3.04 * B©3 (14

In addition, the Rietveld analysis was also performed using TOPAS softwaderino quantify
the crystal phases of the clinkers. Table 12 shows the content ehtheral phases in the clinkers
determined by two different methods. The two clinkers have similaram®of mineral phases
and a Cafe content of less than 2%.wt.

Table62 : Content of mineral phases in the two clinkers

Method Clinker GS (wt. %) GS (wt. %) GA (wt. %) GAF (wt. CaOree
%) (wt. %)
Schlafer- - cjinker M 61.63 15.76 9.14 9.18 1.60
Bukolowki
method t  Clinker 2% 63.98 12.23 10.06 9.25 1.65
Bogue ASL
formula
Clinker TM 64.87 12.47 8.83 9.04 1.19
Rietveld )
method  Clinker 66.23 12.90 9.61 8.64 1.48
2% ASL

The result of the characterization of the clinkers shows that the ¢lirkers were successfully
synthesized in the laboratory by checking the chemical compositiontten€a®@ee content of
the clinkers.

[1.2.2. Method of characterization of CEM Ill cements

In this study, three CEM lIl cements were synthesized. The nomermcktdrcomposition of the
cements are presented in Table 13.

Table63 : Composition des composants des ciments

Cement Clinker TM  Clinker 2%AS SLAG (wt. % GYP (wt. %  NSLF 750

(Wt. %) (Wt. %) (wt. %)
CEMIII T™M 56.55 - 37.70 5.76 -
CEM 11l 2%AS - 56.52 37.68 5.80 -
CEM 1 56.48 - 28.24 5.86 9.41
10%SF750

The components are ground together to achieve an approximate Blaine surfab8®tBa7/g.
The setting start time was measured using a Vicat device after determining tlee dexhand of
the cement which allows it to reach the normal consistency accoradim¢/ EN 198{32].

The reactivity of the cements is measured using an isothermal calorimetry anedysed out at
20 °C. Based on previous research [8, 33], the paste was made with 8 g of cemdng axfid
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water that had been previously stored at 20 °C (W/C = 0.5). The calorimetbome-made type

using flowmeters that allowed the calorimeter to equilibrate in less thanrh mi

Thermogravimetric analysis (TGA) was used to assess the reactivity of CEM Ill cements by
measuring the amount of water bound according to Eq (15). The cement pasteprepsred

with a W/C ratio of 0.5 and set aside in a saturated lime solu@@ment hydration shutdown

was performed using the solvent solution. First, the sample was immersed iacét®ne
solution for 3 days, then it was vacuum filtered to remove the sdlgefution and set aside in a
desiccator.

Qchemical bound water= leample (40°C)t Msample (500°C) (15)

With:
Qchemical bound water Amount of chemical bound water (Wt 0/0)
Msample (40°C): mass of the sample at 40 °C.
Msample (500°C): mass of sample at 500 °C
The amount of bound water could provide information on the amount of Ately formed such
as C-S-H, CASH and Caf@Hiing cement hydration. In addition, it is impossible toidggtiish
the amount of hydrates from the TGA curve.
However, the hydrated phases as C-S-H, calcium aluminate hydrate (CAH}iun clico-
aluminate hydrate (CASH) can be calculated from the DTG derived cdjvéh is interesting
knowing that the C-S-H phase is mechanically more resistant thaphtiees (CASH, CAH) and
Ca(OH)which has a low resistance due to its lamellar structure [35yvé¥er, it is difficult to
distinguish two phases CAH and CASH. The spectra obtained from the curves derived from
dTG(%)/dt = f(T°C) were deconvolved in order to determine the area of eachtéydra

Ju%}e]S8]}v }JE JvP 8} §Z >}E v3i] mpethodBnith the Javnbljtagessd, v
center al and width a2 according to the following equation [36]

A",

L o4
x G 5>@L“A6 (16)

With:

dTG(%)/dt: the derived value of TG (%) at time t.

T (°C): temperature (°C).

a0, al and a2: amplitude, centre and width (>0) of the spectrum respeactivel
Figure 4 illustrates the steps for quantifying C-S-H and CASH usig@eurve.
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Figure 4 : Deconvolution method for quantification the quantity @-6&-and CASH phases of the
CEM 11l 10% cement paste after 28 days of hydration

Hydrates formed during cement hydration are identified using XRD analysis omtcpaste
samples after 28 days of hydration.

The chemical composition of hydrated cement paste phases was analyzed on igtegol
sections using a Hitachi S-4300 SE/N scanning electron microscope operatogsoattered
electron mode (20 keV) and equipped with an energy dispersive X-ray speteto(SEM-EDS).
For the measurement, the 100 points were carried out on several zones.

The compressive strength was measured on 4 * 4 * 18raortars according to the standard
NF EN 196-[37]. The mortars were demolded after 24 hours, then stored in the satdriine
solution until the days of the test (2, 7 and 28 days of curing). Tjesie is the determination
of the cement class according to standard NF EN11[33].

The porosity and the pore size distribution of the mortars were measwuisdg Mercury
Intrusion Porosimetry (MIP) technique (Micromertitics Autopore IV type). Basegrevious
research39], the sample is first immersed in acetone solution to stop hydration, thesdda a
constant mass at 40 °C. Indeed, drying at a higher temperature can cause a atiodifo¢ the
pores in the porous structure.

[I. Results
[11.1. Physical characteristics
The physical characteristics of the cements are presented in Table 14.
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Table64 : Physical characteristics of CEM 1ll TM, CEM 11l 2%ASL and CEM Bet@n%SEF

Property CEMIIIT™M CEM Il 2%ASL CEM Il 10%SF7¢
Density (g/cm) 3.02 3.02 2.98

Blaine  specific  surfac

(cm2/g)

BET specific surface $ig) 1.37 1.36 1.90

Water demand (%0) 33.33 33.33 35.00

Setting time (minutes)

CEM Il and CEM 11l 2% ASL cements have very similar characteristics. However, CEM 11l 10%SF75
cement has a BET surface area and higher water demand than CEM 11l T\EMsINKI 2% ASL
cements. This is important because the fineness directly influencesettaivity of the cement.

[11.2. Heat of hydration of cements

Figure 5 shows the heat flux generated during the hydration of cerpasies using isothermal
calorimetry analysis.

Figure 5 : Heat flow generated during the hydration of CEM 1lIl TM, CEM Il 2%@ASEM Il
10% SF750 cement pastes

The result shows that:
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x The three cements have similar hydration behavior because the heat flow csirve
identical.

x CEM Il 10% SF750 cement seems to have a higher reactivity than CEM Il TM dihd CEM
2% ASL cements. This could be due to the higher reactivity of theechle@diment
compared to the slag at an early age and to the greater fineness @ 111 10% SF750
cement.

[11.3. Hydrate quantification using TGA-DTG analysis
[11.3.1. Hydrate quantification using TGA analysis

Figure 6 shows the TGA and DTG curves of the cement pastes after 28 daysitdiydr
The result shows that:
X The amount of water bound in CEM Ill 10% SF750 cement paste is the Nigliesteans
that CEM 11l 10% SF750 cement seemed to be more reactive than CEM Il TM atid CEM
2% ASL cements. This result is consistent with the heat of hydratiobhwdscih increased
the reactivity of the CEM Il 10% SF750 cement the most.
X The decomposition temperature of hydrates is similar. This means that thetiguion
of the slag with the calcined sediment does not cause the modification cfttheture of
the hydrates.

Figure 6 : TGA (left) and DTG (right) curves of the CEM IIl TM, CEM 11 2%%34 Bhtl0%SF750
cement pastes after 28 days of hydration.
Table 15 summarizes the result of the amount of bound water usind@ & curve.

Table65 : Amount of bound water and hydrate content of cement pastes using theciG&

Chemical bound water (wt. %) Percentage of
Cement (Result TGA) hydrates

For CSH/CASH For Ca(OH) Total (wt.%) Ca(OH) CSH/CASI

(Wt.%) (Wt.%) (%) (%)

CEMIII TM - 1 da 8.39 2.08 10.47 19.87 80.13
CEM 11l 2%ASt.1 8.30 2.06 10.36 19.88 80.12
day
CEM Il 10%SF7¢ 8.46 2.1 10.56 19.89 80.11
t 1 day
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CEM Il TM 28 13.00 3.12 16.12 19.35 80.65
days

CEM 11l 2%AS128 12.63 3.15 15.78 19.96 80.04
days

CEM Il 10%SF7¢ 15.09 2.9 17.09 16.97 83.03
t 28 days

The result in Table 15 shows that:

X At 1 day of hydration, the hydration of cements is relatively similar wioemparing the
amount of bound water and the amount of Ca(QH)

X At 28 days of hydration, CEM Ill 10% SF750 cement has a higher amount ofAadend
and a lower amount of Ca (OH) 2 than two CEM Ill TM and CEM Il 2&m&8itscThis
could be due to the pozzolanic reaction of the sediment which cons@aédH)to form
C-S-H according to Eqg (4) and Eq (5). In addition, the Gaf@ttignt in CEM IIl TM and
CEM 11l 2% cement pastes is almost constant between 1 and 28 days. @hahkand,
it decreases from 19.89% to 16.97% after 28 days of hydration in CEM Ill 1806 SF7
cement paste. This result confirms the higher reactivity of the calcinedmsed
compared to the slag.

I11.3.2. Hydrate quantification using the DTG curve deconvolution method

The result of hydrate quantification using the DTG curve deconwolutiethod is presented in
Table 16.

Table 66 : Hydrate content of cement pastes after 28 days of curing usingD(R€ curve
deconvolution method

Peak area Percentage of hydrates (%)
Cement
C-S-H CASH Ca(OH) Total C-S-H CASH Ca(OH)
CEMIITM 10.74 18.18 6.85 35.77 30.02 50.82 19.15
CEM  10.44  15.68 6.82 3294 31.69 47.60 20.70
2%ASL
CEM [l 1454 14.94 6.00 35.48 40.98 42.10 16.91
10%SF750

The result shows that:

x The content of the phases (C-S-H/CASH) of cement pastes is similar (appelyxB0&b
for C-S-H and 48% for CASH). However, in CEM 11l 10% SF750 cement pastégrthis ¢
is higher for C-S-H (41%) and lower for CASH (42%). This is interestirgg likeaD- $4
phase contributes more to mechanical development than the CASH phase.

X The Portlandite content in the cement pastes determined by the deglorion method
is identical to the content measured by the TGA analysis method. This sheuts the
reliability of the deconvolution method used in this study.
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[11.4. Hydrates identified using XRD analysis

The different phases present in the cement pastes after 28 days of hydidgatified by XRD
analysis are shown in Figure 7. On the three diffractograms, the same hydrates seatpseich
as: Portalndite, Ettringite, Afm, and Calcite. However, the presenceanfajis only identified on
the diffractogram of CEM Il 10%SF750 due to the presence of this phake italcined
sediment.

Figure 7 : XRD patterns of CEM Il TM, CEM IIl 2%ASL and CEM Il 10%SF7pastemafter
28 days of curing (138, 2: Ettringite, 3: Afm, 4: Portlandite, 5: Calcite, 6: Quartz)

l11.5.  Chemical composition of hydrates measured by the SEM-EDS analysis

The chemical composition of the hydrates (except Ca{Qiithe pastes of CEM IIl TM, CEM liI
2% ASL, and CEM Il 10% SF750 cements after 28 days of hydration iedlustFagures 8 - 10
respectively. These ternary diagrams were drawn using data from the andlykis chemical
compositions of the three major elements CaO2SMO; of hydrates. The diagrams obtained
are superimposed on the ternary diagram produced by Lothenbach et al [#pdsition of the
main hydrates such as: Portlandite, Ettringite, C-S-H (with two C(Syats been illustrated in
this diagram.
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Figure 8 : CaQ SiQ t AbOs diagram of hydrate of CEM Il TM cement paste after 28 days of
curing

Figure 9 : Ca@SiQ t AkOs diagram of hydrate of CEM Il 2%ASL cement paste after 28 days of
curing

Figurel0: CaOt SiQ t AkOsz diagram of hydrate of CEM Il 10%SF750 cement paste after 28
days of curing

The result shows that:
X The chemical composition of the hydrates formed in the pastes of CHMIJICEM Il 2%
ASL and CEM Il 10% SF750 cements is similar (same position on the ternary diagram).
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x The hydrates are positioned in the zone with a CaQ/$&fo greater than 1.7. The
experimental ratios obtained are higher than the theoretical ratio (CaQ/SiQ7) in the
literature [16, 41]. However, this hydrate ratio in this study is lower whenpared with
the CaO/SiO2 hydrate ratio determined on CEM | cement paste in the study by
Cassagnabere et al [42] (CaO/SiCB.31).

Figure 11 shows the CaO/Si@tio of hydrates measured by SEM-EDS analysis and by theoretical
calculation from the chemical composition of cements.
The result shows that:

x CEM Il 10% SF750 cement has a Ca@l8@n@r hydrate ratio than the two CEM IIl TM
and CEM Il 2% ASL cements. This is consistent with the theoretical ratilateal from
the chemical composition of the cements.

X Good consistency between the experimental and theoretical valuesed€H#O/SiO2 ratio
is expressed in a homogeneous distribution of hydrates.

Figure 11: CaO/Si@ratio of hydrates measured by SEM-EDS analysis and by theoretical
calculation from the chemical composition of cements

l11.6. Compressive strength of mortars

The compressive strength of CEM Il TM, CEM IIl 2%ASL and CEM IIl 10% SF750 ceaymetts mea
on the mortar sample has been presented in Table 17. CEM Ill TM andICEAABL cements
have similar resistance at all times of the test. However, CEM Ill 10% SF750 cemerg exhibit
higher strength than CEM I1lIl TM and CEM Il 2%ASL cements at early age3 (@agsd This
result shows that the calcined sediment would be more reactive tharstag at early ages. This

is consistent with the results obtained by isothermal calorimetry anafysisTGA -DTG analysis.
According to standard NF EN 197-1, these cements are classified in class42EM I

Table67 : Compressive strength of CEM IlIl TM, CEM Il 2%ASL and CEM IIl 10%SF#® over ti
of hydration

Cement 2 Days 7 Days 28 Days

CEMIII TM (Mpa) 14.79 30.16 47.33
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CEM 11l 2%ASL (Mpz 14.05 29.58 46.96

CEM Il 10%SF7: 19.68 38.11 48.98
(Mpa)

[11.7. Porosity of mortars

The porosity of CEM IIl TM, CEM IIl 2% ASL and CEM Ill 10% SF750 mortars meastegalafter
28 days of hydration is presented in Table 18. The result shows that:

X The porosity of CEM IIl TM and CEM Il 2%ASL mortars is similar at all tthreegest.
This is in accordance with the results of previous tests which shavestical behavior
during the hydration of the two cements.

x CEM Il 10% SF750 cement exhibits lower porosity than CEM Il TM anidl QEMSL
cements at all times of the test. This could be due to thlghér reactivity of the calcined
sediment, which promotes hydration and hydrate formation to reduce poyosit

Table68: Total porosity of the CEM Il TM, CEM Il 2%ASL and CEM Il 10%SF750 mortars
measured by MIP over time of hydration

Time (Days) CEM IIl T™M (%) CEM Il 2%ASL (%) CEM Il 10%SF750 ("
2 Days 17.54 17.41 14.67
28 Days 10.93 11.63 9.58

In order to better understand the effect of calcined sediment on cementadiyain, the pore size
distribution of mortars after 2 and 28 days of curing is shown in Fig@reand Figure 13
respectively.

Figurel2: Pore size distribution of CEM 1ll TM, CEM IIl 2%ASL and CEM Il 10%«Btars0
after 2 days of curing measured by MIP
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Figurel3: Pore size distribution of CEM Ill TM, CEM IIl 2%ASL and CEM Il 10%$&rs0
after 28 days of curing measured by MIP

The results shown in Figure 12 and Figure 13 shows that:
X The pore size distribution of CEM 1l TM and CEM Il 2% ASL cemesntiaalid
x CEM IIl 10% SF750 cement has lower porosity and pore size than CENt TEM I
2% ASL cements. However, the difference at 28 days is small. This result ctmdirms
beneficial effects of the calcined sediment on the hydration of the cemenéenw
compared with the slag.

V. Conclusion

The objective of this study is to assess the feasibility of recovering seidimnehe manufacture
of CEM IIl cement. Raw sediment was used as the raw material to producénker. Other
sediment treated by the Flash calcination method was used to replace pitwe sfag in the CEM
[l cement. The main results obtained are as follows:

X The sediment-based clinker (2%.wt of the sediment incorporatedthrgaraw mixture)
has been successfully synthesized in the laboratory. The characteristies sgdiment-
based clinker are comparable to those of the reference clinker (witkediment).

X The calcination activated the pozzolanic reactivity of the sediment bsuttimg the result
}(8Z &E SS]v][e § 88X

x CEM Il 10% SF750 cement exhibits a more reactive hydration behavior hawah
cements, CEM Il TM and CEM Il 2%ASL, by consulting the results of isothermal
calorimetry analysis, thermogravimetric analysis, and compressive strength.

x CEM Il 10% SF750 cement has a higher C-S-H content determineel DY Ghcurve
deconvolution method than CEM Il TM and CEM Il 2% ASL cements.

x The chemical composition of hydrates formed during the hydration of césmapasured
by SEM-EDS analysis is similar. CEM Ill 10% SF750 cement has a lowes Bald8O
ratio than CEM 1l TM and CEM Il 2% ASL cements due to the higheor8&nt of the
sediment compared to the slag.

X Replacing some of the slag with calcined sediment improves the mortars' regidtanc
early ages significantly.

X The calcined sediment makes it possible to reduce the porosity and thefslze mores
of the mortar compared to CEM Il TM and CEM IIl 2% ASL mortars.
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X The three cements, CEM Il TM, CEM Il 2%ASL, and CEM Ill 10%SF750, have a compressiv
strength greater than 42.5 Mpa at 28 days of curing. They are classifddss CEM Il
42.5, according to standard NF EN 197-
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Partie 2 : Fabrication des additions minérales par la
meéthode de calcination Flash

Dans cette seconde partrie de la thése, nous étudions et optimison la métted#ash
calcination. Diférents parametre [Jv(Oop v ¢ }vS ]Jve] § }%S]Ju]e « S 0 <pu O

o]v S]}v S o S uA& ol *S]SUS]}vX hv Su  ve]oJZCVvE LS|4y
également présentée

Chapitre 4 Optimisation de la température du processus
de calcination

l. Introduction

La qualité du produit calciné par la méthode de calcination Flash déteptlsieurs parameéetres
tels que : la granulométrie du matériau, la température de calcinatian,Rdr conséquent, pour
}%SJu]le E 0 % E} eoue (  @rhinérhley dansodette Eide, le sédiment a été
testé aux trois différentes températures (650 °C, 750 °C et 800 °C). La températuralemst
la température répondant aux exigences telles que : la performance méaadieg materices
cimentaires produite sur la base de ce matériau, la réactivité pouzzokniguualité du gaz

uleU o }veluu 8]}v [ v EP] X S8 S uU% E SPUE% S OM%o ELEE 0 |
( E] 8]}v v PE v Alopu o[ ]3]}v u]lv & o X

Il. Démarche expérimentale

Le sédiment utilisé dans cette étude est un sédiment fluvial dans le régiate lde France
(France). [ } & § Z}u}P v]e U+ Z § E}C (Jv uvsX WpuleU ]Jo
déterminer la composition chimique, minéralogique ainsi que la teneur dees métalliques

du sédiment. Le sédiment a été calciné dans un four de calcination Flaghoamudifférentes
températures (650 °C, 750 °C et 800 °C). Pour chaque température de calcinatimn &0wg

de sédiment a été calciné. Enfin, les}pu] S o]v 8§]}v }vs 8§ E S E]J- -
o[ ((] 18 Z <p S u% E SpE laorélactiviig pouzzelahigdadte des

* Ju vSe S u pE V uS]o]Je vS o0 S ¢S &E SEJV] & OF A Vv
comparant avec une référence (Métakaolin). La contribution des additiminérales (les
sédiments calcinés, le sédiment brut, le métakaolin) au développement mécanique, arai qu

U] E}+3EWU SUE pu s E] § Aoy o[ ] comprgssiomdes E
ut@&s] e+« § o[ v oCe 0 %}E&}*]S puE UE X

Le processus expérimental dans ce chapitre est présenté ci-dessous :
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[I. Résultat du chapitre
> ¢ (E *puos S Z %]SE <*}vS % E& * vS » ve o] ES] 0o iAX

Article 5 The pozzolanic activity of the sediment treated by the Flash
calcination method

Résumé : Le sédiment utilisé dans cette partie est un sédiment pollué comtierteneur élevée
v us] &« }EP Vv]<pu ¢ S8 e O UuUVSe SCE =+ U S o00]¢u X .
homogénéisé, puis finement broyé avant la calcination. La calcination effét#uée aux trois
températures différentes (650 °C, 750 °C, 800°C). A chaque température de maiciestgazes
émises pendant le processus de calcination ont été récupérées pour analyse.
Les sédiments calcinés ensuite ont été caractérisés. La réactivité pouzzolaniqueétbruests
S u puCE v uS]Jo]e vS o 3§ hafdlle &8iymvdonsonmpasien de la chaux) en
comparant avec une référence de Métakaolin.
Les résulits montrent que :
X Le sédiment brut utilisé dans cette étude est un sédiment pollué quieantine teneur
élevée en matieres organiques et une teneur élevée en Zinc et en sulfate. Lagarélesn
* 0 U VS %}uEE ]88 'SCE o[}E]P]Vv [ (( & VU v3 § opCE
queW o €& s & o[ZC & S S]}v 4 Ju vsS ~0E S TPV % E ®
calorimétrie isotherme)
X La calcination par la méthode Flash a éliminé considérablement latelesumatiéres
organiques dans le sédime
x La calcination a modifié certaines caractéristiques physiques du sédimleqtie la
granulométrie et la finesse BET. Une augmentation de la finesse a été observée sur le

sédiments calcinés. % v vSU o[ pPu vsS §]}v 0 S u% E °CuE
provoque une diminution de la finesse BET du sédiment calciné.
X >[ v oCe e SV uE- * O UuUVvVSe SCE ¢ u S o00]J<pu e u}vs

considérable de ces teneurs dans les sédiments calcinés.
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X Une transformation de la phase kaolinite en métakaoliusoo[ (( $ o ]v S]}v
ule v A] v o[ ] o buv laofaetion dgs argiles du sédiment.
X > e e JuvSe o0 ]ve}vsS PouvsS uo]}& o ]Jv S]«us o[z
du sédiment brut en réduisant le retard. Egalement ils induisent nedeiction de la
Z o p&E o[ZC & S S]}v u ]* o Z o pE veol[Ze EoSVHIV |
contenant des sédiments calcinés est plus importante que celle du sétbnén
X Le test Frattini effectué apres 15 jours a montré la réactivité pouzzolamigunmétakaolin
et des sédiments calcinés. Par contre, le sédiment brut ne présentéapasctivité
pouzzolanigue. On constate aussi que les sédiments calcinés consommentauigéqu
de chaux plus élevée que le sédiment brut mais moins importantdegometakaolin.
X >[ v oCe < vVS](] S]}v ¢ %oZ ¢ o+ ZC E S - (IEL -S-u}vsSE
H formée dans les mélanges est relativement similaire, cependant la tp&@ASH
formée dans le mélange a base de métakaolin et de chaux est plus impogaaties
mélanges avec sédiments due a la teneur en Alumine plus élevée dans le niiGtakao
X >[ ee ]résistance mécanique montre que le sédiment brut a un effet néfaste sur le
développement de la résistance. Par contre les sédiments calcinés efffiet positif des
T iJuEes [ZC @ariieE}sédiments calcinés, le sédiment calciné a 750 °C présente
la résistance en compression plus élevée par rapport les sédiments calcinés@,
°C et le sédiment brut.
X Le sédiment brut a également un effet sur la microstructure du matériaueftet,
0[]V }JE%}E 3]}v p e+ Juvsd EPS % EIA}cu I3 pPo vE Eddv
* %}E X W E }vSE U 0[]V }JE%}IE S]}v = ¢ ]Ju %F<E 0 ]V
dans le matériau.

X >[ v oCe <po]d8 pw Pl ule p IHEe Y % E} eope (
o[ pPu vs S]}v 0 S u% & SpE 0 ]v 8]}M 6SEuU P [ u
éemis.

X En comparant les divers criteres, la température de calcination a 750 °C a étaeeten
pour le processus de calcination
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Article 5: The pozzolanic activity of the sediment
treated by the Flash calcination method
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Abstract

The dredged sediment has been positioned for years as alternative matartaks construction
field. However, it is often necessary to apply a treatment to improve their regctand
performance.Ths article aims to study the pozzolanic reactivity of flugediment treated by
flash calcination method at different temperatures 650 °C, 750 °C,8@0d°C. The physico-
chemical, mineralogical, and environmental characteristics were studied fotette@lash-
calcined sediment) and raw sediment. The pozzolanic reactivity ofdbe-tlalcined sediments
A e «3Ju s A]3Z &E 33]v][* & -3ty tps}Jihe®ansomptior} @alysis and
compressive strength then compared to metakaolin which is considasetthe reference. The
results of the compressive strength of mortars show the detrimental effect ofsediment on
the development of resistance. Contrary to the raw sediment, the treatment ofédergents by
flash calcination activates the pozzolanic reactivity of the clay phasesasiierably improves
the contribution of the sediments to the development of resistance dmel porous structure.
Moreover, the sediment calcined at 750 °C gives better propertiesttinase obtained at 650C
and 800 °C. The result demonstrates the feasibility of using calsedichents as a pozzolanic
mineral addition in a cementitious material.

Graphic Abstract

Keywords Sediment, Flash calcination, Poand, Reactivity, Cement, Compressive strength.
Statement of Novelty

The originality of this research is the use of an innovative caloma&tchnique to treat the
sediment. The raw sediment is a polluted sediment and has harmful effe¢tedrydration of
the cement. However, Flash calcination significantly improved the hgparabehavior of
sediment compared to raw sediment. The different methods were used to demonstrate the
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beneficial effects provided by sediments calcined at different temperataned to choose an
optimal calcination temperature.

Introduction

Nowadays, concrete is the most used material in the constructedd &énd public works [1]
However, the production of this material has a great impact on the envirorirdae to the
requirement of significant extraction of raw materials. With a glatshent production of 4.6
billion tonnes in 2016 and an average annual growth of g%he global cement production
process releases between 652 kg and 894 kg ef@@ach tonne of cement producg8]. Above
7% of the worldwide C£&missions are related to the cement manufacturj@yy To achieve the
goal of reducing COemissions by 2050 and to attend carbon neutrality, the use of mineral
additions to replace part of the cement is considered one of the most proghstutions [4]To
this day, metakaolin, slag, fly ash, silica &jrand limestone fillers are the most widely used
mineral additions in the construction industry. Thanks to tipeizzolanic reactivity, the durability
properties and the mechanical performances of concrete have improvedi{ajever, one of
the main disadvantages of large scale application of metakaolin, is thé@dtron of the high
purity kaolinite deposits [6]. In addition, environmental restrictioage increasingly strict
(2006/21/EC) for an ecological transition and the protection of biodiversity.

Each year, the dredging operations for maintenance at ports and inlatelways generate
around 300 million tonnes of sediment in Europe, [8ith 56 million nt are in France. Several
studies have demonstrated the potential for sediment recovery in varieldst road technology
[7, 8] as a mineral addition in mortar and concrete [4,[9), 11] and as a raw material in the
manufacture of cement [12, 13Nevertheless, most studies of valorization of sediments as an
addition are based on the traditional calcination method to activate the#zptanic reactivity.
This method requires significant energy consumption and arises a cagphiécological problem
[14].

Snellings et al [15] studied the effect of the flash calcinationrefiged sediment, from the
port of Antwerp (Belgium), at different temperatures (820 °C, 865 °C and®@0bon their
physico-chemical properties and on their pozzolanic reactivity. fgarment reduced the total
organic carbon content by 85% or more. The clay minerals in the sediment wengeately
dehydroxylated. The amorphous phase formed during calcination constitueem#jor part of
the calcined material. In addition, the result of the calorimetric analsisved that the calcined
sediments had pozzolanic reactivity more than that of siliceous fly astever less than that of
metakaolin. Snellings et al [6], showed also in another study thaeasang the amount of
cement replacement from 20 wt% to 40 wt.% by calcined sediment slowed tlosvatrength
development. Whereas, at 91 days of hydration, the mortar with 20 wt.%ineal sediment
substitution gives similar strength as the reference mortar.

Amar et al [16] compared the pozzolanic reactivity of sediment treatedalsh ftalcination at
820 °C and by traditional calcination method. The results showed tigaflash calcination has
strongly modified the physico-chemical and mineralogical propertsd improved the
pozzolanic reactivity. The study showed also that the activity indgxof¥mortars containing
25% wt of flash sediments as cement subsitution, is higher tharotfe containing traditional
calcined sediment at 28 days.

This study focuses on optimizing the flash calcination process of sedimeah @emi-
industrial scale. First, the sediment was calcined at three diffel@mperatures (650 °C, 750 °C
and 800 °C). Then, the pozzolanic reactivity of the calcined sedimsshth@ raw sediment was
examined by several methods in order to assess the performance of the method eedfélat
of the sediments on the hydration of the cementitious material. Fintllgse results were used
to choose an optimal calcination temperature.
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1.1 Flash calcination method

The Flash calcination method is a technique of heat treatment of fgrelynd materials under
high temperature in the short term. It has been applied to the activationlays [17, 18]. Such
calcination aims to produce metastable mineral phases or complex morphology [19]. Besides,
high-temperature calcination and thermal shock increase the surface defectysiallites and
increase the number of reactive sites [20].

In a calciner, mineral particles get heated up and then undergoegsi@ssef conversion
processes. During calcination, the mineral materials occurs the flowing rea&g{ta} -> Eq (5)
[21]:

H.O (libre, bound) A£H:O. (1)
AbQO3.2SiQ.2H0 AALC:.2SiQ (metakaolinte) + 2kD 2
2(Ab0s.2SiQ) A2AbOs.3SiQ (spinel) + SigXsilica amorphous) (3)
3(AbGs.3SIQ) A2(3Ab0s.2SIQ) (mullite) + 5 SigXsilica amorphous) 4)
SiQ (silica amorphous)ESIQ (cristobalite) (5)

In addition, under the thermal effect, the other clay minerals wilde@ydroxylated according
to the following equations (Table 1):

Table69 K% SJu o Z S SCE Su vS }( *}u u]Jv & Of* %Z * *

Optimal heat
Mineral phases treatment
f llite: . ~ 700°C [22] [23]
(K, HO) (Al, Mg, Fe{Si, Al)4010[(Oki)(H0)] A£3.5 HO +(K) (Al, Mg, F&£Bi,  715°C [24]
Al)O10:5 (6) 850 °C [25]
f Smectite: 900°C [26]
(K, Ca) (8iAl) Qo(Al, Mg, Fe, Ti) (OHYEHO + (K,Ca)A)Qu(Al, Mg, Fe, Ti  g30ec [27
@) 950°C [28]
f Muscovite:
/ _ 850°C [29]
K Ab (St Al) Qo(OH} A£HO + KA(S3AI) Q1 (8)
f Chlorite:
800°C [30]

(Fe, Mg, AlSi, AhO1o(OH)8 £4HO + (Fe, Mg, AlSi, AYOi4 (9)

The above reactions are influenced by several parameters such as thetkagilincture, the
rate of heating, and the particle size [22].

1.2 Pozzolanic reaction in the cementitious material

A constituent having pozzolanic properties, contains silicate and afttenphases allowing
hydrate production of ternary system CaO-8/BOs-H0 in the presence of lime and water. The
pozzolanic addition used as a substitute for the clinker, will redtt portlandite (CH) to form
the hydrated calcium silicate "pozzolanic" (pozzolanic C-S-H (Il)hy@inide generally has a C/S
lower ratio than that of C-S-H formed from the hydration of cemenheut pouzzolanic
addition. Unlike C-S-H (ll), the C/S ratio of C-S-H () is indieqpeof temperature and the Ca
concentration of the solution in pores. The pozzolanic reaction careberitbed by the following
equations [23]:

f Dissolution of Si©®
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(SiQ) soluble+ 20H EHSIQ* (10)

f Pozzolanic C-S-H precipitation:
xC&* + HSiQ? + 2(x-1) OH+ y HO A£GSH (11)

In general, the pozzolanic C-S-H stoichiometry iSK.o. In addition, the presence of a large
amount of aluminate can allow the formation of other phases such ASK (stratlingite);

GAH3 or hydrogrenat (6AHs).
Materials and experimental methods
2.1 Presentation of the kiln and the Flash calcination process

The flash calcination tests are carried out in a flash furnace a\aitabésearch center of IMT
Nord-Europe (France). The product output can reach 20 kg of materi&loper A propane gas
burner providing a power between 10 - 50 kW allows materialsb¢ocalcined up to a
temperature of 850 °C. Fig. 1 illustrates the schematic of the flash calcinatrac&used in this

study.

Fig. 1Flash calcination process representation (CERI MP at IMT Nord -Europe)

The principle and operation of the flash oven was early described by Teklay e¥lal. [1
However, several parameters are adjustable such as burner power, air-flow, material flow and
the calcination temperature. These parameters should be adapted regarthe material
properties. In this present study, the sediment was calcined at thrderdiit temperatures of
650 °C, 750 °C, and 800 °C as previously tested for other types of materials [24, 25]fdExcep
the calcination temperature, all the other parameters were maintained stamt during
calcination. The optimum calcination temperature must meet the followeguirements:

x Considerable removal of organic matter in the sediment.

X Improvement in the pozzolanic reactivity of the products (degree of
dehydroxylation of clay minerals, in particular, kaolinite).

X Mechanical performance of calcined sediments based mortars compared to
reference mortars (without sediments).

X Quality of the fumes rejected during calcination (analysis of thenubal
composition of the rejected fumes).

X The lowest possible energy consumption.
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2.2 Materials and methods

The sediment used in this study is the fluvial sediment collected fhee Noyelles-Sous-Lens
disposal site in the Haut de France region in France. First, this sedivasrhomogenized and
dried at 105 °C to constant weight, then finely ground before flaalkiration. Sediments
calcined at the three different temperatures 650 °C, 750 °C, and 800 °Cemededs SF 650, SF
750, and SF 800 respectively.

The cement used is the Ordinary Portland Cement CEM | 52.5N from EQéCINedpn
European standard NF EN 19626]. The sand used for mortars preparation is the standardized
sand with a particle size between 0.08 and 2 mm according to thelatdrNF EN 196{26]. A
commercial product metakaolin (MK) was used as the reference for pozzotactivity. Table
2 presents the nomenclatures used in this study.

Table70 Nomenclature used in the study

Materials Nomenclature
Ordinary Portland Cement CEM | 52.5N OPC
Metakaolin MK
Raw sediment RS
Sediment calcined at 650 °C SF 650
Sediment calcined at 750 °C SF 750
Sediment calcined at 800 °C SF 800
C CaO
S SiQ
A AkLO;s
H H0O

2.2.1 Material characterization methods

The physicochemical, mineralogical and environmental properties of materials are

characterized by several laboratory tests.

f The particle size distribution of the materials was measured by a COURI&R
diffractometry, LS 13 320 type device. The samples were dispersed in ethanol before
measurements. The Blaine surface was determined according to the stand&id LF66
[27]. Brunauer-Emmett-Teller (BET) specific surface was measured usingrthdtidoint
adsorption method. The organic matter content of the sediments determined using
the loss on ignition method according to the standard XP P94-0471B&]density of the
materials is measured according to NF EN 1Df8] using Micromeritics ACCUPYC 1330
Helium Pycnometer. The chemical composition of the materials was determsiad X-
ray fluorescence analysis (XRF) according to standard NF ENN2B)&vith an S4 POINEER
equipped with a 4-kW generator and a rhodium anode.

f The mineralogical composition of the materials is identified by X-ray difra¢KDR)
analysis using a Bruker apparatus equipped with a D2 diffractometierarMCu anode (=
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1.5406 A). To specify the nature of the argillaceous phases of the sediment, acspecif
analysis was carried out on the fraction less than 2 um of the sediments [8, 1Ep8@he
study of clay species, the angular range explored is between 4° and}3&th?2a step size
reduced to 0.008 ° 2and a step time of 0.84 s/step.
f Thermogravimetric analysis (TGA) is performed using the Netzsch STA 489 deaut
100 mg of the finely ground material was placed in an alumina crucibleeatddhfrom 40
°C to 1000 °C with a heating rate of 5° C/min.
Dehydroxylation of kaolinite occurs at the temperature range of 400 °C to 600rheg) du
calcination [31]. The amount of kaolinite could be determined from thesnass of water (ko)
on the TGA curve according to the following equation (Eq (12)):

_ £ alaoadr pPQaRUalcw

Q mineral kaolinite= MH20*( A EOE AG § (12)
with :
Q mineral kaolinite: Quantity of the mineral kaolinite.
MH20: Loss of water due to the dehydroxylation of kadbietween 400 °C and 600 °C.
M mineral kaolinite: Molar weight of kaolinite
MH20: Molar weight of water.
NH20: Number of moles of water released duriagiéihydroxylation of kaolinite.

For Maolinite @and m2o values, the stoichiometry of kaolinite in Eq(2) was retained for the
dehydroxylation.

The degree of dehydroxylation of kaoliniteeddvas made by comparing the amount of
kaolinite in the calcined materials and on the raw material accortdirige following Eq(13):

E alagadr pOaRUaUc@?E OQRQUAG* POaBRUA

Dre=( E alagaonR b%asuagigqaa% (13)

With:

Q mineral kaolinite : Amount of the mineral kaolinite in the raw material.

Q calcined kaolinits Amount of kaolinite in the calcined material.

f The metallic trace elements in the materials is measured after leaching testdaug to

the standard NF EN 124%2732]. A fraction of aggregates (0-4 mm) was mixed with water
with a liquid/solid ratio = 10 L/kg. After 24 hours of leaching, daelhate was filtered at
45 um, then 2% of HN{@cid at a concentration of 63% were added. The chemical analysis
is performed by inductively coupled plasma optical emission spectronii@€r- OES 5100
Agilent Technologies). Anionic elements were analyzed by chromatograpghwithrout
acidification. The leaching limit values for inert waste (IW) and re@matous waste (NHW)
specified in Directive 1999/31/EC were used to verify material compliance.

2.2.2 Methods for evaluating the pozzolanic reactivity of materials

The evaluation of pozzolanic reactivity of calcination products carabed out using various
chemical and mechanical methods. The principle consists in deterntimengpntent of Ca(OH)
consumed by reactive components in pozzolanic materials [33].

a. Frattini[ ¢est (NF EN 196{34])

dZ &E 33]v][s & 5 A « pe JV1,9%B0E5Ap}assess ihe]pezzolanic reactivity
of materials. The essay consists to react 16 grs of CEM | cement and 4 grs of mat@&dainil
of distilled water. Then, the mixture was kept tightly at 40 °Catdeast 8 days or 15 days. The
samples were filtered under vacuum and the filtrates were subsequantyyzed. First, the OH
ions content was determined using the HCI 0.1N hydrochloric acitkr. &djusting the pH to
12.5, the C#ion content was determined by the use of an EDTA complexometric test. The Ca
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content (expressed as CaO equivalent) function of @Htent are shown relative to the limit of
solubility of Ca(OH)A position under the curve of Ca(QHblubility suggests a consumption of
CaO by pozzolanic reaction [30].

b. Thermogravimetric analysis of mixture with Ca(QH)

In this method, the consumption of lime by the pozzolanic reaction & ltme paste is
evaluated by thermogravimetric analysis (TGA) for the differents materials (flashatatti
sediments as well as metakaolin and the raw sediment) . The Gat@ié¢ral addition mass ratio
is 4 and the amount of water was adjusted to have a good consistencye giastes. Table 3
shows the composition of the different lime pastes studied.

Table71 Composition of the different lime pastes

Formula Ca(OH¥MK Ca(OH}RS Ca(Ohh+SF65C Ca(OHy+SF75C Ca(OHy+SF80C

MK (g) 10 - - - -

RS (9) - 10 - - -

SF 650 (g) - - 10 - -

SF 750 (g) - - - 10 -

SF 800 (g) - - - - 10

Ca(OH) 40 40 40 40 40
(9)

Water (Q) 10 40 40 40 40

The lime pastes were stored hermetically at 20 °C until the test wasune@d at 7, 14, and 28
days. Before testing, the hydration of the samples should be stopped. Therefengastes were
immersed in acetone solution for 4 days, then filtered under vacuumorbefthe
thermogravimetrie analysis.

Determination of the amount of chemically bound wet and the Ca(OH)2 content by
the TGA curve

The quantity of chemically bound water (wt %) could be calculated fromTtBA curve
according to the following Eq (14):

Q chemical bound water— I\/lsample (40°C)t Msample (400°C) (14)
With:
Q chemical bound watsr Amount of chemical bound water (wt %).
Msample (40°C) Mass of the sample at 40°C.
Msample (400°¢) Mass of sample at 400°C.

The amount of Ca(Of¢an be calculated from the TGA curve. In this study, the dehydroxylation
of portlandite occurs at the temperature range of 450 °C to 550 °C. The ambpottlandite
can be calculated according to the following Eq (15):

ca894 Ya D4 Viga £ VA6 (15)
EBE

Q caH)2=

with:
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Q caony Amount of Ca(OH)n the paste (wt %).

McH Molar mass of Ca(QH)

Mh2o: Molar mass of water.

The amount of Ca(Ofljeacted was estimated using the following Eq (16) and Eq (17):

Ca(OH)reacted = Ca(OH)otal t Ca(OH)non reacted (16)

4894 vsD94 Vicca A¥%AG6
ERE

Ca(OH)non reacted™ + Ca(OH)arbonated 17)

Determination of the quantity of hydrated phases {§-H, CASH) from the DTG derived
curve

The hydrated phases as C-S-H, calcium aluminate hydrate (CAH) or calciunusiicatal
hydrate (CASH) can be calculated from the DTG derived curve [36, 37]. Howevéifjdtlstd
distinguish two phases CAH and CASH. The spectra obtained from the curves derived from
dTG(%)/dt = f(T °C) were deconvolved in order to determine the area of each hydrate
Ju%o}e]8]}v JE JvP 8§} §Z >}E vsi] v[s & JwApoiEHv ulkZ
center al and width a2 according to the following Eq (18) [38]:

x{A:; L 04
x¢ 5>& A06 (18)
with:
dTG(%)/dt: Derived value of TG (%) at time t.
T (°C): Temperature (°C).

a0, al and a2 : amplitude, centre and width (>0) of the spectrum respsctivel
Fig. 2 illustrates the method of quantification for C-S-H and CASH.
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Fig. 2Deconvolution method for quantification the quantity of C-&fd CASH phases of the (SF
750+ Ca(OH) mixture after 28 days of hydration

c. Heat of hydration of cement pastes

The pozzolanic reaction is an exothermic reaction. Isothermal calorimetry analysisd to
follow the evolution of heat from exothermic hydration reactionsdifferent cement paste
mixes. Cement paste mixtures with a 10% wt substitution rate of thetiaddiare made with a
water/binder ratio equal to 0.5. The internal temperature of the calorieras set at 20 °C.

d. Mechanical performance of mortars

Prismatic samples mortars 4x4x16%ane made in accordance with the standard NF EN 196-
1[26]. The compressive strength of the mortars are measured at 1, 2 , 28 , 8@0atays of
curing by an INSTRON 5500 R 4206 - 006 Press. Table 4 shows the differarfornautas with
a 10% wt substitution rate made in this study.

Table72 Composition of the mortar formulas
Cement MK RS SF650 SF750 SF800 Water W/B Sand

Formula
9 9 9 9 (9 9 (9 (9
MR 450 - - - - - 225 0.5 1350
MMK 405 45 - - - - 225 0.5 1350
MSR 405 - 45 - - - 225 0.5 1350
MSF650 405 - - 45 - - 225 0.5 1350
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MSF750 405 - - - 45 - 225 0.5 1350

MSF800 405 - - - - 45 225 0.5 1350

In order to demonstrate the effect of mineral additions on the compressivength of
mortars, we used Féret's law [39] presented in Eq(19), which predictsotiig@ressive strength
of a cementitious material as a function of the content of the compds€aggregates, sands,
cement, mineral additions, water) and the content of the occluded air.

Rc(t) = G*Rot FmT;ﬂmAG 0t (19)
with:
G: Aggregate coefficient.
Rm: Cement class (Mpa)
pc:  Cement density (t/8)
Eeri: Amount of water in the formulation (kg/fn
C: Amount of cement in the formulation (kgfm
A Amount of minerale addition in the formulation (kgm
Va: Air content of occluded in 1°m
K: Activity coefficient of mineral addition

The objective is to establish a dilution curve of the compressive gtinest the mortars that
we consider only the cement participating in the development of thmjgressive strength and
without the contribution of the effect of mineral additions (neither phyieffect, nor chemical
effect). In this case, we assume the activity coefficients of mineral additire equal to 0 (k = 0)
and the compressive strength of MR mortar was used in order to establkstilution curve of
the compressive strength of mortars (MMK, MRS, MSF 650, MSF 750, and MBFh8deation
time.

The difference between the resistance measured on the sample (experesult) and the
theoretical resistance calculated according to Féret's law gives the eff¢loe additions in the
formulation.

X A negative deviation means that the mineral additions would havetangental effect
on the development of compressive strength.

X A zero deviation signifies mineral additions are inert and do not carttilio the
development of compressive strength.

X A positive deviation means that the mineral additions would have an etiacthe
development of resistance. An increase in the time difference could bedltreteffect
of the pozzolanic reaction.

e. Measurement of dynamic modulus of elasticityyz:

The dynamic modulus of elasticity of the mortars was determined by the equipment
"E]v }*"}v] DIA Nv peSE] obestrudive] sest thadtvassesses microcracking,
homogeneity, and compactness [40]. The dynamic modulus of elasticity is measuoediragc
to the following Eq(20):
a:5>A;:5? ;
T

Edyn = (20)

With:

: Density of the mortar (kg/f)

RW Cv u] W}lee}v[e & S]}
f.  Pulse velocity of mortar (m/s)
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f. Porosity of mortars

The microstructure of the mortars was studied by measuring the porosityeofrtartars in
order to assess the effect of incorporating mineral additions. Indesel porosity can have an
influence on the durability [41] and on the mechanical resistarigie[h particular, the larger
capillary pores strongly influence the transfer properties of concré8}. [The porosity and the
pore size distribution of the mortars were measured at 56 days of hydratiorg idercury
Intrusion Porosimetry (MIP) technique (Micromertitics Autopore 1V type).

2.2.3 Leach analysis of mortars

Leach analysis was performed on particles4(®dnm) from the mortars after 90 days to
measure the content of metallic trace elements and anionic elements.ahhag/sis process is
identical to that used in the material characterization part.

Results and Discussion
3.1 The physical characteristics of materials

Table 5 shows the physical characreristics of the materials used stully. The RS sediment
has a high content of organic matter (16.1%). Flash calcination significanfyves organic
matter from products, especially in SF 750 and SF 800 where a reduction of 8893%nis
respectively observed.

The increase in density was also observed for the calcination products.sThigito the
elimination of organic matter (density 1 g/éjrand the decomposition of limestone (density 2.6-
2.8 g/m?) to form calcium oxide (density approximately 3.3 gftnHowever, a decrease in the
density of SF 800 upon increasing the calcination temperature could be tauthe
recrystallization of the mineral phasg®]. The flash calcination also induces a slight increase in
particle size without a reduction in specific surfaces. This is due to an aggt@mneof clay
particles without sintering during calcination [31]. The increaseairtige size in the calcined
sediment was also observed in previous studies [11, 15,CG&)cerning the reactivity of the
addition, the latter increases when the BET surface increases, irncpmb the water demand.
However, an increase in calcination temperature to 800 °C led to a decreake specific
surface. This could be explained by the melting of certain particles timéhin elements such as
Na, K, and Fe reacting like fluxes and sintering during calcination aemgieratures [15, 31].

Table73 Physical properties of OPC, MK, RS, SF 650, SF 750 et SF 800 materials

Property OPC MK RS SF 650 SF 750 SF 800
Density 3.15 2.64 2.43 2.61 2.63 2.55
(g/cn)
BET (Crﬁg) 9 800 11 244 4 376 12 104 15 590 13 786
Blaine

3720 - - - - -
surface
(cn/g)
OM content ] 16.1 5.16 1.93 1.1
(Wt.%)
LOI 1.91 0.73 27.63 17.41 13.7 10.80
950°C(Wt.%)
dio (M) 1.31 3.09 1.24 2.25 2.63 2.91
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dso (Um) 12.76  25.18 11.68 11.81 14.71 15.91

dgo (Hm) 67.87 76.29 55.91 50.93 64.13 69.90

Note: OM = Organic matter
From the TGA - DTG analysis of the sediments (Fig.3 and Fig.4), several operathims can
carried out in order to follow the phase transformation:

Fig. 3TGA curves of sediments

Fig. 4DTG curves of sediments

x Calcite content (CaCGp
The CaCgxontent can be calculated from the TGA analysis according to the fiofdwg (21)
and Eq (22):
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CaC@ A£CaO + CO (21)

%CaCe= (Msample 600°c M sample 800°¢ * (Mcacod Mce) (22)
With:
M sample s00°c Mass of sample at 600 °C
M sample 800 °c Mass of the sample at 800 °C
M caco3 Molar mass of CaCO
M coz Molar mass of £0
Table 6 shows the content as well as the degree of decarbonation of daltite sediments.

Table74 Calcite content and the degree of decarbonation of calcite in the sedsnssing the
TGA analysis

Sediment RS SF650 SF750 SF800
CaCo(wt. %) 21.38 13.67 10.91 7.97
Degree of decarbonation (%) 35.93 48.85 62.64

The presence of Cag@nd CaO in the calcined products could have impacts on the lyadrat
of calcined sediments based mixtures. In fact, mineral additions with a highs;Ga@@nt
promote hydration of €5[46], but are very unfavorable for thes& phases hydration [47].

On contact with water, CaO turns into Ca(@&tcording to the following reaction Eq (23) [48]:

CaO + KD A£Ca(OH)+ 15.5 kcal (23)

This reaction is exothermic and this could cause a strong degradatiortodtlee heat
generated in the core of the structure. In addition, an increasténCa(OH)volume could be
the cause of cracking which influenced the durability and the meicha performance of the
structure.

x Degree of dehydroxylation of kaolinite

The content and degree of dehydroxylation of kaolinite (Table 7) can be estirfratedhe

results of TGA analysis according to Eq (12) and Eq (13).

Table75 Kaolinite content and the degree of dehydroxylation of kaolinitdnésediments using
the TGA analysis

Sediments RS SF 650 SF 750 SF 800
Mineral kaolinite (wt. %)  15.26 10.53 3.10 2.10
Degree of --- 31.00 79.70 86.21

deshydroxylation (%)

The result shows that the kaolinite was transformed into metakaolin Eg{&) ¢alcination at
650 °C, however the degree of dehydroxylation is relatively low (31%). The increase &tioalcin
temperature significantly improves the dehydroxylation of kaolinite. The degree of
dehydroxylation of kaonilite is an important index for evaluating theality of calcination
because the metakaolin formation promotes the pozzolanic reaction.

3.2Mineralogical and chemical characterizations

The XRD analysis shows the presence of the main mineral phases in the RS, SF 650, SF 750
and SF 800 sediments (Fig.5).
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Fig. 5 XDR patterns of sediments (1) Quartz, (2) Kaolinite, (3) lllite, (@rikeh(5) Calcite, (6)
Albite

The results indicate that :

X  The quartz is the major crystalline phase identified in the RBnsed as well as
in the calcined sediments.

x The presence of calcite is well identified in the RS sediment. Asase in
calcination temperature led to a decrease in the calcite contetihéncalcined products due to
the decomposition of this phase.

X The formation of anhydrite phase in the calcined sediments has heeilh
identified. This could be explained by the reaction between the Cdéagsed from the
decomposition of CaG@iith the sulfate to form the anhydrous calcium sulfate (C4$22].

The result of the analysis on oriented slides showed that the dlaggs of the RS sediment
consist mainly of kaolinite and illite (Fig.6). After calcination, theiki#®ltransforms into
metakaolin due to a dehyroxylation reaction. The degree of dehydroxylation at 800 K€ is t
highest and this seems in accordance with the result calculated fnenTGA analysis (Table 7).
Despite calcination temperatures are higher than the dehydroxylation temperatfikaolinite
but the calcination time is very short, this is explained by the rpdete reaction during
calcination of the sediment at 650 °C,750 °C and 800 °C.
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Fig. 6XRD patterns of clay phases of sediments using the XRD analysis onrntezialides (K:
Kaolinite, I: Illite)

The chemical composition of sediments as well as OPC cement and MK is Jiable i8.

X The major oxides of materials are Si@b0s, CaO, F&s.

X The chemical composition of calcined sediments is relatively similar. Thereher
increase in the calcination temperature did not change the compositiothe
calcined products. Fig.7 shows the content of major oxides in the materidihe in
CaO-SiO2),0;s ternary diagram.

Table76 Chemical composition of materials

Composition  gpc MK RS SF650  SF750  SF 800
(% wt)
Ca0 63.75 2.0 10.57 10.85 11.21 11.66
Si 19.95 60.75 39.62 43.64 49.71 50.87
ALOs 5.31 31.18 9.64 11.85 12.00 12.60
FeOs 2.98 2.57 5.12 5.59 5.33 5.69
SQ 3.03 0.84 0.22 0.2 0.18 0.2
Na:O 0.55 0.25 0.69 0.62 0.74 0.73
KO 0.93 1.68 1.84 2.29 2.25 2.35
MgO 0.86 ND 0.88 1.33 1.12 1.18
Zno ND ND 0.27 0.4 0.31 0.36
P,Os ND ND 2.1 2.04 2.26 2.36
LOI (950°C)  1.91 0.73 27.63 17.41 13.7 10.80
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Total 99.99 100 99.17 96.89 99.49 99.5

Fig. 7CaO-Si®AkOs ternary diagram of materials

The result of the leaching analysis shows the presence of metallic tracergte@s well as
anionic elements in sediments (Table 9 and Table 10). The content ofncertdallic trace
elements in the RS sediment exceeds the value specified for inert waste (IVejticular, the
content of zinc.

Table77 Metallic trace elements in sediments (mg/kg)

Elements RS SF 650 SF 750 SF 800 W NHW
As (mg/kg) <0.08 <0.1 <0.1 <0.1 0.5 2
Ba (mg/kg) 1.4912 0.66 1.9 4.5 20 100
Cd (mg/kg) <0.008 <0.008 <0.008 <0.009 0.04 1
Cr (mg/kg) <0.03 0.11 0.37 <0.09 0.5 10
Cu (mg/kg) 2.0509 0.31 0.078 0.049 2 50
Mo (mg/kg) 0.5538 1.3 1.7 1.25 0.5 10
Ni (mg/kg) 0.4799 <0.03 <0.03 <0.047 0.4 10
Pb (mg/kg) 0.0447 <0.03 0.074 1.63 0.5 10
Sb (mg/kg) - <0.05 <0.05 <0.057 0.06 0.7
Se (mg/kg) 0.1019 0.12 0.08 <0.083 0.1 0.5
Zn (mg/kg) 7.8518 <0.05 <0.05 <0.05 4 50

Note: IW = Inert Waste; NHW = Non-Hazardous Waste.
Table78 v]}v] o u vS[e }vS vS JmgfkgJu vSe

Sediments Fluoride (mg/kg) Chloride (mg/kg) Sulfates (mg/kg)

RS <1 262 15 80
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SF 650 11 255 12 850

SF 750 8 247 11 120
SF 800 8 237 10820
W 10 800 1000
NHW 150 15 000 20 000

By comparing the calcined sediments to the raw sediment, it can be saétht content of
some metals such as Cu, Ni and Zn has decreased. This could have bemgiéctd on the
hydration of the cementitious matrix incorporating calcined sedimentsantiqular for zinc. The
presence of Zn decreases the compressive strength and reduces the dagribgymaterial [49]
In fact Z8* ions combined with OHons to form an impermeable Zn(QHi)m which inhibits the
hydration of GS and €A with a more pronounced effect ons& In addition, Zn(OH)and
Zn(OHy prevent adsorption to the electronegative surface of C-S-H at high pH.

The sulfates content in the RS sediment is higher than thevatue for IW. In addition, it can
also be seen from the results that the RS sediment has a highatesatintent compared to the
calcined sediments, where the sulfate content decreases with the aseren temperature. The
presence of sulfate under certain conditions can cause degradatiomaterials, such as:
significant swelling, cracking, and a decrease in mechanical strength.

The presence of chlorides accelerates the setting and hardening of the céioentmatrix.
Chlorides can also combine witBAdn the cement to form chloro-aluminate causing a swelling.
The chloride content in the sediments seems to remain unchanged daoailcghation. Similar
results were found in the study of Ruben et al [15].

3.3 Results tf pozzolanic reagvity analyzes

3.3.1 The Frattini test

dZ &E 33]v][* & 3 A ¢ % E(}EuU IV e U%o0 ¢« (S OSIif-&]CPXde
shows that, after 15 days, the calcined sediments and the MK have pozzodactivity while
the RS sediment does not exhibit pozzolanic reactivity. This is dhe formation of metakaolin
in the calcined sediments during the dehydroxylation of kaolinites Ttansformation was
demonstrated in the XRD analysis (Fig.5) and the analysis on oriented slid®s IfiF@ddition,
Fig.8 shows that for MK, the pozzolanic reaction could be clearlytdetafter 8 days.

Fig. 8dZz & @& SS]v][*s S *8 E -pogdratioh E in Ce* }( Z
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3.3.2 Heat hydration of cement pastes

The heat of hydration of cement pastes is shown in the Fig. 9. The first exothezakiin the
acceleration period (point 2) is mainly related to the hydration £8 @&nd €A to form C-S-H and
ettringite respectively. In the deceleration period, the second exothermidk psaobserved,
which corresponds to the additional dissolution ofACand the accelerated precipitation of
ettringite [50]. In addition, the depletion of calcium sulfate Ca®@ to the transformation of
ettringite to Afm (GA.CaS@12H0). The results show also that in the mixtures OPC 52.5, (OPC
52.5 + MK), (OPC 52.5 + SF 650), (OPC 52.5 + SF 750) and (OPC 52.5 + Siao@ntperiod
begins after 3h while this period begins only after 6h in the mix{@eC 52.5 + RS). This delay
could be explained by the high organic matter content in the RS sedlithancan disturb the
hydration of the cement. Indeed, Young [51] indicated that thefation of complexes between
Ca&*ions and groups such as hydroxyl, carboxyl, amine, benzene releasasspimat provokes
the acidifying of the matrix according to the following reaction(Z4):

2R-H+CaARtCatR +2H (24)

In addition, Pollard et a[52] showed that the formation of a physical barrier altered the
growth and/or the morphology of the crystals and prevented the normal hydnatf the
cement. Indeed, the reduction of €adons retarded the nucleation of Ca(Qlhd generated an
unstable C-S-H gel with a low Ca/Si ratio which slowly transfointeda stable C-S-H gel [53]
Agglomeration of sediment may be the cause of delay in hydration becausepetiapater in
the mix and reduced the water available for hydration [54]. Removalrgéroc matter from
calcined sediment is beneficial by reducing the delay in hydratidghe mixture. Metakaolin has
the highest pozzolanic reactivity while the three calcined sediment® hmalatively identical
hydration kinetics. This result appears to be consistent with that ofiRrattest.

The incorporation of the calcined sediment reduces the heat of hydratfitime mixtures. This
result is contrary to that reported in the study by Benzerzour ¢9halHowever, a similar result
was obtained in the study of Safhi et al [55]. This contradictiamdcoe explained by the coarser
size (do about 15 um) of the sediments in this study and the study conduayeSlafhi et al [55]
compared to that in the study of Benzerzour e{®l(dso = 5 um). Therefore, this could lead to
higher hydration kinetics.

Fig. 9Heat of hydration generated during the hydration of cement pastes thighratio W/B =
0.5
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3.3.3 Determination of pozzolanic reactivity by thermal analysis
a. Quantification of chemically bound water and Ca(Jim TGA analysis

Fig.10 shows, an example for the method of calculating the content of baatelr in the
(Ca(OHp+SF 750) mixture by TGA analysis.

Fig. 10 Result of the TGA analysis of the (Cag®&f;750) mixture over time of hydration

From the TGA analysis results of (Ca¢@&ff 750) mixture, the following conclusions can be
extract :

X The content of Ca(OHin the mixture decreases with time, due to the pozzolanic reaction
between the sediment and the portlandite.

X An increase in the bound water content in the mixture corresponds to hydfatesed
over the time of hydration process. This is consistent with the observed Ga(OH)
consumption.

x The CaCgxontent in the mixture at each test time (7, 14 and 28 days) is constamg
stability means that the mixture was well homogenized and that thedusample of the
mixture is well representative.

The amount of chemically bound water of the mixtures during hydration calculssedy Eq
(14) is shown in Fig.11. The (Ca@@MK) mixture showed the highest amount of bound water
at all measured times. This is related to the amount of hydrates forime¢te paste over the
time of hydration. At 7 days, the amount of water bound in mixturestamimg sediment is
relatively the same. This could be due to the slow pozzolanic reactiutyg @aflcined sediments.
Indeed, after 28 days of hydration, the content of bound water increasai mixtures. Pastes
containing calcined sediment exhibited a higher amount of bouratewthan the paste
incorporating raw sediment. Among the calcined products, the mixtutk &F 750 sediment
leads to a higher bounded water content at short term as well as attemgy. This result is in
accordance with previous tests on the pozzolanic reactivity of sediments.
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Fig. 11 Content of chemically bound water in lime pastes during hydratiorgubie TGA analysis
b. Ca(Okpamount in lime paste

The pozzolanic reaction is a reaction that consumes Ca(@h#refore this pozzolanic
reaction can be evaluated by measuring the Caf@Mégr time of hydration. Fig.12 shows the
evolution of Ca(OH)in the different mixtures. It can be seen from the resultsttbize MK
consumes a greater quantity of Ca(@ttgan the sediments. Among the sediments, SF 750 seems
to be the most reactive when comparing the quantity of Cag@biisumed at short term as well
as at long term. In addition, at short term, the Ca(9Ebntent is relatively stable. This is
consistent with the result of the amount of water chemically boundabi, the more portlandite
is consumed, the more hydrates are formed.

Fig. 12 Evolution of the Ca(OHamount in lime pastes over time of hydration using the TGA
analysis
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In order to demonstrate the consumption of Ca(@Hf) the mixtures, XRD analysis was
performed on the samples after 28 days of hydration. The result has hesemqted in Fig.13.

Fig. 13 XRD patterns of mixtures after 28 days of hydration (1: StratlingitAES&3.8H:0, 2:
Ettringite, 3: Ca(OHR)4: Quartz, 5: Calcite)

We can confirm that:

X The Ca(OHkontent in the (MK + Ca(OHmixture after 28 days of hydration is the lowest.
This means that the Ca(QHpntent consumed in the mixture is the highest. This result
is consistent with the result measured by the TGA analysis (Fig.12).

x The Ca(OH)content in the mixtures contained in the calcined sediments latixely
similar and lower than the (RS + Ca(®H)ixture. This result is also consistent with the
result found by the TGA analysis (Fig.12).

c.  Evaluation of hydrates formed from the DTG curve

The relative amount of hydrates formed over hydration time of the pasesestimated from
the DTG curves by the deconvolution method based on Eq (16). Fig.14 and Fig.15eshow th
relative amounts of the C-S-H and other phases such as CASH produced iropaistase of
hydration. By comparing the relative amount of hydrates formed (C-S-H and QtA&ir) be
concluded that the MK is the most reactive comparing to the otheitamhs. This result appears
to be in accordance with previous results, that demonstrated the higbactivity of MK with
respect to sediments. However, we note that the relative amount of C-S-H at 28rdayls i
mixtures are relatively the same. In addition, the CASH amount formed from theH{zal{@X)
mixture is much higher than the other mixtures incorporating sediments ddn be explained
by the higher AlDzcontent of MK (31.18% wt) compared to sediment (12 wt.% in SF 650, SF 750,
SF 800, and 9.64 wt.% in RS).

The reaction for C-S-H formation occurs relatively slowly in mixtoeining sediments for
up to 14 days. This is well consistent with the guantificatiorultesf the Ca(OH)amount
consumed and the content of the chemically bound water by the TGA analygisL{yi For
example, the amount of Ca(OH)onsumed in the (Ca(OH) SF 750) mixture incorporating SF
750 is 8.63% at 7 days and 10.90% at 14 days compared to 64.83% at 28edegsLhalso
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showed that SF 750 was the most reactive among sediments by comparing the amount of
hydrates formed.

Fig. 14 Relative amount of C-S-H in the different pastes over time of hgdraising the
deconvolution method

Fig. 15 Relative amount of CASH phases of the pastes over the time of hydration using th
deconvolution method

3.4 Compressive strength of mortars

Fig.16 shows the evolution of the compressive strength of mortars iriumaf the hydration
time (from 1 to 90 days of curing).
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Fig. 16 Compressive strength of mortars over time of hydration

The following observations can be dressed:
x MMK mortar exhibits good mechanical performance compared to MR mortar aséhg
times. This proves the highest pozzolanic reactivity of MK.
X MRS mortars have the lowest compressive strengths. Whereas the calcined sediments
appear to significantly improve the mechanical performance of mortars when amedp
with the strength of mortar MRS.
X Among the mortars containing calcined sediments, MSF 750 mortar showsetter
mechanical performance. An increase in the calcination temperaturssde improve
the mechanical performances of mortars by increasing the specific surfaceeof th
sediments. However, calcination at 800 °C reduces the specific surface of the SF 800
sediment compared to SF 750 and this explains the reduction isttkagth of MSF 800
mortars compared to MSF 750.
Fig.17 and Fig.18 show the resistance measured on the specimen and the reststintated
according to Féret's law (with the activity coefficient k = 0) of thetawsrover time of hydration.
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Fig. 17 Compressive strength measured on the sample and the compressive strength ealculat
according to Féret's law with the activity coefficient k = 0 after 1 addy® of curing

Fig. 18 Compressive strength measured on the sample and the compressive strahgihated
according to Féret's law with the activity coefficient k = 0 after 28 anda§8 of curing

The result shows that:

X The compressive strength of MRS mortar is always below the theoretical direnigte.
This shows a detrimental retardation effect of RS sediment on resistance gewehb.
Indeed, the delay effect of RS sediment was also shown in the isothermal catgriest
(Fig.9).

x The difference in resistance of MSF 650, MSF 750 and MSF 800 moalanest zero
after 1 day of hydration. This means that these calcined sediments are ineridoanot
contribute to the development of resistance. However, after 2 days of hydration, the
difference is positive. This difference seems to get bigger and bigger hatkinhe of
hydration. This means that these sediments would have a chemical effectasuttte
pozzolanic reaction contributing to the development of resistance.
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x The compressive strength of MMK mortar is always above the theoretical treagre.
An increase in this difference in hydration time has been obserke@ddition, this
difference is also greater than the difference in the case of arertontaining calcined
sediment. This means the MK would have a higher pozzolanic reactivity than tmedalci
sediments. This result is consistent with the result shown in the asabjdsothermal
calorimetry (Fig.9) and lime consumption (Fig.12).

3.5 Dynamic modulus of mortars

Fig.19 shows the evolution of the dynamic modulus of mortars calculated acctodiug(20)
from 28 days to 90 days. Stabilization of the dynamic modulus &@etays indicates that all of
the portlandite has been consumed by the pozzolanic reaction [55]. Indeedonsumption of
portlandite makes it possible to form a more dense and coherent microstreictaraddition, a
relatively large increase in dynamic modulus of sediment containing mortars bet2&and 56
days compared to MMK mortar indicates the long-term pozzolanic negctf the sediments.

Fig. 19 Evolution of the dynamic modulus of mortars over time of hydration
3.6 Porosity of mortars

The mercury porosity of mortars measured at 56 days is shown in Table 11 apdrthe
distribution is also shown in the Fig.20.

Table79 Porosity in mortars at 56 days of curing measured by MIP

MR MMK MRS MSF650 MSF750 MSF800

11.73 % 11.51 % 12.45 % 10.45 % 10.43 % 10.17 %

188



Fig. 20 Pore size distribution in mortars measured by MIP at 56 days of curing

The results show that:

X Substitution of cement by RS sediment increased the porosity of the mantired, the
result of the compressive strength indicated that the RS sediment was ainestafter
90 days of hydration. Replacing cement with an inert addition léa@ds increase in the
W/C ratio. This could lead to an increase in porosity. The porakdison in the MRS
mortar returns to the larger pores. A similar result was found in the research of Berodi
et al [56] when replacing cement with quartz, considered inert.

x Contrary to RS sediment, replacing cement with active mineral additionsSMB50, SF
750 and SF 800) reduced the porosity of the mortar. The pozzolanic reaction afgpears
overcome the replacement dilution effect. In addition, these mineral apiatiappear to
reduce the size of the pores towards the finer pores. According to Zeggfieal[57], the
presence of the sediment allowed a finer distribution of the posgsinost often
associated with a better texture of Ck5-

3.7 Leach analysis result of mortars at 90 days of curing

Table 12 shows the content of metallic trace elements in the mortars aftede®8@ of
hydration. In addition, the content of anionic elements in the naostwas shown in Table 13. A
considerable reduction in the sulfate content was observed. Thdtrelsawed a stabilization of
all the elements compared to the leaching limits of inert waste.

Table80 Metallic trace elements in mortars after 90 days of hydration

Element MMK MRS MSF650 MSF750 MSF800 IW  NHW
As (mg/kg) <0.11 <0.11 <0.11 <0.11 <0.11 0.5 2
Ba (mg/kg) 7.9 9.6 9.9 9.7 9.5 20 100
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Cd (mg/kg) <0.009 <0.009 < 0.009 < 0.009 < 0.009 0.04 1

Cr(mg/kg) 0.44  0.057 0.072 0.039 0.063 0.5 10
Cu (mg/kg) <0.02 0.4 <0.02 <0.02 <0.02 2 50
Mo (mg/kg) <0.09 <0.09 <0.09 <0.09 <0.09 0.4 10
Ni (mg/kg) <0.05 0.49 <0.05 <0.05 <0.05 0.4 10
Pb (mg/kg) 0.042  0.078 0.097 0.054 0.071 0.5 10
Sb (mg/kg) <0.06 <0.06 <0.06 0.067 <0.06 0.06 0.7
Se (mg/kg) <0.08 <0.08 <0.08 <0.08 <0.08 0.1 0.5
Zn (mg/kg) <0.01 0.027 0.19 0.037 0.014 4.0 50

Table81 v]}v] o u vS[e }vS v8 ]Jv u}E&S E+« (S E 61 Ce- }( ZC & 8]

Sample Fluoride Chlorides Sulfates
(mglkg) (mg/kg) (mg/kg)
MMK 6.3 60 135
MRS 9.7 68 210
MSF 650 6.1 60 213
MSF 750 5.3 49 205
MSF 800 6.1 56 202
IW (mg/kg) 10 800 1000
NHW (mg/g) 150 15 000 20 000

3.8 Analysis of the quality of the exhaust fumes

The quality of the gases is an important indicator to assess the degsilbithe calcination
process.The gases emitted during calcination of the sediment were analyzed byritpany
Socor air. The results of certain elements in the flue gases are preserntadlal14.

Table82 Content element in gases

Element Range Units Gas emitted during Gas emitted during
calcination at 650 ° C calcination at 750 ° C
Oz 0-25 % 20.0 19.9
CQ 0-20 % 0.7 0.7
CO 0- 1000 ppm 500 12.0
0-1250 mg/mg? 625 15.5
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NGO 0-200 ppmMeg NO 11 8.7

0 t513.14 Mg NQ/m¢? 22 17.8

The results in Table 14 leads to tell that the gas contepnt@Q) stabilizes during calcination.
An increase in the calcination temperature allows the reductiorthef CO gas emissions by
reducing it by 97.6% for the temperature of 78Dcomparing to 650C. The similar trend with
NOXx gases was observed with increasing calcination temperature.

Conclusion

The objective of this article is to study the influence of the catmnatemperature of
sediment on their properties. This consists to evaluate several criteria sucle astiliation of
pozzolanic reactivity, mechanical performance, energy consumption, argutdiy of the gases
emitted. Besides, the effects of the use of calcined sedimentherkinetics of hydration were
investigated. It can be concluded from this study that:

f Flash calcination method removes the fraction of organic matter alr@adgent in the
raw sediment. This reduces the delay in hydration related to the presenagahic material.

f The calcination temperature modifies the physical properties comparing e¢oréw
sediment. Indeed, calcined sediments have a greater BET specific surface aitg them the
raw sediment. The transformation of kaolinite to metakaolin and the formation bfydrite in
calcined sediments were observed by XRD analysis.

f The flash calcination also active the pozzolanic reactivity of thensedi The calcined
sediments showed a strong ability to react with portlandite to form hydratespared to the
raw sediment.

f The heat of hydration of binders containing calcined sedimegtaater than that of the
binder with raw sediment. However, the calcined sediment reduces the hdatdrhtion of the
binder compared to the reference cement. This could have a positivet dffethe case of
concrete and a negative effect in the development of strength at aly eae.

f The incorporation of the calcined sediment significantly improved thechanical
performance of the mortars compared to the raw sediment. Besides, thecieduin the
hydration delay with calcined sediments improves the development of mechaniealgth at
young ages comparing to the raw sediment. MSF mortars have similar mechareogitlstas
the reference mortar at long-term.

f The incorporation of calcined sediments reduces the porosity of the mortartduhe
pozzolanic reaction.

f An increase in the calcination temperature from 650 °C to 750 °C improves thiy gfial
the gases emitted by comparing the content of the elements in the emitted gasescrease in
the calcination temperature allows the CO gas content to be greatlycesdi (97.6% reduction).

f The content of some metallic trace elements was reduced in calcined sediespetially
zinc content. In addition, the content of flourures, chétes and sulfates tends to decrease with
increasing calcination temperature.
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Chapitre 5 : Hydratation du ciment a base du sédiment
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performance mécanique

l. Introduction
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Flash pour déclencher une réactivité pouzzolanique dans le sédimerglud, la calcination a
750 °C présente un meilleur résultat par rapport deux autres températueesattination en
comparant des divers criteres tels que la performance v]<p U o }ve}uu S]}v [ v &E
la qualité du gaz émis. Cette température a été retenue pour le processaalci@ation Flash
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du taux de substitution du sédiment calciné sur lqv S]<p o[ZzC & § S]}v u ]u
réaction pouzzolanique du sédiment calciné dans la matrice cimentairepngosition de
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mécanigue et la microstructure du matériau.

Il. Démarche expérimentale
Dans ce chapitre, le sédiment calciné a été utilisé comme une additiaraie avec les taux de
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pouzzolanigue du sédiment dans les pates de ciment. La composition akiaga phase C-S-

H dans les pates de ciment hydratées a été mesurée en utilisant ungsandEBt EDS sur

section polie de pates de ciment. Pour cette analyse, environ 100 pointséomesurés sur les
différentes zones. La contribution au développement mécanique des matrices a base du
sédiment calciné a été évaluée en mesurant la résistance en compression desrsnorti
>[us8]o]e S]}tv o }IuE ] o pedtid en évideriBeulgs effeta bénéfiques de
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Article 6: Influence of the substitution rate of the sediment orhtfdration of
the cementitious material

196



Synthése Aprés le choix de la température optimale pour la calcination (750°@ diftérents
taux de substitution du sédiment (10%, 20 % et 30% wt) calcinés ont été.testés
Les résultats des essais menés permettent de mettre en évidence les observaii@miesu:
X Une augmentation du taux de substitution du sédiment conduit a unerdition de la
Z o pu&E o[ZC & § §]}v 0 PoNSIUE GUIYIXE of (( S
cas des ouvrages massifs.
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portlandite ont été également observées.

X Une augmentation du taux de substitution conduit une diminutionrdpport C/S dans
o0[ZC ESSX Vv }uSE U o S v pE o[ opu]v]pu Jv }E % }E
avec le taux de substitution. Ceci peut étre expliqué par la teeeualuminium plus
élevée dans le sédiment calciné par rapport de celle dans le ciment.
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dilution du ciment. La contribution du sédiment calciné au dévedopgnt mécanique du
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x Une augmentation du taux de substitution provoque a une augmentatioa gerosité.
Cependant, la taille des pores est plus fine dans les pates de ciment contesn
sédiments.

X Lateneur en éléments traces métalliques dans les mortiers a base de sédiments mesurée
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Abstract

The use of mineral additions in cement would become a challenge to red@cemissions
from the cement industry. The mineral additions usually used are limestitag metakolin,
silica fume, and slag. However, in France, the production of slag has dyadiecined due to
the decrease in steel production. It is necessary to find another mineditiea which could
replace slag in the cement. In France, approximately 56 bfnsediment is released each year,
the use of sediment as a mineral addition may have two benefits: (i) regleeiment dosage, (ii)
reducing the amount of sediment deposited on site storage.

In this research, the cement was replaced by 10%, 20%, and 30% wt of the rsieckhcened
by the Flash method. The result shows that the incorporation of the sedineelnces the heat
of hydration but does not change the hydration behavior of the cemerg. Ca&O/Si@ratio of
the C-S-H phase decreases with the substitution rate of the sedimeetrfy ages (2 days of
hydration), the contribution of the sediment to the mechanical developmainthe mortars is
limited. However, this contribution is increasingly high over time due to dffect of the
pozzolanic reaction. A replacement of 10% wt of the sediment allowsdhmpressive strength
to be higher than the reference mortar as soon as 15 days. In addithe presence of the
sediment increases the volumes of the finer pores in the cementitious material.

Keyword:Sediment, Cement, Valorization, Hydration.
l. Introduction

The cement industry is one of the most polluting industries enlorld. Indeed, the quantity
of CQ emissions during the manufacture of clinker is, on average for Europe, 688 lanper t
about 130 Mt/year [1]. Therefore, the reduction of clinker dosage in centerthe mineral
addition profile would become the challenge to reduce>@missions. We can cite certain
mineral additions usually used:

X Limestone filler[2, 3] : The presence of the limestone filler resulted in the fornmatd
hemi- and monocarbonates (Eq (1) and Eq (2)) and the stabilizatiore cétthingite
compared to cement without the limestone filler, where part of thdreeigite had
converted to monosulfate (Eq(3)). Consequently, the presence of 5% of limdefil ley
an increase in the volume of hydrates and to an increase in the compressuagtst

GA + Cc + 11H -2/A8H11 17)
GA + 0.5Cc + 0.5CH + 11.5H 24c0.5H> (18)
2GA + GAsS3H: + 4H -> 3CAsH (29)

X Pozzolanic additiongSilica fume, Metakaolin, Sldg)t6] :
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The additions having the pozzolanic property will react with Ca(@Hyrder to form
hydrated calcium silicate "pozzolanic” (noted C-S-H (Il)) according to &d=d)5).

(S|Q) solub|e+ 20H /CEHZS|Q.2- (20)

XxCa&* + HSiQ? + 2(x-1) OH+ y HO AGSH (21)

This hydrate has a CaO/giPwer ratio (noted C/S) than that of C-S-H formed from the
hydration of cement without pozzolanic additions (noted C-S-H (1)). Indee/S ratio
of the C-S-H hydrate depends on the3Caoncentration of the solution:

X C-S-H (): 0.66 < C/S < 1 formed when the {Taoncentration is less than 2

mmol/l.

X C-S-H{): 1 < C/S < 1.5 formed when the {§a&oncentration is between 2 and 22
mmol/l.

x C-S-H J: C/S = 1.7 formed when the [aconcentration is greater than 22
mmol/l.

In general, the C-S-H (IlI) stoichiometry1isSEt sand C-S-H (1) is.&SH [7]. The additional
formation of C-S-H hydrate could have beneficial effects on the dewedopof strength
and durability of the cementitious material. Indeed, previous stufBe®] show that C-
S-H is the main hydrate of cement hydration and contributesifsigimtly to concrete
macro-properties such as strength and durability.

The calcined sediment has been used as a pozzolanic mineral addition ouprstidies
[10t14]. The result shows that the calcined sediment exhibits the pozigbaoperty and
the improvement in mechanical strength and durability was obsertmvever, these
studies have not demonstrated the impact of the incorporation of sedimanttie
composition of the hydrate phases during hydration. Therefore, the obgofithis study
is to assess the impact of incorporation on hydrate formation and the imgfaitte rate
of sediment substitution on the mechanical strength of the centents material.

Il. Materials and experimental methods
[I.L1. Materials and characterization methods

The sediment used in this study is the fluvial sediment collected thee Noyelles-Sous-Lens
(noted RS) disposal site in the Haut de France region in France. kisssetiment was
homogenized and dried at 105 °C to constant weight, then finelyrgtdefore calcination. The
calcination method used in this study is flash calcination, wisieisio used in the manufacture
of metakaolin. The principle and operation of the flash oven was earlyideddyy Teklay et al
[15]. In this study, the sediment was calcined at 750 °C (noted SF).

The cement used is the Ordinary Portland Cement CEM | 52.5N (noted OPC) fkh EQI
specified in European standard NF EN 1966]. The sand used for mortars preparation is the
standardized quartz sand with a particle size between 0.08 and 2ccording to the standard
NF EN 196-[16].

The particle size distribution of the materials was measured by a COULTER laser
diffractometry, LS 12330 device. The Blaine surface was determined accordheg dtandard
NF EN 196-[17]. Brunauer-Emmett-Teller (BET) specific surface was measured using the N
multipoint adsorption method. The density of the materials is measured dougprto NF EN
10977 [18] using Micromeritics ACCUPYC 1330 Helium Pycnometer. The chemical composition
of the materials was determined using X-ray fluorescence analysis (XRF) accordamgl#odst
NF EN 19@-[19] with an S4 POINEER equipped with a 4-kW generator and a rhodogie. dine
physical properties of materials are shown in Table 1.
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Table83
Physical properties of materials

Physical properties

Material Density Blaine specific BET specific d10 (um) d90 (um)
S (g/cm3) surface (crifg) surface

(cnP/g)
OPC 3.15 3800
RS 2.63 - 4376 1.24 55.91
SF 2.65 - 15590 2.63 64.13

The chemical composition of materials measured by XRF analysis is presentelé id. Ta

Table84
Chemical composition of materials

Composition OPC RS SE
(% wi)
CaO 63.75 10.57 11.21
SiQ 19.95 39.62 49.71
AkLOs 5.31 9.64 12.00
Fels 2.98 5.12 5.33
SQ 3.03 0.22 0.18
NaO 0.55 0.69 0.74
KO 0.93 1.84 2.25
MgO 0.86 0.88 1.12
Zn0O - 0.27 0.31
P05 - 2.1 2.26
LOI (950°C) 1.90 27.63 13.7
Total 99.99 99.17 99.49

The mineralogical composition of the materials is identified by X-ray diffra(KDR) analysis
using a Bruker D2 Advance device equipped with a D2 diffractoméfea Cu anode (= 1.5406
A). Fig.1 shows the mineral composition of RS and SF sediments. The main mineral phases
identified are quartz, calcite, albite and mica. The calcination promotesfdhmation of
anhydrite in SF sediment.
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Fig. 21 XRD patterns of sediments (1: Quartz, 2: Calcite, 3: Albite, 4: Sodiunbmicdyydrite,
6: potassium mica)

dZ %}l1}o vl @& 3]A18C }( Z» v "& * Ju VE&AE+S3AVH[r 3B 3
according to the standard NF EN 1®f20]. The samples were tested after 15 days. The result
illustrated in Fig.2 indicates that calcination could activate guozzolanic reactivity of RS
sediment.

Fig.22dzZ &E& SS]v][*s § S (E *p0osS (S E iR Ce
[1.2.  Formulation of mixture

The cement pastes used in this study were made with a W/B ratio of Ge§.are named PO,
P10, P20, and P30, corresponding to the substitution rates of the 8Resgdrom 0 to 30% wit,
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respectively. After mixing, the paste was introduced to the cylindricatisnby vibration. They
are demolded after 24 hours and stored in a saturated lime solution @C20

The mortars used are standardized 4 * 4 * 163amortars made with a W/B ratio of 0.5
according to standard NF EN 19616] They are named MO, M10, M20, and M30, corresponding
to the substitution rates of the SF sediment from O to 30% wt, respelgt The mortars are
demoulded after 24 hours and stored in a saturated lime solution at 20akle 2 shows the
composition of the components of the mortars.

Table85
Composition of the components of the mortars

Mortar Cement (g) Sediment SF (¢ Water (g) Sand (g) w/B
MO 450 0 225 1350 0.5
M10 405 45 225 1350 0.5
M20 360 90 225 1350 0.5
M30 315 135 225 1350 0.5

I1.3. Experimental methods
[1.3.1 Method of stopping hydration

In the literature, there are several methods of stopping hydration suckraszet Drying
method [21], solvent exchange method [12], Oven drying method [22]. In thismasethe
solvent exchange method was used to stop hydration of cementitious material.

[1.3.2 Mineralogical analysis method (XRD analysis)

The mineral phases of the cement pastes were identified using XRDisn@hes analysis was
carried out on powders passing through 40 pum using a Bruker D2 Advance devjggeequith
a Cu anode. 2-Theta values ranged from 5 ° to 80 °.

[1.3.3 Heat of hydration of cement pastes

The isothermal calorimetry analysis performed at 20 °C was used to monitorabewvity of
the cement paste. Based on previous research [23], the paste was made witbfé&grder and
4 grs of water that had been previously stored at 20 °C (W/B = 0.5). albeneter is a
homemade type using flowmeters that allowed the calorimeter to equilibnatess than 5 min.

[1.3.4 Thermogravimetric analysis (TGA)

The TGA analysis was carried out on the powders of hydrated cement pastesthesing
NETZSCH STA 409 type device with the following experimental conditions:
x During the analysis the sample is kept under a flow of Argon ataréite of 75 ml/min.
X The temperature increases from 30 °C to 40 °Cat a rate of 2 °C/min, then meghtdin
40 °C for 30 minutes before increasing to 1100 °C at a rate of 3 °C/min.
TGA analysis measures the loss of mass due to the decomposition of hydrafescisa of
temperature. Fig. 3 illustrates the TGA curve of cement pastes after 20 days afibydr
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Fig. 23 TGA curve of cement pastes after 20 days of hydration
Table 4 shows the temperature intervals studied and the associated phenomena.

Table86
Temperature intervals studied and the associated phenomena.

Temperature intervals Associated phenomena

100 °Ct 200 °C C-S-H decomposition

200 °Ct 400 °C Decomposition of aluminate hydrated phas
(GAH3 and GASH)

400 °Ct 500 °C Ca(OH)decomposition

650 °C -750 °C CaC®decomposition

Using the amount of bound water and the Ca(@&thount determined by TGA analysis, the
progress of the pozzolanic reaction could be assessed. In this studymthient of bound water
without a Ca(OH)account is measured according to the following equation (Eq (6)) :

Qbound water = Msample (40°C)t Msample (400°C) (22)
With:
Q bound watei Amount of chemical bound water (wt %).
Msample (40°C): mass of the sample at 40 °C.
Msample (400°C): mass of sample at 400 °C

The Ca(OH)yamount determined from the TGA curve is calculated according to the fatjpowi
equation (Eq(7)):

LA 844 DA E L VENE (23)
ERE

M ca(OH)2=

with:
M caoH)2 Amount of Ca(OHl)
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¢l vrr©o Rwvrr%P: The mass loss of the samples between 400 °C and 500 °C from the TGA
analysis.

M caoH)z2 Molar mass of Ca(OHfqual to 74.09 g/mol.

Mu2c Molar mass of water equal to 18 g/mol.

[1.3.5 Chemical composition of hydrate (C+H-

The chemical composition of hydrated cement paste phases was analyzed on steegoli
sections using a Hitachi S-4300 SE/N scanning electron microscope operatiogsoattered
electron mode (20 keV) and equipped with an energy dispersive X-ray speteto(SEM-EDS).
For the measurement, the 100 points were carried out on several zones.

[1.3.6 Compressive strength of mortars

The compressive strength was measured on 4 * 4 * 18raortars according to the standard
NF EN 196-[16] using the Presse INSTRON 55@2@6 t 006 after 2, 15, 28 and 60 days of
curing. In order to demonstrate the effect of mineral additions on the compresstrength of
mortars, we used Féret's law [24] presented in Eq (8), which predietsdmpressive strength
of a cementitious material as a function of the content of the compdséaggregates, sands,
cement, mineral additions, water) and the content of the occluded air.

5
= G*Rot > 24
Re(t) = G*R: s>a@EENg‘§2@'AG 0t (24)

With:
G: Aggregate coefficient.
Rm: Cement class (Mpa)
pc: Cement density (t/f)
Bt : Amount of water in the formulation (kg/&
C: Amount of cement in the formulation (kg#in
A: Amount of minerale addition in the formulation (kgim
Va: Air content of occluded in 1
K: Activity coefficient of mineral addition

The objective is to establish a dilution curve of the compressive stiesfghe mortars that
we consider only the cement participating in the development of themgressive strength and
without the contribution of the effect of mineral additions (neither phyieffect, nor chemical
effect). In this case, we assume the activity coefficients of mineral additice equal to 0 (k = 0)
and the compressive strength of MO mortar was used in order to estathiesklilution curve of
the compressive strength of mortars (M10, M20 and M30) in hydration tifine difference
between the resistance measured on the sample (experimental result)tlaadheoretical
resistance calculated according to Féret's law gives the effect of tidats in the formulations.

[1.3.7 Microstructure of mortars

The porosity and the pore size distribution of the mortars were measwsdg Mercury
Intrusion Porosimetry (MIP) technique (Micromertitics Autopore IV type). Basegrevious
research25], the sample is first immersed in acetone solution to stop hydration, thesddad a
constant mass at 40 °C. Indeed, drying at a higher temperature can cause a atiodifo¢ the
pores in the porous structure.

In addition, the porosity accessible to water (noted) Pf the mortars was measured
according to the standard NF P18459 [26] on samples with dimension of 4*4*4 €nThe
samples were placed under vacuum for 4 h. Water was gradually drawn intatsem chamber
so that the samples were covered with approximately 20mm of water after 15tesnThe
samples were immersed in vacuum water for 44 hours. Then, they were weighed intwate
obtain their apparent masses (notedwM The samples were then wiped to a dry surface state
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and weighed to obtain their masses in the saturated state (noted Mnally, they were dried in
the oven to constant mass and weighed to obtain their dry masses (notggl. Mhe porosity
accessible to water of the mortars is calculated according to the folloagogtion (Eq (9)):

Ru(%)=222 224 100 (25)

[1.3.8 Leaching test

The mobility of the metallic trace elements (MTE) and the anionic elesnaeinthe mortars
after 60 days of curing were measured after the leaching of the sampig adiquid/solid ratio
of 10 and an equilibrium time of 24 hours according to the standarBNIE24572[27] using an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES 5100 Aditesibgies).
The leaching limit values for inert waste (IW) and non-hazardousew@#t\W) specified in
Directive 1999/31/EC were used to verify material compliance.

[I. Results
[11.1. Mineral phases of hydrated cement pastes

Fig.4 shows the mineral phases of cement pastes after 60 days of hydratiotfiédeny XRD
analysis.

Fig. 24 XRD patterns of PO, P10, P20 and P30 pastes after 60 days of hydrati ¢t:dS, 3:
Ca(OH) 4: CaCe¢)5: Quartz, 6: Ettringite (Aft), 7: Afm, &AEhL?)
The result shows that:
X The presence of Ca(QHhas been observed in all cement pastes.
x The formation of the mineral phase (Afm) in the cement pastes incorporatetie
sediment has been identified. The addition of the sediment could teahe instability
of Ettringite and the formation of the monosulfate phase (Eq (3)).
X The presence of quartz was identified in the incorporated pastéiseosediment.
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[11.2. Heat of hydration of cement pastes

The heat generated during the hydration of cement pastes measured by isodher
calorimetry is shown in Fig. 5. Some observations can be given:

X In general, the incorporation of the sediment does not modify the hydratiehavior of
cement pastes by observing the shape of the curve. The first exothemaik in the
acceleration period (point 2) is mainly related to the hydration £8 @nd €A to form C-
S-H and ettringite respectively. In the deceleration period, the secondhexoic peak is
observed, which corresponds to the additional dissolution % @nd the accelerated
precipitation of ettringite [28].

X The incorporation of the sediment reduced the heat generated durimghtydration of
the cement pastes. This result could be due to the slow pozzolanic réaafvihe

e Juvd ~ (3 E iR Ce}(ZC E 8]}v C }veudE[wPESE ~& JAOE

In addition, reducing the heat of hydration could provide a bernadfeffect, especially for
massive structures.

Fig. 25 Heat of hydration generated during the hydration of cement pastes
[11.3.  Thermogravimetric analysis
[11.3.1 Quantification of the content of bound water without account of the Ca(QHbart

The amount of bound water ¢Qnd wate) Without account of the Ca (OHjpart of cement
pastes measured by TGA analysis according to equation Eq (6) is preserabteib.

Table87

Content of bound water without account of the Ca(@ldart of cement pastes over time of
hydration

% mass loss measured % mass loss calculated f % mass loss due to

Sample equivalent OPC content  pozzolanic reaction
20 28 60 20 28 60 20 days 28 60
days days days days days days days days

PO 14.64 15.43 17.67 14.64 15.43 17.67 - - -
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P10 1398 1451 16.78 1553 16.12 1864 0.89 0.69 0.97

P20 13.33 13.92 1646 16.66 17.40 20.57 2.02 1.97 2.69

P30 12.40 13.22 15.04 17.71 18.88 21.48 3.07 3.45 381

The result shows that including the dilution effect of the cemeh& content of additional
bound water increases with the substitution rate of the sediment.

[11.3.2 Quantification of the Ca(OH}ontent consumed

Knowing the pozzolanic reaction is the consumption reaction of Bg,(the Ca(OH)content
of cement pastes measured from TGA analysis according to equation Eq (7) wasarsked to
put into evidence the effect of the pozzolanic reaction of thdisent in the cement pastes. The
result is shown in Table 6.

Table88
Ca(OHycontent and Ca(OHgontent consumed of cement pastes over time of hydration

Ca(OH)measured Ca(OHycalculated for ~ Ca(OH)consumed due
Sample equivalent OPC content to pozzolanic reaction

20 28 60 20 28 60 20 days 28 60
days days days days days days days days

PO 18.75 18.87 19.98 18.75 18.87 19.98 - - -

P10 17.14 1723 16.28 19.05 19.14 18.09 -0.3 -0.27 1.89

P20 1525 1533 15.05 19.07 19.17 1881 -0.32 -03 1.17

P30 13.36 13.40 13.28 19.09 19.15 1897 -0.34 -0.28 1.01

From the result presented in Table 6, some observation can be given:

X Including the dilution effect of cement, the Ca (OH) 2 content in cermpastes (P10,
P20 and P30) is higher than that of PO cement paste at 20 and 28Iddgsed, the
incorporation of the sediment could have both physical and chemicaltsff2g]. In a
previous study, Roziére et [80] showed that the presence of sediment particles
generated nucleation sites for hydrates, leading to an improvement irhyfagation
process.

x After 60 days of hydration, consumption due to the pozzolanic reacof the
sediment was well identified.

[11.4. Chemical composition of hydrate (C-S-H) measured by the SEHDS analysis

The chemical composition of the main elements of the hydrated calciucatsilby the SEM-
EDS analysis measured on the sample of the hydrated cement paste at 68 gegsented in
the Fig.6. The CaO-%ifh0s ternary diagram is superimposed on the ternary diagram produced
by Lothenbach et al [31]. This diagram shows the positions of the main céydnates: Ca(OH)
C-S-H (with two C/S ratios) or even CHA-S-
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Fig. 26 CaOt SiQ t AkQOs ternary diagram obtained for the cement pastes after 60 days of
hydration

The result of the SEMEDS analysis of the cement pastes shows that:

X The Si@content in the hydrate increases with the substitution ratetloé sediment. In
addition, the incorporated ADs; content also increases in any cement pastes
incorporated in the sediment. This result demonstrated the pozuolaeaction of
metakaolin (a mineral phase of the calcined sediment) in cement pastes wiaty
consists of two oxides Si@nd AdQs.

X Hydrates tend to move to the area with the CaO/Si@ver ratio. In the case of the PO
paste, all the measured points are in the zone that has a Ca@t&j@er ratio than 1.7.
However, the P30 paste exhibits all the points measured in the zone that©a®5iQ
lower ratio than 1.7.

Table 7 shows the average value of the CaQ/&id AIO:/SIC; ratios of the hydrate measured
by SEMt EDS analysis.

Table89
CaO/Si@and AbO:/SIO: ratios of hydrate of cement pastes after 60 days of hydration

Paste CaO/SiQratio ALOs/SIC, ratio
PO 2.63 0.06

P10 1.95 0.06

P20 1.54 0.076
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P30 1.51 0.12

The result presented in Tabe 7 shows that the C-S-H hydrate of thas®g®has a CaO/SIO
higher ratio than the ratio usually found in the literature (Ca0O$SiQ.7 for CEM 1) [7, 32]. In
addition, the hydrate C-S-H of the cement pastes incorporatedtire sediment (P10, P20, and
P30) also exhibits a CaO/siigher ratio than the CaO/SiGheoretical ratio (CaO/SiC= 1.1)
found in the cement material containing pozzolanic addition [38]s difference can be due to
the EDS points made and to the size of the diffusion bulb warielyzes an area and not a point.
dC%] o00CU 3Z ]((pe]}v?® apadtHe reddlutipn df |RSEM 20 kV tungsten filament
is 3 nm. Thus, other hydrates are analyzed and will have an influenteeo8aO/Si@ and
ALOs/SIG ratios, in particular, the CaO/Si@atio [34].

l11.5. Compressive strength of mortars

The compressive strength of mortars (MO, M10, M20 and M30) measured at 2, 15, 88 and
days is shown in Fig.7.

Fig. 27 Compressive strength of MO, M10, M20 and M30 mortars over time of hydration

From the result illustrated in Fig.7, some observations can be given:

X The compressive strength of all mortars increases with hydratimoe.tFor MO mortar,
the strength reached 59.84 Mpa at 28 days, in accordance with thegttreaquirement
of CEM | 52.5 cement.

X At 2 days, the MO mortar has greater resistance than the mortars incorpotatéice
sediment. However, after 15 days, M10 mortar develops higher strength than MO mortar.

To demonstrate the effect of the incorporation of the calcined sedinoenthe development
of the resistance of the mortars, Fig. 8 presents the experimental resestamt the theoretical
resistance by counting the dilution effect of the cement ane thctivity coefficient of the
sediment assumed k = 0 (Eq (8)).The difference between the resistance measuhedsample
(experimental result) and the theoretical resistance calculated accordiR@ret's law gives the
effect of the additions in the formulation.

X A negative deviation means that the mineral additions would have andental effect
on the development of compressive strength.
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X A zero deviation signifies mineral additions are inert and do not cari&ilio the

development of compressive strength.

X A positive deviation means that the mineral additions would have an effacthe

development of resistance. An increase in the time difference could bealtreteffect
of the pozzolanic reaction.

Fig. 28 Compressive strength measured on the sample and the compressive strength ealculat
according to Féret's law with the activity coefficient k = 0 over time hyainati

The result shows that:

X At 2 days, the difference between experimental and theoretical resistamemall. This

means that the calcined sediment has a contribution limit to the me@evelopment
of mortars at early ages.

This difference is increasing in the hydration time in all mortdfigd@, M20 and M30).
This result means that the contribution of the sediment to the mechanieaélopment
of the mortars is becoming more and more important, explained by the dpwe¢nt of
the pozzolanic reaction of increasingly high sediment.

x After 15 days of hydration, the curve of the experimental resistance and the ofithie

11.6.

theoretical resistance are almost parallel. This means that (i) theofs®z reaction of

the sediment has reached a stable state, and (ii) the material (cement + sedirsent) i
Z}u}P v }ueX dZ]e & epuod ]e }ve]ed v3 A]3Z §ZYA&BZB3]v]
pozzolanic reaction of the sediment after 15 days of hydration.

Porosity of mortars

The microstructure of the mortars was studied to assess the effect of thetitutipn rate of
the sediment on the porous structure. Fig.9 shows the mercury porosity ta@doorosity
accessible to water of the mortars measured at 2, 15 and 60 days.
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Fig. 29 Porosity of mortars measured by MIP method (left) and porosity accessible &v ofat
mortars (right) over time of hydration

The porosity measured by two methods shows that the porosity of mortars increaseshei
rate of substitution of the sediment. This may be related to lower volumes of hgslgenerated
by the hydration of the cement due to the decrease in the amount of cemé&ijt [1

The pore size distribution of mortars measured by MIP may provide additinformation to
better understand the effect of the substitution rate of sediment on timcrostructure of
mortars. Fig.10 shows the pore size distribution of the mortars after 2 and 60 tlaydration.

Fig. 30 Pore size distribution of mortars after 2 days (left) and 60 days (right)

From the result illustrated in Fig.10, some observations can be given:
X The pore size distribution of the mortars is towards the finer poresndithydration.
X An increase in the substitution rate of the sediment led tararease in the volume of
the finer pores in the mortars compared to the MO mortar. Accogdio Zengfeng et al
[12], the presence of the sediment allowed a finer distribution @& plorosity, most often
associated with a better texture of Ck5-
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[11.7. Leaching test result of mortars at 60 days of curing

The content of metallic trace elements and anionic elements in the morttas &) days was
measured by leaching analysis. The result of the analysis is showiblen 8T@and Table 9.
Compared to the result of the MO mortar, there is only the Mo and étient which increases
with the rate of the sediment incorporated. However, the content of trace me&hehts and
anionic elements in all mortars is below the inert waste limit values.

Table90
Metallic trace elements in mortars after 60 days of hydration (mg/kg)

Element MO M10 M20 M30 W NHW

As (mg/kg) <0.11 <0.11 <0.11 <0.11 0.5 2

Ba (mg/kg) 18 16 15 13 20 100

Cd (mg/kg) < 0.009 <0.009 <0.009 < 0.009 0.04 1

Cr (mg/kg) 0.2 0.076 0.06 0.064 0.5 10

Cu (mg/kg) <0.02 <0.02 <0.02 <0.02 2 50

Mo (mg/kg) <0.09 0.088 0.1 0.12 0.4 10

Ni (mg/kg) <0.05 <0.05 <0.05 <0.05 0.4 10

Pb (mg/kg) <0.03 0.034 0.065 0.1 0.5 10

Sb (mg/kg) <0.06 <0.06 <0.06 <0.06 0.06 0.7

Se (mg/kg) <0.08 <0.08 <0.08 <0.08 0.1 0.5

Zn (mg/kg) <0.01 <0.01 <0.01 <0.01 4.0 50

Table91

v]}v] o u vS8[e }vS vS Jv u}E&Ss E- (S(g/kg) Ce- }( ZC & S]}v

Sample Fluoride Chlorides Sulfates
(mg/kg) (mg/kg) (mg/kg)

MO 8.4 33 145

M10 8.0 40 217

M20 7.9 32 176

M30 8.3 40 136

IW (mg/kg) 10 800 1000

NHW (mg/g) 150 15 000 20 000

V. Conclusion

The objective of this research is to study the effect of the suligiiturate of the calcined
sediment on the hydration behavior of the cement, on the formation of hyettatalcium silicate
(GS-H), on the microstructure and on the contribution to mechanical dgveént. The results
show that:
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X The calcined sediment exhibits pozzolanic reactivity after 15 dayydrhtion in the
&E SS]v][e § 38X

X The main hydrates of cement pastes identified by XRD analysis are gdt@ti)gite,
GAHs. In addition, the presence of the sediment promotes the formation afSas such
as monosulfate and4#Hs. The increased formation of theA&Hs phase in the cement
pastes incorporated the sediment could be related to the pozrolaeaction of the
sediment, for example, the reaction of metakaolino(12SiQ) with Ca(OH)to form the
phase C-S-H and the CASH phase.

X The incorporation of the sediment reduces the heat of hydration, dngs not modify
the hydration behavior of the cement. This can be beneficiaitam cases, in particular,
massive structures.

X The quantification analysis of bound water (without account the Ca{@idjt) by
counting the dilution effect of the cement indicates that the cemt of additional bound
water in the cement pastes incorporated in the sediment increases wélstibstitution
rate of the sediment as soon as 20 days of hydration. However, the quantificatdysan
of Ca(OH)also counting the dilution effect of the cement shows that the constionof
Ca(OH) due to the pozzolanic reaction begins later around 60 days of hgdralihe

1(( & v SA v 3Z]e & spod v 3Z E +pw033Y IE -A@E ¥
<p vs](] SJ}v v oCe]e }( ]S]}v o }pv A S €&]- 3D &E A%
test was carried out at 40 °C higher than the conservation temperatureeotément
pastes (20 °C), this makes it possible to promote chemical reactions leading to faster
pozzolanic reactivity, (ii) the presence of the particles of the sedingEnerates
nucleation sites for the hydrates, leading to an improvement of taration process and
more hydrate formation.

X The CaO/SiOratio of the C-S-H phase decreases with the substitution ratéhef
sediment. This result demonstrated the pozzolanic reaction of the sediteading to
the formation of the C-S-H phase with the CaO#&i®@er ratio.

X The mortar containing 10% wt of the sediment has greater compressive dtrérayt the
MO reference mortar after 15 days of hydration. By counting the dituiffect of the
cement in the mortars, the result shows that the beneficial effddhe sediment on the
development of resistance at early ages (2 days) is limit. However, this effect is more and
more in the hydration time and is stable as soon as 15 days of hydration.

X The porosity of the mortars increases with the substitution rate due tadihgion of the
cement leading to the lower volumes of hydrates formed. The presence @eat
particles increases the volume of the finer pores.

X The content of metallic trace elements and anionic elements in mortars after 60 days of
hydration, measured by leaching analysis, is lower than the limit valueddrwaste.
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Conclusion générale

>[} i S]( §§ 8§Z « 5 0 S 0 A 0}E](5]1®] 2]Pv Ju V]ar v
etdans[ o }E 3&ddditiofs minérales. Dans ce cadre, trois principaux axes de recherche ont
été abordés :
X >[]v(ou v o[]v }E% }E Sli}Va faamatiohudesSphases minérales du
clinker et sur la performance mécanique du ciment a base du sédiment
x La réactivité, la performance mécanique, la microstructure du ciment CEM Il en
remplacant une partie du laitier au sédiment calciné par la métHeldsh.
x >[ (( 8 o u 3z} 0 ]v 8]}v &0 *Z «puE o E 3]A]5 %o)
Notamment, | }vEE] pusS]}v 4 ¢ ]Ju vSs o ]v M o[ZC & § S]}H
A 0}%% uvs u vljcp & o (}EuU 8]}v e« ZC E &ne 3 0O
matériau cimentaire.
Les études ont amenés a synthétidgoooue] pE&+ o]vl E+ p o }E S}JE (]Jv [ §
o[]v }JEE% }E S]}v H ¢ Ju vsS «uE& o (}Eu ;54yis la readbivdé«dr P O
ciment a été étudiée a chaque étape.

Iv(op v o[]v } Essp@maritswsur la formation des phases minérales du clinker
Pour les deux formulations effectuées, les processus de clinkérisatiogisulgiires. La premiéere
formulation (la formulation de référence) se compose 4 oxydes principauxla fabrication du
ciment : CaO, SiO2, Al203 et Fe203. La deuxieme formulation contiemit2R¥sédiment en
remplacement des matieres premiéres traditionnelles. Le résultat montre que :
X La présence des 4 phases principales du clinker a été identifiéelemmeux
clinkers.
>[IV JE%}E 3]}v p e+ Juvs ( AYE]- o[]vS P@ 3Sp}v =«
phase alite qui conduit un changement du rapport CaO/SiO2 de jglk#se.
X La présence du sédiment favorise la formation de C3S sous le polymorphe M1 e
M3 due la présence des éléments mineurs tels que MgO et SO3.
X > Ju vs . H e Ju vVvsS % E » vS uv ]v S]«u [ZzC &
Ju vs E (EvV X >¢ZC E S ¢ (}JEU * p IHuE*s H S uU%
identiques a ceux de ciment de référence.
X Le développement de la résistance mécanique dans le temps a été obsergé sur |
deux pates de ciment hydratées.
v }JUSE U o[ZC &E $§ 35]été modélisgeagec succes en utilisant le code CEMHYD3D.
Cette modélisation a été validée en comparant les résultats expérimentaux et iquegr Grace
a cet outil, nous pouvons confirmer le comportement expérimental redatif o[ZC & S S]}v |
ciment synthétisé au laboratoire.
> @& *% S e E]S &+ § }VSE JvS ¢ ]V U*SE] 00 *(Ju%Bo}e VS
pourcentage de sédiments (max 2%). Ceci est notamment lié a processus de fabpeatioie
ZUuuJ<p % E S]<u % KEs ods|nhtats abt@Enjsoa¥hénent aux conclusions suivantes
X La présence du seédiment dans le mélange cru ne provoque aucun chartiggansna
formation des phases minérales du clinker.

X
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X La réactivité du ciment a base sédiment est identique a celle de cimesisgaiment.
X La résistance en compression de deux ciments est supérieure a 52.8uviea mortiers
VIEU 0] ¢ % @E - 16 i}pE-s [ZC & § S]}vX
Ce résultat a mis en évidence la capacifgud ] o ]  esgpdiments dans la fabrication de ciment
a échelle industriel.

La réactivité, la performance mécanique, la microstructure dment CEM IIl en remplacant

une partie du laitier par le sédiment calciné Flash.

>[usS]o]e SJ}v M e Ju VvsS &0 *Z 0 ]V % }UE]EEU%E 0 & WEE ] %S [ES
ciment CEM lll est un des objectifs dans cette thése. Dans cette étuegitrents CEM Il ont

été confectionnés : CEM IIl TM, CEM 111 2% ASL et CEM Ill 10%SF. Une tenedu Bédtiment

calciné a été utilisée pour remplacer le laitier dans le CEM IIl 10% SF.

Les résultats montrent que :

X Les deux ciments CEM lll TM et CEM Ill 2% ASL présentent les caractéristigues e
réactivité et le développement mécanique similaires.

X Le ciment CEM Il 10%SF présente une surface BET plus élevée, une réactivité plus
importante. Par conséquence, ce ciment possede une résistance mécanique aux jeunes
ages plus élevées que les deux ciments CEM 1lIl TM et CEM 11l 2%ASL.

X La présence du sédiment Flash qui a une réactivité pouzzolanique notabletpdeme
consommer plus rapidement I&@40OH)2 dans les pates de cimens (}@Eu & [ usSE
hydrates.

X La présence du sédiment calciné permet de réduire la taille des poresacativement
aux deux ciments CEM Il TM et CEM IIl 2% ASL.

>[ (( 8 o u sz} 0 ]v 8]1}v &o «Zizzpld@Bigoe dEsédisieh] S %o}
> ¢ Ju vsS pslo]- ve 8§ 3u oS pv ¢ Jw (Se% jooGE xi4C @ F(
B Juvs 3§ o A 0}% % u vs u Vv]<g [pv u 3E] Jo V% $@EvX >
Flash permet de calciner a haute température pendant le temps treg ¢gain énergétique).
Les résultats dans cette partie montrent que :
X La calcination a éliminé considérablement des matieres organiques dans le sédiment.
augmentation de la finesse et la transformation de la phase kaolinitigueédiment ont
été observées.
X > e e JuvSe o0 ]v e }vS UO]}E o0 ]Jv Sl<p [HEG GEusSv8]}v %
Eus v E pl]evs o & S E o[ZzC & § S]}vX
X La méthode de calcination Flash a déclenché la réactivité pouzzolanicpéelidoent.
Sificorporation du sédiment a apporté les effets bénéfiques tels §deo[ u o]} E S]}v
la résistance, la réduction des tailles des pores.
X > }veluu S]}v 0 %}ES0 V]S % E o « Julvdy o pY ]
o[ v oCe d pErmet fle confirmer la réactivité pouzzolanique du sédiment
calciné.
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parts, elle a amélioré la performance mécanique de la matrice cimentaire. Qkatésst
int & s+« v§ Vve 0 o [ %% 0] 3]}v UAE IUAE P ¢ u ee](X

Perspectives

Ce travail met en évidence des résultats importants, mais toutefois non extsaldifmi les
%]*3 + u E]3 v3 [!3 @& apprdfomdids Bn peut citer :
X >[ZC & $§ S]}v uM ]a heSe du sédiment a été modelisée avec le succes en

utilisant le code CEMHYD3D. Par lasyite,» € ]S ]JvS €& ¢« vS [ (( Sp CE o

pour o[ZC E &stihents CEM lll. La modélisation numérique permettrait de mieux
comprendre le comp@&ES u vS o[ZC & § S]}vX

X La microstructure générée par CEMHYD3D pourrait étre utilisée dansharche du
comportement de résistance au feu de la pate de ciment en uttlisemcode des
éléments finis.

x La modification de la composition chimique des hydrates dans les patesmamtci
contenanto * Ju v8 0 ]v % }UEE 13 A}E o[ (( 8 € (dpcp
suite, une étude de la lixiviation sur les pates de ciment pourrait pgrene[ A op E
effet et aussi mener des essais gel-dégekp8 E S]}v ¢ J}ve Zo}EUE U
etc.

X Les sédiments traités ont été utilisés comme une addition minérale @snmobrtiers.
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