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Abstract

The replacement of clinker with supplementary cementitious materials (SCMs) is the most interesting
solution to reduce the CO; emissions from cement production. The abundant availability of clays,
which have a sufficient amount of kaolinite content in Thailand, has led to the development of an
alternative SCM.

The raw materials in this study come from Thailand and are used to formulate limestone calcined clay
cement (LC3). The objectives of this thesis are to investigate the influence of the substitution level, the
cement composition and the calcination process of calcined clay on the hydration reaction, the
mechanical, rheological and durability properties of LC3. The properties of LC3 were also investigated
at 30°C simulating the climate conditions in Thailand for LC3 application.

Limestone and calcined clay can replace clinker up to 45% with excellent results. LC3-80(2:1), LC3-
65(2:1) and LC3-50(2:1) correspond to blended cements containing 80%, 65% and 50% of clinker,
respectively, 5% of gypsum and 15%, 30% and 45% of calcined clay and limestone with a fixed ratio of
2:1. The replacement of clinker with calcined clay and limestone leads to a significant porosity
refinement. This refinement results in the improvement of chloride ingress resistance. Concerning
strength development, the gel-space ratio permits to correlate strength with the phase assemblage.
The compressive strength of all LC3 blended systems meets the standard value of OPC type I (ASTM
C150) or CEM I 42.5N (EN 197-1). Increasing temperature from 20°C to 30°C promotes the clinker
hydration and the pozzolanic reaction resulting in the enhancement of strength development at the
early ages. LC3-65(2:1) is commercially promising in Thailand in term of maximum substitution level
coupled with satisfying results in terms of durability and strength.

For the optimization of LC3 properties, the influence of the alkali content in cement is investigated.
KOH or NaOH are used to adjust the alkali equivalent (%Naz0eq = %Naz0 + 0.658:%K20) from 0.44%
to 1.20%. Increasing alkalinity accelerates the clinker hydration and enhances the precipitation of
hydration products at early ages but it shows the opposite at late ages. The lower gel-space ratio and
the increase of porosity in high alkali condition cause the dramatical decrease of strength at later ages.
NaOH is more harmful on the properties of LC3-65(2:1) than KOH. Therefore, the maximum alkali
equivalent of LC3-65(2:1) is 0.77% Naz0Oeq (or 0.99% Naz0¢q in PC) for KOH addition and 0.63% Naz0e¢q
(or 0.79% Naz0eq in PC) for NaOH addition to prevent the negative effects at later ages.

Concerning the influence of the calcination method, calcined clay produced by the rotary kiln process
has a lower surface area compared to the clay calcined from the fluidized bed because of a coarser
pore width of calcined clay particles. Accordingly, the calcined clay produced by fluidized bed has a
slightly higher reactivity at the beginning but there is no significant difference in the reactivity of
calcined clay between these two processes later on. In terms of fineness, no increase of reactivity is
found for calcined clay finer than 10 pm, i.e. there is no need of overgrinding for calcined clay. The
different calcination processes and the variation of kaolinite content (45-50%) do not impact the
activation energy (E,) of calcined clays.

Keywords: Limestone calcined clay cement, LC3, SCMs, alkalis, calcination process






Résumé

Le remplacement partiel du clinker par des matériaux cimentaires de substitution est la meilleure
approche pour réduire les émissions de CO; liées a la production de ciment. En Thailande, les argiles
calcinées sont abondantes, et leur utilisation dans le ciment semble trés prometteuse.

Les argiles utilisées dans cette étude proviennent de Thailande, et sont utilisées pour formuler les
ciments calcaires argiles calcinées (LC3). Les objectifs de ce travail de these sont de promouvoir
I'utilisation de LC3 en Thailande. Pour trouver la meilleure alternative possible, différents niveaux de
substitution, compositions de ciment et méthodes de calcination de l'argile sont examinés. L’influence
de ces paramétres sur les réactions d’hydratation, sur les propriétés rhéologiques, mécaniques et de
durabilité est étudiée. De plus, pour répliquer les conditions climatiques de Thailande, des tests ont
également été effectués a plus haute température, 30°C.

Trois niveaux de substitution ont été utilisés: LC3-80(2:1), LC3-65(2:1) et LC3-50(2:1), avec
respectivement une fraction de clinker de 80%, 65% et 50%. 5% de gypse est présent dans chaque
systéme. Le reste est composé d’'une combinaison d’argile calcinée et de calcaire avec un ratio de 2
pour 1. Pour les trois niveaux de substitution, 15%, 30% et 45% d’argile calcinée et de calcaire sont
ainsi considérés. Dans les ciments LC3, un important raffinement de la porosité est observé. Ce
raffinement est responsable de I'excellente résistance aux chlorures. Concernant le développement des
résistances mécaniques, les valeurs obtenues sont corrélées a l'assemblage de phase durant
I'hydratation grace a I'approche consistant a considérer le volume d’hydrates normalisé par 'espace
disponible. Par ailleurs, tous les systemes LC3 passent les standards OPC type I (ASTM C150) ou CEM |
42.5N (EN 197-1) en termes de performance. L'augmentation de la température de 20°C a 30°C
accéléere I'hydratation du clinker et la réaction du métakaolin dans 'argile calcinée. Les résistances a la
compression sont améliorées a jeunes ages. Pour la Thailande, le systéme LC3-65 (2:1) est I'approche
la plus prometteuse, avec le meilleur compromis en termes de résistances mécaniques et de durabilité.

Pour optimiser les propriétés du LC3, I'influence de la teneur en alcalis dans le ciment a été etudié. KOH
et NaOH ont été utilisés pour ajuster le contenu en alcalin (%Naz0eq = %Na20 + 0.658-%K;0) de 0.44%
a 1.20%. En augmentant le taux d’alcalin, '’hydratation est accélérée a jeunes ages mais l'effet opposé
est observé pour des ages tardifs, ou une augmentation de la porosité et une réduction des résistances
a la compression sont observées. L'effet du NaOH est plus prononcé que le KOH. L’optimisation des
propriétés du LC3-65 (2:1) est ainsi obtenue avec 0.77%Naz0¢q pour 'addition de KOH et 0.63%Na;0¢q
pour le NaOH, sans pour autant dégrader les propriétés a ages tardifs.

Enfin, concernant l'influence du procédé de calcination, une surface spécifique moins élevée est
mesurée pour l'argile calcinée par four rotatif par rapport au lit fluidifié. Cela conduit a une réactivité
légérement inférieure a jeune age. En termes de broyage de I'argile, la réactivité de I'argile calcinée
n‘augmente plus en dessous d’une taille moyenne de 10 pm. Il n'y a par conséquent pas besoin de
broyer trop finement I'argile calcinée. L’énergie d’activation de 'argile calcinée n’est en revanche pas
influencée par les différents procédés de calcination.

Mots clés: Ciment calcaire argile calcinée, L.C3, alcalins, procédé de calcination
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1.1 Global situation of cement production

The cement industry is a single industry that accounts for about 7% of global carbon dioxide (CO3)
emissions [1]. As environmental concerns mount up, the demand for more environmentally friendly
construction materials keeps on rising. Supplementary cementitious materials (SCMs) can significantly
decrease the amount of clinker required for the production of blended cement. In addition, the proper
use of SCMs can improve the performance of the cementitious product made [2-5]. Therefore, the
demand for SCMs has increased. Traditional SCMs such as fly ash, ground granulated blast furnace
slag, or silica fume are potentially good for replacing part of the clinker, but their local availability can
become a limiting factor and they are no longer sufficient for the demands of the construction industry
[6]. The use of calcined clay, with sufficient kaolinite content, as an alternative SCM is becoming a
commercially viable option because of the abundant supplies available worldwide as seen in Figure
1.1.
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Figure 1.1 The amount of SCMs available worldwide [7]

Limestone Calcined Clay Cement (LC3) is a new type of ternary blend of limestone, calcined clay and
clinker [8]. Although, calcined clay and limestone have been used for several decades in blended
cements. The novelty of LC3 is to exploit from the synergy of the combined use of calcined clay and
limestone. LC3 has properties similar to or better than typical Portland cement even at much lower
levels of clinker. Accordingly, LC3 becomes very attractive for the cement industry to reduce CO:
emission from cement production.

In Thailand, Siam Cement Group (SCG) places importance on the research and development of
products and aims to develop innovative products that both are environmentally friendly and meet the
demands of the consumer [9]. For SCG Cement-Building Materials business, the replacement of clinker
with SCMs is of great interest to achieve the target of greenhouse gas emission reduction. The
abundant availability of limestone and clays in Thailand makes the application of LC3 in Thailand of
interest.

1.2  Kaolinite among clay types

There are several types of natural clay minerals differing in their structure. In general, the structure of
the clay minerals consists of two basic units, an octahedral sheet and a tetrahedral sheet [10]. The
octahedral sheet is composed of closely packed oxygens and hydroxyls in which mostly aluminum, but
also iron or magnesium atoms are arranged in octahedral coordination. The tetrahedral sheet consists
of four oxygens arranged in the form of a tetrahedron with the silicon atom in the center.

Clay minerals can be divided into two types:

e Two-layer type (a single tetrahedral sheet and a single octahedral sheet, 1:1)
- E.g. Kaolinite, Dickite, Nacrite

* Three-layer type (two layers of silica tetrahedrons and one central dioctahedral or triocta-
hedral layer, 2:1)
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- Expansive (e.g. Montmorillonite (smectitic), Nontronite)
- Non-expansive (e.g. Illite)
The diagrammatic sketch of Kaolinite, Montmorillonite, and Illite is shown in Figure 1.2.

STRUCTURE OF
MONTMORILLONITE

STRUCTURE OF A KAOLINITE LAYER| STRUCTURE LITEMICA

EXCHANGEABLE CATIONS
n H,0

MODIFIED FROM GRIM (1962) MODIFIED FROM GRIM (1962) MODIFIED FROM GRIM (1962)

Figure 1.2 Diagrammatic sketch of Kaolinite, Montmorrilonite, and Illite. Adapted from [11]

Among the different kinds of clays, kaolinite is the most suitable for use as an SCM [12], as explained in
the next section. In Thailand, kaolinite is one of the major clay minerals and is distributed throughout
the country as seen in Figure 1.3 where stars indicate the locations of kaolinitic clay quarries mainly
used in the ceramic industry. The geological features of kaolinite sources can be divided into 3 types
including sedimentary origin, hydrothermal /Pneumatolytic origin and residual weathering origin [13].
The source of clays used in this study comes from the central part of Thailand, which comes from the
hydrothermal degradation of rhyolite or volcanic tuff.

Figure 1.3 Map showing locations of kaolinite deposits in Thailand and clays used in this study.
Adapted from [14]
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1.3 Thermal activation of kaolinite

Most of the raw clays in cement act as inert filler. To make clay reactive, the clay must be activated
through a mechanical, a chemical or a thermal process [15]. However, the most economically viable
and common technique to activate raw clays is the thermal activation through dehydroxylation
/calcination of the clays. The conventional calcination process of clay is using a rotary Kkiln, similar to
clinkerization process. Flash calcination is applied to produce the calcined clay, recently. This process
is more thermally efficient process than the rotary calcination [16] and flash calcination seems to
slightly enhance the reactivity of calcined clay compared with the rotary kiln [16-18].

The calcination of kaolinite (AS,H,) leads to the formation of a highly reactive metastable phase called
metakaolin (AS,), according to Equation 1.1. The adequate thermal range for clay calcination is
between 700°C and 850°C [19].

AS,H, - AS, + 2H (vap.) Equation 1.1

The excellent reactivity of metakaolin was explained by the presence of Al(V) in the structure, as
shown by 27Al NMR spectra in Figure 1.4. For other types of clays, which are less reactive, only Al(IV)
and Al(VI) are observed. This structural disorder is responsible for the pozzolanic reactivity of
metakaolin [20]. Metakaolin also shows the highest reactive properties due to its higher content of
dehydroxylated groups comparing with calcined illite and calcined montmorillonite [12, 21].

During hydration of blended cements, metakaolin reacts as a pozzolan with portlandite (CH) to form
C-A-S-H and some aluminate hydrates such as stratlingite (C2ASHs) which starts to form after CH
depletion [22]. The pozzolanic reaction of calcined clay or metakaolin (AS;) is shown in Equation 1.2.

AS; +CH+6H—>C—A—S—H+ (C,ASHg Equation 1.2

vioowv

200 150 100 50 0 -50 -100-150-200 200 150 100 50 O -50 -100-150-200 200 150 100 50 O -50 -100-150-200

(ppm) (ppm) (ppm)
Kaolinite lllite Montmorillonite
%wt Al,O; : 36.4 %wt Al O, : 19.3 %ewt ALLO; : 20.1
%Wt Fezc?3 :0.8 YWt Fe263 :5.0 YWt Fezti, :4.0

Figure 1.4 27Al NMR spectra of kaolinite, illite, and montmorillonite before and after calcination [12]
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1.4 Combination of calcined clay and limestone

In presence of limestone in Portland cement, calcium carbonate (Cc) can react with CzA from the
clinker to form hemicarboaluminate (C4ACosH12) and monocarboaluminate (C2ACH11) phases [23-25]
according to Equation 1.3 and Equation 1.4. As a consequence of Hc and Mc formation, ettringite does
not decompose to monosulfate in systems containing limestone [26]. However, the formation of
carboaluminate hydrates is limited by the aluminate provided by the clinker [27].

C3A +0.5Cc+ 0.5CH + 11.5H - C4,ACy5Hq> Equation 1.3
C3A+Cc+11H -» C,ACH4 Equation 1.4

When limestone and calcined clay are combined, in addition to the pozzolanic reaction of metakaolin
and limestone reaction with C3A, there is the synergetic effect between metakaolin and limestone
resulting in the enhancement of limestone reaction thanks to the extra aluminates (A) provided by
metakaolin [28]. The equation of the synergy effect is described in Equation 1.5.

A+ Cc+ 3CH -» CLACH4 Equation 1.5

1.5 Properties of limestone calcined clay cement (LC3)

1.5.1 Hydration reactions and microstructure development

Antoni [29] demonstrated the feasibility of using high-grade calcined clay (>95% of metakaolin) for
blended cement and studied the hydration reaction of blended cement in several systems including
OPC-metakaolin (MK30), OPC-limestone (LS15), and OPC-metakaolin-limestone (MK-B45) compared
to OPC. The Phase assemblage for each system qualified using XRD is shown in Figure 1.5. It was found
that the presence of metakaolin only (MK30) leads to the formation of stratlingite (strat) and
monosulfate (Ms) along with less Portlandite (CH) from 7 days onwards. The presence of limestone
(LS15) promotes the formation of carboaluminate hydrated (Hc and Mc) instead of Ms. The
enhancement of ettringite (Ettr) and carboaluminate phases formation can be obtained from the
system containing both metakaolin and limestone (MK-B45).
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Figure 1.5 XRD results of OPC, MK30, LS15, and MK-B45 at 1, 7, 28 and 90 days [29].

The difference in phase assemblage results in the different microstructure development and influences
the properties of cement. As seen in Figure 1.6, the MIP results show a porosity refinement for all the
blended systems compared to OPC.
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Figure 1.6 MIP results of OPC and the blended cements at 28 days [29].
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For high-grade clays (high kaolinite content) in LC3-50, there is a refinement of the porosity to a
limiting critical pore entry radius (about 3-5 nm [30]). This results in the slowing down of the clinker
hydration as seen in Figure 1.7. Avet explained from Equation 1.6 (Correns equation) that the decrease
of the pore size (r) results in the increase of the curvature at the solid/liquid interface (y). Accordingly,
to continue hydrated growth and continue hydration, it is necessary to increase the saturation index

(SD).
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Figure 1.7 The critical pore entry radius plotted as a function of calcined kaolinite content (left) and
the degree of clinker hydration as a function of time (right) [30]

P=21m@osh =L (i
Vm Vm K.

) =— Equation 1.6
sp

where P is the pressure, K is the ion activity product, K, is the solubility product of the hydrate
growing in the pore, R is the gas constant, T is the temperature, V,, is the molar volume of the hydra-
tion product growing in the pore. y is the interfacial energy between the hydration product and the
solution.

1.5.2 Mechanical properties

Antoni [29] studied a blended cement with 45% of clinker substitution by varying metakaolin to
limestone weight ratios (B45 in [29] or called LC3-50). The optimal calcined clay to limestone ratio was
found to be 2:1 which gave the best mechanical properties at 7 and 28 days, as shown in Figure 1.8.
Moreover, Antoni also mentioned that the sulfate content should be adjusted in the system containing
a high amount of calcined clay to prevent undersulfation. After 1.5% and 3% of gypsum addition, the
1-day strength of the blend was increased from 44% of the reference PC to 69% and 64% of the
reference PC, respectively.
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Figure 1.8 Relative compressive strength of B45 (LC3-50) varying metakaolin:limestone ratios.
Adapted from [29]

Due to the high expense of high-grade calcined clays, Avet [31] investigated the influence of the
calcined kaolinite content of calcined clays on the mechanical properties of LC3. For LC3-50 systems
(50% clinker, 5% gypsum, 30% calcined clay and 15% limestone), strengths increase linearly with the
calcined kaolinite content of calcined clays. LC3 blends containing based on clays with 240% of
calcined kaolinite reached equivalent strengths to reference PC (dotted lines) from 7 days onwards as
seen in Figure 1.9. Thus, low-grade calcined clays containing 240% of calcined kaolinite can be used in
LC3. These clays are the most promising for LC3, since they are less expensive, and provide the best
compromise between mechanical, rheological and durability properties [31].
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Figure 1.9 The relation between calcined kaolinite content and compressive strength of LC3-50 blends
(30]
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Considering the quality of limestone, Krishnan et al. [32] explored the use of dolomite as an alternative
carbonate source to limestone in the LC3-50 system. He showed the similar trends observed in the
compressive strength development of the LC3 (using limestone) and the DC3 (using dolomite) blends.
Compared with quartz (QC3), limestone and dolomite provide a significant improvement of early age
strength, as shown in Figure 1.10.
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Figure 1.10 Compressive strength of LC3-50 containing 15% of limestone (LC3), 15% of dolomite
(DC3), and 15% of quartz (QC3) [32]

1.5.3 Rheological properties

One of the issues concerning the use of calcined clay is the workability. Because of the high surface
area of clay particles, the water requirement of LC3 blended cement may be higher than that of normal
PC for similar workability properties. However, to improve the workability of LC3, the chemical
admixtures can be used. Avet [31] presented the amount of superplasticizer needed for LC3 to get the
comparable flowability with as plain PC as a function of the calcined kaolinite content in both cases of
mortars and pastes. As seen in Figure 1.11, the higher the calcined kaolinite content the more
superplasticizer required to achieve the same workability.
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Figure 1.11 The amount of superplasticizer used in LC3-50 mortars (left) and pastes (right) [31]
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1.5.4 Durability properties

The obvious advantage of LC3 is a very high degree of pore refinement compared to the plain PC as

seen in Figure 1.12. The MIP results show the progressive porosity refinement of LC3-50 blends with
an increasing percentage of kaolinite. This refined pore structure is beneficial in terms of transport
properties, particularly chloride penetration. Figure 1.13 shows the chloride penetration depth of LC3-
50 mortars containing >50% kaolinite is less than 10 mm after exposures in 3 wt% NaCl solution for 2
years. As discussed by Maraghechi et al. [33], it appears that the improvement in chloride resistance is

due to the porosity refinement rather than differences in chloride binding capacity of the hydrated
products as seen in Figure 1.14.
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Figure 1.12 MIP results for PC and LC3-50 blends at 3 days and 28 days [30]
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Figure 1.14 Correlation between the bound chloride and the critical pore entry radius with the appar-
ent chloride diffusion coefficient [33]

1.6  Motivation and objectives of the thesis

Antoni’s work has shown the positive effects of calcined clay with high kaolinite content and Avet's
work investigated clay composition and properties and showed the satisfactory results obtained using
low kaolinite calcined clay. Krishnan’s work provided the information on limestone that even low-
grade limestone could be used in LC3. However, there is a lack of information concerning the influence
of cement composition. Due to the different clinkers existing in Thailand, the influence of the cement
composition is crucial for optimizing the substitution level of clinker in LC3. Moreover, the study of
hydration mechanisms of clays calcined from the different process has not been deeply studied.

Another important point is that all the previous tests were performed at room temperature of EPFL
(20°C), which is lower than the normal working temperature in Thailand. The average temperature in
Thailand is around 30°C. The impacts of temperature are also studied to mimic the climate conditions
for LC3 in Thailand.

Therefore, in order to explore the potential of using calcined clays with low kaolinite content
(approximately 50%) which are available in Thailand for LC3 production, the understanding of the
influence of the substitution level, the cement composition, and the different calcination process on the
properties of LC3 were studied. Also, LC3 systems were investigated the properties at 30°C in the
laboratory to simulate using LC3 in real environments.

Thus, the aims of this thesis are:

To maximize SCMs levels in LC3 to get comparable properties to PC

To study the effect of cement composition particularly alkalis content on the reactions of LC3
To study the reactivity of calcined clay from different calcination process

To study the effect of the temperature on the properties of LC3

BN =
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Chapter 1. Introduction

The overall outline of the thesis is summarized as follows

Chapter 2. describes the materials and methods used

Chapter 3. presents the influence of substitution level on the properties of LC3.
Chapter 4. investigates the impact of alkalis on the properties of LC3.

Chapter 5. details the influence of calcination process on the reactivity of calcined clay and conse-
quently the properties of LC3.

Chapter 6. monitors the durabilities properties of LC3.

Chapter 7. provides the conclusions and the perspectives for future work.
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The overview of the samples and the main techniques used for the characterization/evaluation in this
study is shown in Figure 2.1.

Characterization/Evaluation

v v \’

Raw materials Cement pastes Mortars
— Particle size analysis —* Heat of hydration —4 Mechanical property
* PSD * Isothermal calorimeter * Compressive strength
* BET
% Phase assemblage —+ Durability properties
—+¢ Morphology of clays * XRD * Carbonation
* SEM-SE * Chloride ingress
% Microstructure & « ASR
% Chemical composition Morphology of hydrates
* XRF » SEM-BSE, SEM-SE —+¢ Porosity
* MIP
—+ Phase composition % C-(A)-S-H composition
* XRD * SEM-EDS
—+ Kaolinite content —* Porosity
* TGA * MIP
—% Pore solution
« ICP, pH meter

Figure 2.1 The overview of the samples and the main techniques used for the characterization
/evaluation in this study
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2.1 Raw materials

The cement (PC) used was OPC type I (ASTM C150) produced by Siam Cement Group (SCG), Thailand.
The calcined clay used in this study has a kaolinite content of 50%, determined by TGA using a tangent
method. This clay was calcined at 750°C for 5 sec in a fluidized bed combustor. Limestone used is a
commercial product (Durcal 5, Omya). Gypsum for sulfate adjustment was reagent grade powder
(>98% extra pure, AcrosOrganics). The chemical composition of raw materials obtained by X-Ray
Fluorescence (XRF) is given in Table 2.1, as well as the volume median diameter measured by laser
diffraction and the specific surface area determined by nitrogen adsorption with BET model. The
phase composition of the PC is also shown in Table 2.2.

Table 2.1 Chemical and physical properties of raw materials

Oxides(%) PC Calcined clay | Limestone
Si0; 19.21 40.70 0.11
Al203 4.92 30.36 0
Fe;03 3.26 20.13 0.04
Ca0 65.24 2.07 54.96
MgO 1.24 0.55 0.15
SO3 2.37 0.01 0.03
Naz0 0.22 0.31 0.06
K20 0.47 0.12 0
TiO; 0.29 2.67 0
P05 0.04 0.63 0
Mn;03 0.07 0.12 0
LOI 2.56 2.49 42.5
%Naz0¢q 0.52 0.39 0.06
Particle analysis
D(v,0.5) 12.83 4.02 7.21
(pm)
BET specific
surface N/A 30.2 1.8
(m?/g)

Table 2.2 The phase composition of the PC

Phase (%) PC
CsS 67.72

C.S 7.95
CsA 6.57
C4AF 9.21
Calcite 4.09
Gypsum 0.93

Bassanite 4.02

14
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2.2 Methods

2.2.1 Particle size distribution and specific surface analysis

The particle size of raw materials was analyzed using laser diffraction (Malvern MasterSizer S). The
particles were dispersed in isopropanol for cement, in Na;CO3 solution (pH = 10) for calcined clays and
in 0.01%PAA solution for limestone. Mie theory was used to predict the size of the particle. The
parameters for the calculation are shown in Table 2.3.

Table 2.3 Refractive index and absorption index of solutions and powders

Refractive index | Absorption index

Solutions

Isopropanol 1.40 -

Na,COs3 1.33 -

PAA 1.51 -
Powders

PC 1.68 0.10

Calcined clay 1.53 0.01

Limestone 1.50 0.01

The specific surface area of powder was carried on using gas adsorption technique. Micromeritics
TriStar II Plus was used. The powder was degassed at 200°C under constant N; flow for 2-4 hr before
the experiment. The BET equation [34] was employed to determine the specific surface area. The
method of BJH [35] was used for calculating pore diameter, volume, and distribution. It is suitable for
the determination of the mesopore and small macropore size ranges.

2.2.2 Cement paste preparation

Cement pastes were prepared for studying the hydration reaction, phase assemblage, microstructure,
and porosity. The water to binder ratio was fixed at 0.4. 100 g of binder powder was mixed with water
using a high-speed mixer at 1,600 rpm for 2 minutes in a plastic cup. Approximately, 10 g of the paste
was placed in a calorimetry ampoule. The rest of fresh pastes was poured in 50 mL cylindrical
polyethylene containers (35 mm in diameter) then sealed and stored at 20°C or 30°C for curing until
testing.

At the required time of testing, hardened pastes were taken from the plastic container and three 2
mm-thick slices were cut with a diamond saw using deionized water as a lubricant. A fresh slice was
directly used for X-Ray Diffraction and the other two slices were put in isopropanol for 7 days for
stopping hydration. Isopropanol was changed after 1 hour, 1 day, and 3 days and then the slices were
stored in a vacuum desiccator for at least 2 days.

2.2.3 Isothermal calorimetry

This technique is used for measuring the heat release from the hydration process of cementitious
materials. A typical heat evolution curve of Portland cement is shown in Figure 2.2. The shape of the
heat flow curve reflects the hydration process and the integrated heat flow (heat accumulation) curve
relates to the magnitude of heat evolved.
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Figure 2.2 Heat evolution curve of OPC type I

To measure the heat evolution of samples, 10 g of paste was put into a specific ampoule. This ampoule
was sealed with a lid and then was placed inside the isothermal calorimeter (TAM Air, TA instrument).
The heat evolution was monitored at 20°C or 30°C for 7 days to investigate the hydration reaction. The
reference sample used in this study had the same specific heat as the paste and was composed of 4.14
g of water.

2.2.4 X-Ray diffraction (XRD)

X-Ray diffraction was used to identify and quantify the phase composition of raw materials and
hardened cement pastes. Raw materials and cement paste sample experiments were carried out on
powder samples and fresh slices, respectively. The measurement was performed using PANalytical
X'pert Pro MPD with a step width 0.0167° from 5° to 70° and time per step of 59.65 s for the raw
materials or 29.84 s for the paste slices. The X-ray source was run at 45 kV, 40 mA using CuKa
radiation (A=1.54 A). The phase quantification based on Rietveld analysis was carried out with X'Pert
HighScore Plus program using rutile powder (Kronos-2300 Titanium dioxide) as an external standard.

The degree of clinker hydration (DoH) was calculated from the mass fractions of the C3S (Alite), C.S
(Belite), C3A (Aluminate), and C4AF (Ferrite) reacted. The formula for calculation is shown in Equation
2.1.

2(C3S,C25,C3A,CLAF) ¢y - X(C3S5,C25,C3A,C4AF) ¢
2(C35,C2S,C3A,C4AF )¢,

DoH (%) = ( )X100 Equation 2.1

where Y.(C3S, C,S,C3S, C4AF), was the sum of clinker phases at initial time

2.(C3S,C,S,C3S,C4L,AF); was the sum of the remaining clinker phases at time of interest

The XRD/Rietveld results can be expressed as either per 100 g of dry basis (carried on cement powder
at initial) and per 100 g of paste basis (carried on fresh slices at time of interest). The DoH calculation
should be done on the same basis to achieve the accurate results. The recalculation between dry basis
and paste basis is given as follows.
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%Masspqste = %oMassgryx(1/1+w/c) Equation 2.2

%Massgry = %MasspasieX (1+w/c) Equation 2.3

2.2.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was mainly used to determine the kaolinite content of the clays in this
study. The characteristic TGA and DTG curves of the kaolinite clay can be seen in Figure 2.3. The mass
loss at a temperature lower than 200°C can be due to the loss of moisture and the decomposition of
organic compounds. The loss in the range of 220°C and 330°C corresponds to iron hydroxide
decomposition [36]. The dehydroxylation of kaolinite clay takes place in the range of 400°C - 600°C
depending on the crystallinity or particle size distribution [12]. And the mass loss between 650°C and
750°C is usually CaCO3 decomposition. The other clay types can also contribute to the mass loss in the
range of 350°C to 850°C [36]. The kaolinite content was calculated from the weight loss during clay
dehydroxylation using the tangent method. The equation for calculating the percentage of kaolinite
content is shown in Equation 2.4.

Mgaolinite

Wt%aotinte = Wt%water X Equation 2.4

ZMwater

where, Wt%pqoiinite Was the percentage of kaolinite content, wt%,,4terr Was the mass loss during the
dehydroxylation period, Mygoiinite and My, qrer referred to the molecular mass of kaolinite and water,
respectively.

TGA was also used to examine the phase assemblage of hydrated samples. The measurement was
carried on powder samples using a Mettler-Toledo TGA/SDTA 851. Samples were crushed to obtain
fine powder in an agate mortar. Approximately, 50 mg of powder was filled in a specific alumina
crucible. The program was run at a ramp rate of 10°C/min from 30°C to 1,000°C under a 30 ml/min
flow of No.
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Figure 2.3 TGA and DTG curves of a kaolinite clay
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2.2.6 Scanning electron microscopy (SEM)

Scanning electron microscopy is a useful technique for observing the microstructure of materials with
information about the topography, morphology, and composition. The morphology of clay particles or
hydration products were observed using a FEI XLF-30 SFEG-SEM in secondary electron mode (SEM-
SE). Ir-metal coating was applied to achieve a conductive surface. The backscattered electron imaging
(SEM-BSE) and energy dispersive X-ray spectroscopy (SEM-EDS) were carried out on polished cross-
section using a FEI Quanta 200 equipped with Bruker XFlash 4030 EDS detector. Carbon was used as
coating especially for the composition analysis because it is a light element (Z = 6) that does not
interfere with the main elements present in hydration products.

2.2.6.1 Polished sample preparation

For the powder sample such as observing the agglomeration of clay particles, 0.1 g of clay powder was
mixed with 10 g of a low viscosity epoxy resin (EpoTek 301) by hands in a plastic cup. The mixture
was cast into a rubber mould and the resin allowed to set. The automatic polishing machine (MD Largo
Struers) with a speed of 150 rpm and 20N force for pressing samples was used. To obtain a mirror-like
sample surface, polishing started with 9 pym diamond spray for 30 min and then changed to 3 um for 2
hr and finished with 1 pm for 2 hr. The petroleum and diamond sprays (Struers) were used as
lubricant and polishing agent, respectively. Polished samples were cleaned using isopropanol in an
ultrasonic bath and were kept in a desiccator. Before SEM investigations, a 15 nm thick carbon layer
was applied in order to provide a conductive surface.

For hydrated samples, a small piece of sample was impregnated under vacuum with a low viscosity
and transparent epoxy resin (EpoTek 301). After resin set, pre-polishing was done on an abrasive
sandpaper grade P1200 using isopropanol as a lubricant. Once the resin-covered on the interested
area was removed, the impregnated samples were moved to the step of fine polishing, similarly to
powder samples.

2.2.6.2 The determination of C-A-S-H compositions

The composition of the C-(A)-S-H was determined by the EDS point analysis following the work of
Rossen et al. [37] and observed on the polished surface of cement pastes. An acceleration voltage of 15
kV and a working distance of 12.5 mm were used. Due to the variability of the C-(A)-S-H composition
and to achieve the better statistics, 200 points of the EDS analysis were collected from the inner
product of C-(A)-S-H as seen the red point in Figure 2.4. The typical plot between the atomic ratio of
Si/Ca versus Al/Ca to define the composition is shown in Figure 2.5. The other phases (AFt, Afm, and
CH) can be possibly intermixed with C-(A)-S-H. Thus, the estimation of the C-(A)-S-H composition is
the extream point of the cloud as seen the red point in Figure 2.5.
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Figure 2.4 EDS point analysis of inner C-(A)-S-H
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Figure 2.5 Determination of the C-(A)-S-H composition from the plot of Si/Ca versus Al/Ca

2.2.7 Mercury Intrusion Porosimetry (MIP)

The dimensional range of phases and pores in a hydrated cement paste is showed in Figure 2.6. The
porosity parameters characterized using MIP are shown in Figure 2.7. The critical pore radius is the
point where the intrusion of mercury increases the most rapidly corresponding to the maximum of the
sharp peak of the derivative curve. The threshold pore radius or the onset of percolation is the first
inflection point where the curve at which the slope of cumulative curve increase abruptly. The total
porosity is the fraction of the volume of voids over the total volume of samples. In this study, all
porosity parameters were used to investigate the physical properties, mechanical properties and
durability properties of LC3 compared to PC.

To characterize porosity, MIP (POROTEC GmbH PASCAL 140 and PASCAL 440 instruments) was used
on samples dried by solvent exchange. Pastes of 0.8 - 1 g were broken into small pieces and were
tested up to a maximum pressure of 400 MPa. The Washburn equation was used to calculate the pore
entry diameter/radius using 0.485 N/m for the surface tension of mercury and 140° for contact angle
between mercury and cement paste.
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Figure 2.6 Dimensional range of phases and pores in a hydrated cement paste. Adapted from [38].
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2.2.8 Pore solution extraction

To extract the solution, cement pastes were mixed at a water/binder ratio of 0.4 and were cast into
plastic bottles (55 mm in diameter, 100 mm height). The pastes were stored at 20°C in sealed
conditions for 1, 3 and 28 days before testing. The extraction was carried out using a steel die press.
The pore solution was extracted using 500 kN of pressure for 1-day, 3-day samples and 1200 kN for
28-day samples. To prevent precipitation, the pore solution was filtered with a 0.2 pm filter and 3.3
mL were diluted immediately in a plastic tube containing 6.47 mL of ultra-pure water and 0.2 ml of 8M
HNO3 and then they were kept at 4°C until testing. The cation concentrations of Ca, Al, Si, K, and Na
were measured using an inductively coupled plasma/optical emission spectroscopy (ICP/OES,
Shimadzu ICPE 9000). The pH of the extracted solution was measured at room temperature using a pH
meter suitable for high pH (Knick pH-Meter 766 equipped with a Knick SE100 electrode). The
concentration of OH- was calculated according to Equation 2.5.

[OH™] = 10WH-14) Equation 2.5

2.2.9 Mass balance calculation

Some hydrated phases that are nanocrystalline, poorly crystalline and amorphous phase cannot be
accurately quantified by XRD-Rietveld. Mass balance calculation is a useful method to determine the
whole phase assemblage [31, 39] and it can be used to examine the degree of metakaolin reaction. The
calculation requires the oxides converted from the reacted anhydrous phases and the ratio of Al/Ca
and Si/Ca of C-(A)-S-H analyzed by SEM-EDS. The reacted anhydrous phases include clinker phases,
limestone, and calcined clay. The amount of reacted calcined clay (metakaolin) is the independent
variable for the calculation. The steps of the calculation are shown in Figure 2.8. The obtained results
are in the unit of grams per 100 grams of binders. In order to convert to volume (cm3) per 100 grams
of binders, the density of each phase in Table 2.4 was used.

A s R A procesme

Reacted Phases  Available  ¢ppqeps || - Sum up each oxide - Ca0, Si0,, AL,O,, Fe,0,, MgO, ( Water
(by XRD) Oxides S0,, CO,, H,0 and set as initial values Ht
C.S Ccao Al/Ca - All Mg go to hydrotalcite (M,AH ) (initial Al,0, and Hg
CBS Sio SI/CB H,0 are subtracted) C-A-S-H
2 2 -A-S-
CA AlLO - All Fe,0, form Fe-siliceous hydrogarnet
CBAF Fez 03 W/C (C5FSg.84H4 3,) (initial Si0,, Fe,0,, and H,0 are subtracted) Ett
4 23]
CaS0,+2H,0 MgO - Tlh/e remzini;lg Sio, goesdto C—;\(»S—H It)hat know Lhe I\I_/|IS
Al/Ca and Si/Ca ratio and H,0/(Si+Al) = 4 is use C
Caco3 503 HZO (Al,04, Ca0, and H,0 are subtrac%ed)

MgO

- Considering amount of ettringite (C;AS;H,,) from
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! i . . ' with TGA or XRD |
i AL, ) - The remaining Al,O, forms carboaluminate phases ||\ ____ 3

(C,ACH,; and C,AC, sH;,) (Ca0 and H,0 are subtracted) ‘

- The extra SiO, and Al, O, are calculated from the - The remaining CaO forms portlandite (CH)
reaction of metakaolin from 1%-100% / K / K Reacted MK (%) j

Figure 2.8 Procedure of mass balance calculation
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Table 2.4 Phase density from GEMS

Phase Formula Notation Density

(g/cm3)
Alite M3-C3S CsS 3.15
Belite B-C2S (PN 3.33
Aluminate C3A C3A 3.03
Ferrite C4AF C4AF 3.71
Metakaolin AS; MK 2.50
Limestone CaC0s3 LS 2.71
Unreacted calcined clay - cC 2.80
Quartz SiO; Q 2.64
Portlandite Ca(OH): CH 2.25
Ettringite C6AS3H32 Ett 1.78
Monosulfate C4ASH1; Ms 2.02
Monocarbonate CsAcH11 Mc 2.18
Hemicarbonate CsAcosHi12 Hc 1.99
Hydrotalcite M4AH1o Ht 2.04
Hydrogarnet C3FSo.84Ha32 Hg 3.06
C-(A)-S-H CxAyS1-y)Ha C-(A)-S-H 2.00
Water H,0 Water 1.00

2.2.10 Compressive strength

The mortars were formulated and mixed according to EN 196-1. The ratio of binder to sand ratio was
1:3 and water to binder was fixed at 0.5. After mixing, the mortars were cast into a three-prism steel
mould 40 x 40 x 160 mm and kept in the molds for 24 hr. After demoulding, the mortars were cut to
get 40x40x40 cubes. Mortar cubes were kept in non-sealed plastic bags and cured in fog room at >95%
relative humidity until the day of testing (1, 2, 3, 7, 28, and 90 days). The compressive strength data for
each system and for each age were averaged based on 4 cubes tested on a universal testing machine
with a speed rate of 1.50 kN/s.

For testing at 30°C, mortar mixing was carried out at room temperature. The steel moulds were placed
in an oven at a temperature of 30°C right after casting. Since the mortars were demoulded and were
cut after 24 hr, cube samples were kept in sealed plastic bags to prevent moisture evaporation and
then were cured in the oven until the day of testing.

2.2.11 Gel-Space ratio

The gel-space ratio is a way to compare strength with phase assemblage [40]. It is the ratio of the
hydrates to the space available. A higher gel-space ratio reduces the porosity and therefore increases
the strength. There are several definitions of gel in the previous works [40-42]. Nevertheless, two
definitions of the gel were used in this study to investigate how the phase assemblage and space
available influence the strength of LC3. The first was only C-(A)-S-H as a part of gel because it acts as a
main of the hydration products. The second was considering all of the hydrated products (C-(A)-S-H,
CH, Ett, Hc, Mc, Ht, and Hg) as gel. In both cases, space was defined as the sum of the initial volume of
water and the volume of reacted binders (clinker, metakaolin, limestone). The calculation based on the
results of the mass balance calculations and the formula for calculating is shown in Equation 2.6 and
Equation 2.7.
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Y volc—(a)-s-H

Gel — Space ratio Equation 2.6

(2 V0l(react binders) to -2 VOl(react binders) ft)+ volyater

) VOlpydration products

Gel — Space ratio = Equation 2.7

(Z v0l(react binders) to -2 vOl(react binders) tt)+ volyater

Where, Y volc_(A)_S_H was the volume of C-(A)-S-H, Y vol was the sum of the volume
of hydrated products including (C-(A)-S-H, portlandite, ettringite, hemicarbonate, monocarbonate,

hydrotalcite, and hydrogarnet), ), vol was the sum of the volume of reacted binders

hydration products

react binders
including clinker, metakaolin, and limestone, vol, ,:. Was the initial volume of water

2.2.12 Durability study
2.2.12.1 Carbonation evaluation

Natural carbonation was studied on mortar cubes, using the same protocol as compressive strength
test samples. After demoulding and cutting, the 40x40x40 cubes were stored in non-sealed plastic bags
and cured at 20°C in fog room for 1, 3, and 28 days before exposure. The mortar cubes were then
stored under indoor and outdoor conditions both in Switzerland and Thailand. The carbonation depth
was measured using thymolphthalein or phenolphthalein after 6 months, 1 year and 2 years of
exposure.

2.2.12.2 Chloride ingress

For chloride ingress measurements, the mortars were cast in cardboard cylinder moulds - 110 mm
diameter and 230 mm height. After 24 hr, the mortar cylinders were demoulded and then cured at
20°C for 28 days in a fog room.

For migration testing, the experimental procedure was modified from ASTM C1202-97 by SIMCO using
the set-up shown in Figure 2.9. The solution for the upstream cell was the mix of 0.3M NaOH and 0.5M
NaCl and for the downstream cell was 0.3M NaOH. The cylinders were cut and ground to get a
thickness of 27 mm, approximately. Before placing the mortar slice between the two cells, the mortars
were soaked in 0.3M of NaOH solution under vacuum for 24 hr to be saturated. A voltage of 20 volts
was applied and run for 14 days. The current was measured to estimate the diffusion coefficient of
ions in cementitious materials.

Upstream cell Downstream cell

Specimen in silicone coating

Figure 2.9 The set-up of chloride migration test [39].
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Chloride ponding tests were performed following ASTM-C1543. The cylindrical mortars were cut in
half and all surfaces except the cut side were covered with epoxy to prevent any penetration of
chloride. The mortars were then ponded in a big plastic container with a 3% by mass NaCl solution for
6 months, 1 year and 2 years. The solution was exchanged every 2 months. At the time of interest, the
samples were removed from the solution. The surface was dried for 24 h. The ponded samples were
drilled perpendicular to the surface at different depths to obtain powdered samples. Depth intervals
are shown in Table 2.5. The determination of chloride content was made according to ASTM-
C1152/C1152M using AgNOs; titration.

Table 2.5 The depth intervals of drilling

Layer Depth (mm)
1 0.1-3.0
2 3.1-6.0
3 6.1-9.0
4 9.1-12.0
5 12.1-15.0
6 15.1-18.0
7 18.1-21.0
8 21.1-24.0
9 24.1-27.0
10 27.1-30.0
11 31.1-33.0
12 33.1-35.0

2.2.12.3 Alkali silicate reaction (ASR)

The highly reactive aggregate from North America called JOBE was used to investigate ASR.
40x40x160 mm mortar bars were cast using 1:3 binder to aggregate ratio and 0.46 as water to binder
ratio. After curing for 28 days in fog room at 20°C, mortar bars were soaked in 0.32 mol/L of NaOH
solutions at 38°C and the length changed was measured regularly over 12 months. The expansion has
been determined according to ASTM C 1293.
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3.1 Introduction

The aim of this study is to investigate the influence of the substitution level focusing on the raw
materials from Thailand in order to optimize the replacement of clinker by calcined clay and
limestone. In addition to studying at the usual reference temperature of 20°C, the development of
properties were also investigated at 30°C, which is more representative of ambient conditions in
Thailand.

3.2 Formulations

The cement (PC) used was OPC type I (ASTM C150) produced by Siam Cement Group (SCG), Thailand.
The calcined clay was also from Thailand with a calcined kaolinite content of 50% and this clay was
calcined at 750°C for 5 sec in fluidized bed combustor. A commercial limestone powder (Durcal 5,
Omya) was used in this study. The volume median diameter, D(v,0.5), of PC, calcined clay, and
limestone are 12.8 um, 4.6 pm and 7.2 um, respectively. The particle size distributions of raw materials
are given in Figure 3.1. A typical bimodal distribution of calcined clay is observed, with metakaolin
mainly present in the fine fraction (softer than secondary phases during grinding).
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Figure 3.1 The particle size distribution of raw materials

In previous work [28], it was found that the ratio of calcined clay to limestone giving the best
mechanical properties was 2:1, for 45% of clinker substitution. Therefore, this ratio of 2:1 was
retained for this study. The replacement of clinker with limestone and calcined clays from 15-45% was
studied. LC3-80(2:1), LC3-65(2:1) and LC3-50(2:1) correspond to blended cements with approximately
80%, 65% and 50% of clinker content, 5% of gypsum and with a replacement by calcined clay and
limestone fixed ratio of 2:1 at 15%, 30% and 45%, respectively. Separate grinding was performed to
prepare LC3 blended cements in this study. PC was directly used as a part of clinker. To obtain around
5% overall gypsum for each system of LC3, 0.25%, 0.5%, and 1% of calcium sulfate dihydrate (>98%,
AcrosOrganics) was added to LC3-80(2:1), LC3-65(2:1) and LC3-50(2:1), respectively. The formulations
of each batch are given in Table 3.1.

Table 3.1 Formulations of LC3 blended cements

wt.%
Name PC Calcined clay | Limestone Gypsum
addition
PC 100.00 0 0 0
LC3-80(2:1) 84.79 9.98 4.99 0.25
LC3-65(2:1) 69.65 19.90 9.95 0.50
LC3-50(2:1) 54.45 29.70 14.85 1.00

3.3 Workability and mechanical properties

The flow test was carried out following ASTM C1437-15. Figure 3.2 shows the flow of the fresh
mortars measured after tapping 25 times in 15 seconds on a flow table. The flow of the PC reference is
about 19.5 cm. It is interesting that replacing PC with calcined clay and limestone at all levels yields
the flow values similar for all systems using the same water to binder ratio and without any
superplasticizer. The flow of LC3 systems is in the range of 17.7-19.1 cm close to that of the PC.

26



Chapter 3. Influence of substitution levels of calcined clay and limestone on the properties of LC3

25

20+

"
10—-
5_-
0_-

LC*-80(2:1) LC*65(2:1) LC*50(2:1)

Flow (cm)

Figure 3.2 Flow test results of PC and LC3 systems at 20°C

The influence of the substitution level on the mechanical properties of LC3 at 20°C and 30°C is shown
in Figure 3.3. It shows that at 20°C, the compressive strength of LC3-80(2:1) and LC3-65(2:1) is
comparable to PC from 7 days onwards. Increasing temperature improves the strength development
of LC3. Similar strength of LC3-80(2:1) and LC3-65(2:1) to PC is obtained from 2 days onwards. LC3-
50(2:1) blend did not reach the same strength as PC at either temperature, it still has a strength in
excess of that specified for OPC type I (ASTM C150) or CEM I 42.5N (EN197-1). According to ASTM
C150, 3 days strength of this cement is equal or greater than 12 MPa and 7 days strength is equal to or
greater than 19 MPa. For EN197-1 (CEM I 42.5N or 52.5N), it is specified that 2 days strength and 28
days strength should not be less than 10 MPa or 20 MPa and 42.5 MPa or 52.5 MPa, respectively.

(a) (b)

{/IrC

I LC*-80(2:1)

1 [ LC?-65(2:1)
I LC°-50(2:1)

Compressive Strength (MPa)
Compressive Strength (MPa)

Days Days

Figure 3.3 Compressive strength of PC and LC3 systems at (a) 20°C and (b) 30°C
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3.4 Hydration reaction and microstructure

3.4.1 Heat of hydration

The heat flows of PC and LC3 systems normalized per gram of solid and normalized per gram of clinker
during the first 24 hours of hydration at 20°C and 30°C are shown in Figure 3.4. Increasing
temperature accelerates the cement hydration as seen by the higher intensities of the main peaks and
the shorter induction and acceleration periods. The hydration of the silicate phase is accelerated for
LC3 blends due to the filler effect [43] of calcined clay and limestone as observed by the shift of the 1st
peak when replacing the clinker with SCMs. Moreover, it can be observed that the height of the 2nd
peak corresponding to the aluminate phase reaction is significantly increased when increased the
addition of SCMs.
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Figure 3.4 Heat flow of PC and LC3 systems at 20°C (a) and 30°C (b) normalized per gram of solid (left)
and per gram of clinker (right)
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3.4.2 Degree of reactions

The degree of clinker hydration (DoH) and the degree of metakaolin reaction (DoR) are shown in
Figure 3.5 and Figure 3.6, respectively. The substitution levels of SCMs, which are 15-45% in this
study, significantly affect the DoH at both temperatures. The DoH increases with increasing the
addition of SCMs at early ages but the opposite is observed at later ages, as shown in Figure 3.5. The
increase in temperature means this turnover occurs earlier.

The DoR of LC3 system evaluated by mass balance calculation shows similar trends to DoH at 20°C and
30°C as seen in Figure 3.6. At 20°C, there is no significant different DoR among LC3 blended cement at 3
days and 7 days of hydration but at 28 days the DoR of LC3-50(2:1) is lower than the others. Not only
DoH is promoted by elevated temperature, but also the pozzolanic reaction. The DoR of LC3-65(2:1)
and LC3-80(2:1) reaches 80% and 60% for LC3-50(2:1) at 3 days when increasing the temperature

from 20°C to 30°C.
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Figure 3.5 Degree of clinker hydration of PC and LC3 systems at (a) 20°C and (b) 30°C
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3.4.3 Phase assemblage

For the study of the phase assemblage, the XRD patterns are shown in Figure 3.7. The results show
that ettringite (Ett, 20 = 9°) in all systems is retained after formation thanks to the presence of
limestone [23, 24], this is also the case for PC which initially contains about 4% of limestone. However,
the increase in curing temperature reduces the formation of Ett as seen by the peak intensity of Ett at
30°C is lower than at 20°C. The level of SCMs substitution affects the formation of carboaluminate
phases, hemicarbonate (Hc, 26 = 10.7°) and monocarbonate (Mc, 26 = 11.6°). An increase of SCMs
content increases the formation of Hc at 1 day and this is emphasized at 30°C. From the
thermodynamic perspective, Hc is less stable compared to Mc, with time it will transform to Mc [25,
44]. However, these results show, that as the level of substitution increases, there is more persistence
of Hc. Figure 3.7(b) shows the peak intensity of Hc phase of LC3-50(2:1) is higher than the others at 28
days. Higher temperature accelerates the transformation; the Hc peak in LC3-80(2:1) has almost
disappeared at 28 days.

(@) (b)

- _MJLJM S rgercein gt | —— LC50(2:1) at 30°C
£ - £ —v— LC®-50(2:1) at 20°C
g 1/ 8 1 | A LC%-65(2:1) at 30°C
> b <z —a—LC%65(2:1) at 20°C
2 - § i —o— LC%80(2:1) at 30°C
8 g —e— LC%-80(2:1) at 20°C
IS —_*-’Ww S e —o— PC at 30°C

T 1 —=— PC at 20°C

Y - e

] |

8 10 12 14 16 18 20 8 10 12 14 16 18 20

26 20

Figure 3.7 XRD patterns of PC and LC3 systems at 20°C and 30°C for 1 day (a) 28 days (b)

The solid phases of PC and LC3 systems on the basis of cm3 pre 100g of anhydrous was evaluated using
mass balance calculation. The results for PC and LC3 systems are shown in Figure 3.8. At 20°C, it is
observed that the highest substitution levels which are LC3-65(2:1) and LC3-50(2:1) show the highest
volume of carboaluminate phases (Hc and Mc) at 3 days. When temperature raised up to 30°C, not
only more Hc and Mc form in LC3-65(2:1) and LC3-50(2:1), but also PC and LC3-80(2:1). Moreover, the
degree of clinker hydration and the pozzolanic reaction was promoted by increasing the temperature
from 20°C to 30°C, with a higher volume of hydrated products since 3 days of hydration. Although the
elevated temperature lowers the amount of ettringite, the formations of C-(A)-S-H and carboaluminate
phases are increased at early ages.
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Figure 3.8 Volume of phase assemblage of PC and LC3 systems evaluated by mass balance calculation
cured for 3 days and 28 days at 20°C and 30°C

LS = limestone, MK = unreacted metakaolin, CC = other components in calcined clay, Q = quartz, CH = portlandite,
Ett = ettringite, Hc = hemicarbonate, Mc = monocarbonate, Ht = hydrotalcite, Hg = hydrogarnet

3.4.4 Pore solution

The ion concentrations of pore solutions for PC and LC3 systems cured at 20°C for 28 days are given in
Table 3.2. The aluminum (Al) concentration increases with increasing the levels of calcined clay and
the OH- calculated from the pH decreases with increasing the levels of clinker substitution. Based on
the results from pore solution, the effective saturation indices (SI) of the main hydration products of
interest are calculated using GEMS [45] with CEMDATA 18 [46] for PC and LC3 systems presented in
Table 3.3. The positive SI means the pore solution is oversaturated with regard to the formation of that
hydrated phases and the negative SI indicates the pore solution is undersaturated with regard to that
hydrates should not form.

Table 3.2 Ion concentrations in pore solutions of PC and LC3 systems cured at 20°C for 28 days

Samples Al Ca K Na S04 Si OH-
(mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/])
PC 0.11 0.95 227.10 105.57 6.39 0.22 227.83
LC3-80(2:1) 0.10 1.42 133.50 80.77 4.04 0.21 188.89
LC3-65(2:1) 0.23 1.50 63.53 38.89 1.19 0.20 95.64
LC3-50(2:1) 0.56 1.44 38.36 20.10 0.53 0.18 58.23

Table 3.3 Effective saturation indices of hydrates calculated using GEMS of PC and LC3 systems

Samples C-S-H Stratlingite | Ettringite Al(OH)3 Portlandite | Monocarbonate
PC 0.08 -0.27 0.10 -1.39 -0.06 0.03
LC3-80(2:1) 0.09 -0.21 0.15 -1.32 -0.08 0.04
LC3-65(2:1) 0.07 -0.04 0.14 -0.99 -0.19 0.07
LC3-50(2:1) 0.04 0.10 0.13 -0.68 -0.30 0.09
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All systems have positive SI for C-S-H, ettringite, and monocarbonate (Mc). The highest degree of
oversaturation of Mc and the positive SI with respect to stratlingite are observed in LC3-50(2:1). These
indicate that Mc and stratlingite should form in this system. However, it is in contrast with the XRD
result as shown in Figure 3.7. A smaller amount of Mc is formed and the formation of stratlingite is not
observed for LC3-50(2:1). It is possible due to the lack of space for the hydration products to form
which is discussed in the next section.

3.4.5 Porosity

The variation of phase assemblage influences the porosity development of the hardened cement
pastes. Figure 3.9 shows the pore size distribution analyzed by MIP of PC and LC3 systems at 20°C and
30°C. The most marked change is the decrease in the pore entry radius (refinement). The strongest
refinement of porosity is obtained for LC3-50(2:1) which is observed from 3 days of hydration. It is
possible due to the proper physical structure of the products formed into the interstitial space.
Temperature clearly affects both PC and LC3 cements. Figure 3.10 shows the total porosity and
threshold pore radius - the first inflection point where the slope of the cumulative curve increases
rapidly, for all systems. Increasing temperature decreases the total porosity at 3 days but it does
slightly impact at 28 days because the larger amounts of hydrated products are promoted to form
since the early ages of hydration. However, there is a different trend in the threshold pore radius at 28
days. For the PC and LC3-80(2:1) systems, the threshold pore radius increases with increasing the
curing temperature but in the case of the LC3-65(2:1) and LC3-50(2:1) systems, there is not much
difference in the threshold pore radius between 20°C and 30°C. The increase of the threshold pore
radius reflects the coarsening porosity and it is clearly seen in the system of PC and LC3-80(2:1) when
increasing the curing temperature. It can be possible due to the modification of the hydrated product
microstructure, particularly calcium silicate hydrate (C-(A)-S-H) as widely reported elsewhere [47-
51].

The critical pore radius - the point where the intrusion of mercury starts to increase rapidly, of all
systems are shown in Figure 3.11. The critical pore radius decreases with increasing the substitution
levels. It can be noticed that the critical pore entry radius of LC3-50(2:1) for both curing temperatures
at 28 days is about 6-7 nm which is in the range of limiting pore entry radius (as seen the red dash line
about 6 nm) for the growth of hydration products as discussed in the previous works [30, 52, 53].

Once the limit critical pore size is reached, higher levels of supersaturation are needed for hydrates to
continue growing [30, 31, 54, 55]. As seen in Figure 3.12, Hc and Mc phases in LC3-50(2:1) quantified
by XRD-Rietveld analysis are stop forming after 28 days in spite of a positive saturation index with
respect to Mc of 0.09 (Table 3.3) indicated that Mc could form in this system. Likewise, stratlingite
should form in LC3-50(2:1) at 28 days as seen the positive SI for this system but there is no evidence
from XRD. The lack of space for the growth of hydration products could also explain the absence of this
phase in the system of LC3-50(2:1), as also observed in Avet’s work [30].

Moreover, the extreme refinement of porosity is observed in LC3-50(2:1) system which is correlated to
the slowdown of the clinker hydration and the metakaolin reaction for this system. It is possible that
the hydrates do not grow due to the lack of space, so no ions consumption and therefore no further
dissolving of anhydrous phases. Thus, the lack of space could be an explanation of the slowdown of
DoH and DoR for this system as it also found in earlier work [30].
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Figure 3.10 Total porosity (a) and threshold pore radius (b) of PC and LC3 systems
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Figure 3.12 Hc+Mc quantied by XRD-Rietveld analysis of PC and LC3 systems at 20°C

3.4.6 C-(A)-S-H composition

Figure 3.13 shows the SEM-EDS point analysis results performed on inner C-(A)-S-H of PC and LC3
systems curing at 20°C and 30°C. The Si/Ca and Al/Ca ratio increase with increasing the level of SCMs
substitution. This change results from the contribution of Si and Al provided by calcined clay. The
higher Si incorporated in C-S-H causes the longer chain length of C-S-H [56] and this allows the higher
Al uptake in C-(A)-S-H. In general, Al substitutes Si in the bridging site of silicate chains [57]. Raising
temperature also influences the composition of C-(A)-S-H as seen the cloud point slightly shifted to the
left in the systems of PC and LC3-80(2:1) and shifted up in LC3-65(2:1) and LC3-50(2:1) systems.

Figure 3.14 shows C-(A)-S-H composition in term of Ca/Si and Al/Si for all systems at 28 days. The
pozzolanic reaction results in a decrease of Ca/Si and an increase of Al/Si in the systems of LC3. Raising
temperature promotes the pozzolanic reaction [58, 59] and causes a higher Al/Si which is easily
observed in the system with high substitution level. However, the higher Ca/Si is observed only in the
systems of PC and LC3-80(2:1). It can be possible due to the inclusion of portlandite (CH) in the inner
C-(A)-S-H.
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The inclusion of CH with the inner C-(A)-S-H of PC and LC3-80(2:1) systems at higher temperature can
be investigated in Figure 3.13, as seen the EDS points toward to CH in these systems. This is due to the
higher precipitation rate of hydration products at an initial period resulted in the portlandite
precipitating nearby the cement grains and leads to form unevenly C-(A)-S-H. The particular layout of
these products induces the formation of heterogeneous microstructures and resulted in coarsening
porosity [50]. However, in the case of the LC3-65(2:1) and LC3-50(2:1) systems, a fewer portlandite is
observed in inner C-(A)-S-H due to the faster kinetics of the pozzolanic reaction at a higher
temperature.

Thus, the modification of C-(A)-S-H caused by the inclusion of CH could explain coarsening porosity at
a higher temperature in the case of PC and LC3-80(2:1) in this study.
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Figure 3.13 The plot of Al/Ca vs Si/Ca of inner C-(A)-S-H of PC (a) LC3-80(2:1) (b), LC3-65(2:1) (c) and
LC3-50(2:1) (d) cured at 20°C and 30°C for 28 days
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Figure 3.14 The C-(A)-S-H composition of PC and LC3 systems cured at 20°C and 30°C for 28 days
showing Ca/Si (a) and Al/Si (b)

3.4.7 Microstructure

The microstructures of PC and LC3 systems cured at 20°C and 30°C for 28 days investigated using SEM-
BSE are shown in Figure 3.15 and Figure 3.16. The percentage of porosity was estimated by image
analysis. It is corresponding to 0-50 levels of gray level (max 255) analyzed by Image] software using
thresholding technique.

The denser microstructure is observed at the higher level of substitution in both curing temperatures.
LC3-50(2:1) shows the most densification of microstructure as seen the lowest percentage of porosity.
Increasing temperature affects the microstructure of all systems. The microstructures appear more
coarsening porosity at 30°C compared to 20°C. This is in agreement with the MIP results which show
the increase of threshold pore radius and critical pore radius when increased the temperature.
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Figure 3.15 BSE-SEM image (left) and its porosity analysis (right) of PC, LC3-80(2:1), LC3-65(2:1) and
LC3-50(2:1) cured at 20°C for 28 days
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Figure 3.16 BSE-SEM image (left) and its porosity analysis (right) of PC, LC3-80(2:1), LC3-65(2:1) and
LC3-50(2:1) cured at 30°C for 28 days
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3.5 The relationship between compressive strength and porosity

The relationship between compressive strength and porosity of PC and LC3 systems curing at 20°C and
30°C shows in Figure 3.17. The strength was carried on mortar samples and the total porosity results
were carried on cement pastes and they were tested at 3, 7, 28 and 90 days for curing at 20°C and at 3
and 28 days for curing at 30°C. In this study, the total porosity can explain the strength development of
PC and LC3 systems as seen the linear relationship between the compressive strength and the total
porosity. Both temperatures show a similar trend, the higher the total porosity, the lower the strength.
LC3-50(2:1) includes the greater amount of total porosity resulting in the lower compressive than the
others in this study.
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Figure 3.17 The compressive strength of PC and LC3 systems cured at 20°C and 30°C plotted as
a function of total porosity

3.6 The relationship between compressive strength and gel-space ratio

Another approach promising to explain the strength development of PC and LC3 systems is the gel-
space ratio. Powers [40] and Termkhajornkit [41] defined C-(A)-S-H which is the main hydration
product as the gel. Space was the sum of the initial volume of water and the volume of reacted binders
including clinker, metakaolin, and limestone. The calculation of the gel-space ratio is shown in
Equation 3.1. The good relationship illustrated in Figure 3.18 guides that the compressive strength
could be explained by the gel-space ratio.

Y volc—(A)-S-H

Gel — Space ratio = ( Equation 3.1

% V0l(react binders) to ) V0l(react binders) ft)+ volyater
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Figure 3.18 Compressive strength plotted versus gel space ratio considering C-(A)-S-H as the gel of PC

3.7

and LC3 systems cured at 20°C and 30°C

Summary

Limestone and calcined clay can replace clinker up to 45% to produce LC3 blended cement and
give satisfactory results. The compressive strength of all LC3 blended systems meets the
standard value of OPC type I and CEM I 42.5N. LC3-80(2:1) and LC3-65(2:1) show similar
strength to PC from 7 days onwards. Increasing temperature stimulates the hydration of
clinker and the pozzolanic reaction resulting in the enhancement of strength development at
the early ages.

The ettringite is retained in all systems thanks to the presence of limestone. The increase of
SCMs content enhances the formation of carboaluminate phases and presents more
persistence of Hc.

The critical pore entry radius decreases with increasing the substitution levels and the size of
LC3-50(2:1) reaches to about 6-7 nm which is in the range of limiting pore entry radius for
precipitation and growth of hydration products. This results in the slowdown of DoH and DoR
of LC3-50(2:1).

The strengths show a good correlation to the gel-space ratio, so the lower strength of LC3-
50(2:1) can be explained by a lower amount of hydrates.
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4.1 Introduction

The replacement of clinker with supplementary cementitious materials (SCMs) is the most viable
option to reduce the CO; emissions from cement production, [2-4]. However, the use of any SCMs,
especially for high clinker replacement levels, may cause a reduction of the early age strength of the
blended cement because of the slower reaction of SCMs compared to clinker. One way of improving
early-age strength is to increase the alkalinity of cement. Alkalis are known to accelerate the hydration
reaction of clinker phases at an early age [60, 61] and they enhance the reactivity of SCMs for blended
cements [62-66]. Nevertheless, this early-age strength increase is accompanied by a reduction of the
mechanical properties at later ages, which could be due to a higher porosity [67] or a change of
hydrate morphology and/or composition [68, 69].

Several publications showed the effect of alkalis on the reactivity of SCMs. For blast furnace slag
cement, Frigione and Sersale [62] found a good correlation between the compressive strength and the
total soluble alkali content. Fraay et al. [63] showed the enhancement of the pozzolanic reaction of fly
ash when the pH of the pore solution increases. Lagier and Kurtis [64] reported that the reaction of
metakaolin increased with increasing the equivalent alkali content of cement. Similar observations
were found by Cyr et al. [66]. They mentioned that the reduction of pH of pore solution led to reducing
the dissolution of metakaolin.

However, the supplies of traditional SCMs such as slags or fly ashes are limited. The use of calcined
clay, especially with 40-60% kaolinite content, coupled with limestone to produce limestone calcined
clay cement (LC3) is a commercially and technically viable option [7, 12, 28, 30, 70]. There is no work
published on the impact of alkalis on the hydration and the properties of LC3 systems. Thus, the aim of
this paper is to investigate the impact of alkalis both of potassium (K) and sodium (Na) on the
mechanical properties of LC3 systems in order to optimize early-age strength without affecting later-
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age strength. The strength results will be correlated to the kinetics of hydration, the phase assemblage
and the porosity development of LC3.

4.2 Formulations

LC3-65(2:1) was used in this study. It corresponds to a blended cement in which 35 parts of cement
are replaced by 20 parts of calcined clay and 10 parts of limestone (2:1 calcined clay to limestone
ratio). This calcined clay to limestone ratio was shown to give the best strength [29]. In order to avoid
undersulfation, 0.5% of gypsum was added (>98%, AcrosOrganics). A OPC type I (PC) with 0.52%
Na0¢q (Y0alkali equivalent, %Naz0eq = %Na20+0.658x%K>0), was used as the plain cement. Limestone
powder used was a commercial product (Durcal 5, Omya). The calcined clay contains approximately
50% of metakaolin (MK) and this clay was calcined at 750°C for 5 sec in fluidized bed combustor.
Potassium hydroxide (KOH, >85%, reagent grade, Fisher Scientific) and sodium hydroxide (NaOH,
>99%, pellets for analysis, Merck) were used to adjust the percentage of alkali equivalent. The
formulations of each batch are given in Table 4.1.

The concentration of KOH and NaOH were determined using an acid-base titration. A standard
solution of acid (HCI 1M, Carlo Erba Reagents) was diluted 10 times to get 0.1M of HCI solution and
then it was used as a titrant. A pH meter was used to monitor the progress of the acid-base reaction.
The pH of the equivalence point was estimated about 7 for a strong acid-base neutralization. After the
titration, the results of the amount of KOH and NaOH are 85+1% and 98+1% respectively. Thus, 85%
of KOH and 98% of NaOH were used to calculate the percentage of alkali equivalent for each system.

Table 4.1 Formulations and name of LC3-65(2:1) with various alkali contents

wt.% Gypsum
Samples - - (e

PC Calcined clay | Limestone KOH NaOH addition

PC 100.00 0 0 0 0 0

LC3-65(2:1) 0.44%Naz0cq 69.65 19.90 9.95 0 0 0.50
LC3-65(2:1) 0.61%-K 69.30 19.90 9.95 0.35 0 0.50
LC3-65(2:1) 0.77%-K 68.95 19.90 9.95 0.70 0 0.50
LC3-65(2:1) 0.93%-K 68.61 19.90 9.95 1.04 0 0.50
LC3-65(2:1) 1.09%-K 68.25 19.90 9.95 1.40 0 0.50
LC3-65(2:1) 0.63%-N 69.41 19.90 9.95 0 0.24 0.50
LC3-65(2:1) 0.82%-N 69.16 19.90 9.95 0 0.49 0.50
LC3-65(2:1) 1.00%-N 68.95 19.90 9.95 0 0.70 0.50
LC3-65(2:1) 1.20%-N 68.65 19.90 9.95 0 1.00 0.50
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4.3 Compressive strength

The compressive strength of LC3-65(2:1) systems compared to PC (dash line with pale color) are
shown in Figure 4.1. The strength of LC3-65(2:1)-0.44%Na;0q without any alkali adjustment, is similar
to the PC from 7 days onwards. The increase of alkali content has a significant impact on the strength
development of LC3-65(2:1) at early ages. Use of either alkali hydroxide (KOH or NaOH) improves the
compressive strength at 1 day with a maximum reached for about 0.80% Na;0.q, but these higher
alkali contents lead to lower strengths at later ages. Additionally, the type of alkali hydroxide
influences strength development. KOH shows a more positive impact than NaOH as 0.77% addition
KOH gives a strength of LC3-65(2:1), similar to the PC at 3 days, while the NaOH addition does not
reach this value. In order to see more clearly the impact of alkali on the strength development of LC3-
65(2:1), the relative compressive strengths are shown in Figure 4.2.
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Figure 4.1 Compressive strength of PC and LC3-65(2:1) with various alkali contents
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Figure 4.2 Relative compressive strength of LC3-65(2:1) with various alkali contents
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Figure 4.2 shows the relative compressive strength of LC3-65(2:1) with various alkali contents to LC3-
65(2:1)-0.44%Naz0¢q. The strength increases by 128% at 1 day and 113% at 3 days for KOH addition,
while NaOH increases strength up to 119% at 1 day but has no impact at 3 days. At the later ages,
higher levels of alkali have an adverse effect on strength. The addition of KOH, at about 0.77%
equivalent, is most interesting because of the highest strength of 1 day and 3 days and the same
strength value as the reference system from 7 days onwards. For NaOH, there are negative impacts for
all levels of addition from 7 days onwards. The maximum alkali content for NaOH should be about
0.63% for this system.

4.4 Kinetics

The increase of alkali content using both KOH and NaOH addition enhances the reaction of the silicate
phase and the aluminate phase as seen in Figure 4.3. The main impact is the steeper slope of the main
silicate reactions. This suggests that the alkalis speed up the growth of C-S-H. However the mechanism
behind this effect and the reason for the stronger impact of sodium compared to potassium is not
clear.

Furthermore, an indirect effect of C3S acceleration is the earlier sulfate depletion due to the higher
sulfate adsorption on C-(A)-S-H [71]. NaOH shows a stronger effect on the sulfate depletion than KOH
as seen the shift of the aluminate peak towards earlier age with increasing alkalinity.
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Figure 4.3 Heat flow of PC and LC3-65(2:1) with various alkali contenats (a) KOH addition and (b)
NaOH addition
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The influence of alkali on the morphology of C-A-S-H at the end of the acceleration period can be
observed in Figure 4.4. It is clearly seen that alkalis modify the morphology of C-A-S-H as seen the C-A-
S-H structure gradually change from a divergent structure to a foil-like structure when increased the
alkalinity. LC3-65(2:1)-1.20%-N shows obviously a foil-like structure due to the complete sulfate
depletion as seen the peak corresponding to the aluminate phase hydration is combined with the peak
of silicate phase hydration. This result is in agreement with Mota’s work [61] discovered a foil-like
morphology of C-S-H presenting in the system containing NaOH alone with no sulfate content.
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LC3-65(2:1)-0.44%Na30¢q, LC3-65(2:1)-1.09%-K and LC3-65(2:1)-1.20%-N after stopped the hydration
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4.5 Degree of reaction

The degree of clinker hydration (DoH) of the LC3-65(2:1) with various alkali contents are shown in
Figure 4.5. The acceleration of C3S phase by alkali (Figure 4.3) is reflected in the increase of degree of
clinker hydration at 1 day. For KOH addition, at 1 day the DoH increases by 5% when increased alkali
equivalent from 0.44% to 0.61% and the DoH is approximately the same for higher addition levels. For
NaOH addition, increasing alkali up to 0.82% increases the DoH but no effect on DoH for the further
addition of alkali. At later ages, the DoH decreases with increasing the percentage of alkali content and
dramatically decreases for the highest alkali content.

The degree of metakaolin (MK) reaction calculated by mass balance is shown in Figure 4.6. The
reaction of metakaolin increases with time but there is no significant effect in the alkali content or the
type of addition on the reaction degree of metakaolin at 3 days. However, similarly to the DoH, the
higher alkalinity lowers the degree of metakaolin reaction at later ages in both cases of KOH and
NaOH.
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Figure 4.5 Degree of clinker hydration of LC3-65(2:1) with various alkali contents
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Figure 4.6 Degree of MK reaction of LC3-65(2:1) with various alkali contents

4.6 Phase assemblage

Based on mass balance calculation (section 2.2.9), the overall volume distribution of phases is
obtained and is presented in Figure 4.7. It is clearly seen that alkalis lower the total volume of
hydrated phases, especially at 28 days. As mentioned previously, increasing alkalinity leads to a
decrease of DoH resulting in a lower formation of C-(A)-S-H. Thus, the decrease of volume of C-(A)-S-H
(in blue) is observed with increasing alkali content in both cases of alkali addition.

Although, adding either KOH or NaOH to increase the alkalinity does not affect the amount of ettringite
formed (in purple), it affects the carboaluminate hydrates (in yellow) formation. The constant quantity
of ettringite at high alkali conditions in this study is in contrast with the previous results [72, 73],
which indicated that an increase of alkalinity increases the solubility of ettringite. However here, the
addition of calcium carbonate ensures that hemicarboaluminate (Hc) and monocarboaluminate (Mc)

are the AFm phases present so all sulfate (the same in all systems) is available to form ettringite [24,
26].

However, the increase of alkalinity affects the formation of carboaluminate hydrates (Hc and Mc)
independent of the alkali species. Alkalis enhance the formation of carboaluminate hydrates at early
ages and the transformation of Hc to Mc is favoured by increasing alkalinity [44]. At later ages,
increasing alkalinity results in a lower DoH and less Hc and Mc precipitated but the causal relation
between these two observations is not clear yet. Nevertheless, these cause a reduction of the total
volume of hydrated phases in the alkali condition as seen in Figure 4.7.
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Figure 4.7 Volume of phase assemblage at 3 days and 28 days of LC3-65(2:1) with various alkali con-
tents (a) KOH addition and (b) NaOH addition

LS = limestone, MK = unreacted metakaolin, CC = other components in calcined clay, Q = quartz, CH = portlandite,
Ett = ettringite, Hc = hemicarbonate, Mc = monocarbonate, Ht = hydrotalcite, Hg = hydrogarnet
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The volume of hydrated products per unit space available called gel-space ratio can explain the
compressive strength development. There are several definitions of gel in the previous works [40-42].
In this study, considering only C-A-S-H as a part of gel and also the total of the volume of hydrated
products (C-A-S-H, CH, Ett, Hc, Mc, Ht, and Hg) as the gel was examined. In both cases, space was
defined as the sum of an initial volume of water and the volume of reacted binders (clinker,
metakaolin, limestone). Both these definitions show good correlation with the compressive strength as
shown in Figure 4.8. This indicates that the lower DoH and lower amount of hydration products are
directly linked to the lower compressive strength and there is no particular influence of hydrate
morphology of type on the strength development.
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4.7 C-A-S-H composition

The C-A-S-H composition of LC3-65(2:1) with various alkali contents determined by SEM-EDX are
shown in Figure 4.9 and the results are summarized in Table 4.2. It shows that the Al/Si ratio increases
and the Ca/Si decreases from 3 days to 28 days due to the pozzolanic reaction. Increasing alkali shows
a higher impact on Al/Si compared to Ca/Si as seen the increase of Al/Si when increased the
percentage of alkali at 28 days. Figure 4.10 shows the K/Si and Na/Si ratios, however the state of

incorporation of the alkalis in the C-S-H is not known.
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Figure 4.9 EDS analysis of LC3-65(2:1) with various alkali contents at 3 days (top) and 28 days
(bottom)
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Table 4.2 The C-A-S-H composition of LC3-65 (2:1) with various alkali contents

3 days 28 days

Samples - ; ; X

Al/Si Ca/Si Al/Si Ca/Si

LC3-65(2:1) 0.44% Naz0cq 0.10 1.75 0.16 1.64
LC3-65(2:1) 0.61% - K 0.10 1.75 0.16 1.64
LC3-65(2:1) 0.77% - K 0.10 1.75 0.18 1.64
LC3-65(2:1) 0.93% - K 0.10 1.75 0.18 1.64
LC3-65(2:1) 1.09% - K 0.11 1.75 0.19 1.61
LC3-65(2:1) 0.63% - N 0.11 1.75 0.16 1.64
LC3-65(2:1) 0.82% - N 0.11 1.75 0.17 1.64
LC3-65(2:1) 1.00% - N 0.11 1.72 0.18 1.64
LC3-65(2:1)1.20% - N 0.12 1.69 0.20 1.60

Note: The error of Al/Si is + 0.005 and Ca/Si + 0.01

K/Si
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Figure 4.10 K/Si and Al/Si at 28 days of LC3-65(2:1) adjusted alkali content (a) KOH addition and (b)
NaOH addition
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4.8 Porosity

The impact of alkalis on the pore entry sizes of LC3-65(2:1) are shown in Figure 4.11 and Figure 4.12.
At 3 days, the pore refinement is observed in the systems containing high alkali content due to the
higher degree of hydration. However, by 90 days the situation is reversed with a coarsening porosity
for systems with higher amounts of alkali.
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Figure 4.11 Pore entry size distribution of LC3-65(2:1) with various alkali contents at 3 days for KOH
addition (a) and NaOH addition (b)
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Figure 4.12 Pore entry size distribution of LC3-65(2:1) with various alkali contents at 90 days for
KOH addition (a) and NaOH addition (b)
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The correlation of porosity with compressive strength of LC3-65(2:1) is shown in Figure 4.13, total
porosity Figure 4.13(a) and threshold pore radius Figure 4.13(b). Both types of alkali addition show a
similar trend, the bigger the threshold pore radius, the lower the strength. However, the total porosity
is fairly related to the compressive strength but a higher scattered data is observed compared to the
threshold pore radius. In fact, the total porosity should reflect the relationship with gel/space ratio
seen in Figure 4.8. The higher scatter probably reflects that MIP may also detect different amounts of
the gel porosity.
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Figure 4.13 Compressive strength of LC3-65(2:1) with various alkali contents plotted as a function of
total porosity (a) and threshold pore radius (b)
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4.9 Discussion

It is not clear yet why alkalis have a negative effect on the hydration of cement at later ages. One of the
possible explanations is that the alkali alters the ionic strength, the chemical equilibrium, and
consequently the supersaturation in the pore solution. As seen in Figure 4.14, the saturation index (SI)
of C-S-H for LC3-65(2:1) at 28 days calculated using GEMS with Cemdatal8 [46] is lower when alkali is
added. Although the result of SI calculated from GEMS shows a high error, due to the difficulty of
getting accurate measurement of the pore solution, it gives an indication about the minimum pore size
required for the growth of hydrates.

0.6

0.5

0.4

0.3

Saturation index (-)

0.24

0.1
—a— KOH addition

—e— NaOH addition

0.0 T T T T T T T T T
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Alkali equivalent (%)

Figure 4.14 Saturation index of C-S-H at 28 days of LC3-65(2:1) with various alkali contents

As hydrates grow into smaller and smaller pores, their curvature must increase. Because of this, a
point is reached where the saturation of the pore solution is no longer sufficient to sustain growth in
pores below a critical size. This is now believed to be the major factor limiting hydration. This
minimum pore radius can be calculated using Equation 4.1.

P = Eln(lOSI) =X Equation 4.1
Vin r

where, P is the crystallization pressure (MPa), R is the gas constant (8.314 J/K/mol), T is the tempera-
ture (K), Vi is the molar volume (cm3/mol) of the hydration product growing in the pore (V,, = 81
cm3/mol for C-S-H [74]). SI is the saturation index (-), v is the interfacial energy (J/m?2) between the
hydration product and the solution assumed to be 0.1 ]/m2[55, 75, 76] and r is size of pore (nm)

From Equation 4.1, increasing alkali decreases the saturation index of hydrated products, the greater
pore size is required for the growth of hydrated in high alkali condition. The minimum pore radiuses
for the growth of C-S-H are given in Table 4.3. This is corresponding to a coarsening of porosity of LC3-
65(2:1) with high alkali contents at later ages as seen in Figure 4.12.
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Table 4.3 The minimum pore radius for the growth of C-S-H at 28 days

Samples r (nm)
LC3-65(2:1) 0.44%Naz0¢q 74+1.1
LC3-65(2:1) 0.77%-K 11.1+2.1
LC3-65(2:1) 1.09%-K 10.0+1.8
LC3-65(2:1) 0.82%-N 10.7 £1.9
LC3-65(2:1) 1.20%-N 88+1.5

Considering that the interfacial energy is not know precisely, there is good agreement between the
minimum critical pore entry radius measured by MIP and the minimum pore radius for the growth of
C-S-H calculated from the saturation index by Equation 4.1 at 28 days is shown in Figure 4.15. The
critical pore entry radius (MIP) progressively increases with increasing the percentage of alkali while
the pore size for C-S-H growth is increased when alkali is added. Thus, a bigger size of pore is required
for the growth of the hydrates. Similar effects to this illustration for C-S-H are expected for the other
hydrates. The critical pore entry radius of LC3-65(2:1) reaches the maximum pore refinement earlier
in high alkali conditions. As described in Chapter 3, once the limit critical pore size is reached, no
hydration products can grow. Consequently, a lower formation of carboaluminate phases is observed

in high alkali conditions as seen in Figure 4.7.
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Figure 4.15 Comparison between the critical pore entry radius measured by MIP and the minimum
pore radius for the growth of C-S-H calculted from saturation index at 28 days of LC3-65(2:1) with

various alkali contents (a) KOH addition (b) NaOH addition
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4.10 Summary

Changes in alkali equivalent (0.44%-1.20%) using KOH or NaOH additions impact the properties of
L(C3-65(2:1) as followed:

The increase of alkalinity improves the compressive strength at early ages, especially at 1 day,
but the excess of alkali reduces the strength from 7 days onwards.

The optimal alkali content is 0.77% for KOH addition and 0.63% and NaOH addition without a
reduction of the strength at later ages

The increase of alkali significantly enhances the clinker hydration at 1 day but the clinker
hydration decreases with the increase of the alkali content at later ages.

Increasing alkalinity either KOH or NaOH addition does not affect the reaction of MK at 3 days
but it does slightly affect at later ages.

Alkali alters the saturation of the pore solution with respect to the growth of hydrates. So, the
minimum critical pore size for growth is larger.

Due to the lower amount of hydration products precipitation, the decrease of gel-space ratio
for the high alkali conditions resulted in the lower compressive strength.
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Chapter 5. Influence of calcination process
on the reactivity of calcined clay and
the properties of LC3
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5.1 Introduction

The abundant availability of clays in Thailand leads to a strong interest in LC3 from Siam Cement
Group (SCG). To serve the increasing demand for calcined clay in the near future, SCG has been
studying suitable ways to produce calcined clay on a commercial scale. Fortunately, it would be
possible to adapt the existing cement plants slightly to calcine clays. In a feasibility study, a rotary kiln
and a fluidized bed production techniques were compared. In 2016, SCG already achieved a pilot-scale
production as shown in Figure 5.1. The maximum capacities of this pilot-scale production are 150
kg/hr using rotary kiln and 500 kg/hr with fluidized bed.

In order to study and understand the reactivity of calcined clay from the two different calcination
processes with various calcined kaolinite contents and particle sizes, the R3 test was applied to obtain
information about the reactivity of calcined clays. This was compared to the compressive strength of
mortars. The influence of the calcination process on workability was also assessed. Then, an evaluation
of the activation energy of calcined clays was made, to predict the chemico-mechanical developments
of LC3 with temperature.
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(a) (b)

Figure 5.1 Pilot scale production for clay calcination (a) Rotary kiln (b) Fluidized bed

5.2 Raw clays

The clays used in this study come from the central part of Thailand and contain 45% and 50% of
kaolinite determined using TGA as seen in Table 5.1. The chemical composition of raw clays is shown
in Table 5.2 and the mineralogical composition evaluated using XRD shown in Table 5.3.

Table 5.1 Kaolinite and calcite content of raw clays by TGA

Name Calcination process | Kaolinite(%) | Calcite(%)
RC-RK45 Rotary kiln 45.0 2.3
RC-FB45 Fluidized bed 459 41
RC-FB50 Fluidized bed 51.2 1.9

Table 5.2 The chemical composition of raw clays by XRF

(%) RC-RK45 RC-FB45 RC-FB50
Si0, 45.6 43.2 35.8
Al,0; 26.4 24.7 26.8
Fe;03 10.4 11.5 17.6
Ca0 1.5 3.6 2.2
MgO 0.6 0.6 0.5
S03 0.0 0.1 0.0
Na0 0.4 0.2 0.3
K20 1.0 0.4 0.1
TiO; 1.8 1.7 2.3
P20s 0.1 0.1 0.5
MnO 0.1 0.2 0.1
LOI 11.8 13.3 13.4
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Table 5.3 The mineralogical composition of raw clays by XRD

Phase (%) RC-RK45 | RC-FB45 RC-FB50
Anatase 2.4 3.0 3.4
Calcite 1.1 3.8 2.0
Goethite 2.0 2.7 9.4
Hematite 1.1 1.7 2.4
Kaolinite 45.6 46.1 48.6
Quartz 1.3 3.0 1.0
Rutile 3.9 2.5 1.5
Amorphous 42.7 37.3 31.7

5.3 Calcination and grinding process

The sample preparation differed depending on the calcination processes. In case of the rotary Kkiln, clay
with 45% kaolinite (RC-RK45) was crushed to get around 1-2 cm size pieces and then was calcined in
the rotary kiln at 800°C soaked in burning zone for 15 minutes. For fluidized bed, clays with 45% (RC-
FB45) and 50% kaolinite (RC-FB50) were ground to get a particle size of approximately 30 pm.
Calcination was carried out at 750°C for 5 seconds. The raw materials are shown in Figure 5.2. After
calcination for both processes, calcined clays were ground to get the particle size between 5 pm and 10
um using a pilot scale ball mill equipped with separator for rotary kiln and a laboratory ball mill for
fluidized bed.

(a) (b)

Figure 5.2 Visual observation of the raw clays for (a) rotary kiln and (b) fluidized bed

5.4 Evaluation of quality of calcination

To investigate the calcination efficiency, XRD and TGA were used. Figure 5.3 shows the XRD results of
raw clays (RC-RK45, RC-FB45, RC-FB50) and clays after calcining from the different processes (RK45,
FB45, FB50). Complete calcination is achieved in both processes as seen by the absence of kaolinite
peaks. The peak of goethite also disappears due to the dehydroxylation of goethite leading to the
formation of hematite. TGA and DTG results are shown in Figure 5.4. After calcination, there is no mass
loss corresponding to kaolinite dehydroxylation, from about 400°C to 600°C. This confirms the
complete calcination already observed by XRD. TGA results also confirm the complete dehydroxylation
of goethite and the partial decarbonation of calcite.
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Figure 5.3 XRD of raw clays and calcined clays
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Figure 5.4 TGA (a) and DTG (b) curves of raw clays and calcined clays
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5.5 Calcined clay characterization

The physical properties of calcined clays are summarized in Table 5.4. It shows that independent of
the calcination process. There is no direct relation between the particle size and the surface area as the
clay particles have considerable internal surface area due to the plate-like structure of the clay. Clay
particles calcined from rotary kiln process show a coarser pore width, with a smaller surface area.

Table 5.4 The characterization of calcined clay particles

Calcination Kaolinite | Particle size BET Pore Pore
Name rocess content D(v,50) 2 volume width
b (%) (wm) | M/8) | (emg) | (om)
RK45 Rotary kiln 45 Crush N/A N/A N/A
RK45-10 pym Rotary kiln 45 10.1 24.8 0.13 22.4
FB45-30 um Fluidized bed 45 33.3 39.6 0.14 15.9
FB45-10 um Fluidized bed 45 9.3 29.4 0.12 17.9
FB50-30 um Fluidized bed 50 31.6 35.6 0.14 15.8
FB50-10 um Fluidized bed 50 7.5 32.3 0.12 15.8
FB50-5 pm Fluidized bed 50 4.0 31.1 0.12 17.2

The SEM images of the raw clay with 45% kaolinite content and its morphology after calcination and
grinding from both processes are shown in Figure 5.5. RC-FB45 (raw clay) and FB45-30 um (after
calcination using fluidized bed) show an angular shape of particles. Moreover, more rounded edges
and more agglomerated particles are observed in FB45-10 pm compared with RK45-10 pm. The FB45-
10 pm was ground using a laboratory ball mill that is not equipped with the separator. This
uncontrolled grinding is likely to be responsible for the overgrinding of the clay, leading to the
agglomeration of clay particles observed in Figure 5.5.

FB45-30 pm

FB45-10 pm

RK45-10 um

Raw clay

Figure 5.5 SEM images of raw clay with 45% kaolinite content and calcined clay taken by SEM-SE for
morphology surface (top) and SEM-BSE for polishing surface (bottom)
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5.6 The reactivity of calcined clays

This study focuses on evaluating how the kaolinite content, particle size, and calcination process
influence the reactivity of calcined clays. To determine the reactivity of calcined clays, the R3 test was
used [70]. The composition of material for the R3 test used in this study is shown in Table 5.5. The
mechanical properties were then investigated to determine the influence of each parameter on the
development of compressive strength of LC3 cement. From Chapter 3, it was shown that LC3-65(2:1) is

the most promising mix design to implement in Thailand, so this system was investigated.

Table 5.5 Composition of materials for R3 test

Composition (g)
Water 60.00
Calcined clay 11.11
Limestone 5.55
Ca(OH)2 33.33
K2S04 1.473
KOH 0.316

CH/SCM 3
water/binder 1.2

5.6.1 Influence of kaolinite content

Clays with 45% and 50% of kaolinite calcined by fluidized bed were used in this study. The reactivity
determined by the R3 test of the calcined clays and the compressive strength result of LC3-65(2:1) is
shown in Figure 5.6. The highest calcined kaolinite content shows the highest reactivity as indicated by
the greater heat release for FB50-10 um compared with FB45-10 pm. LC3-65(2:1) containing FB50-10
um also gives the higher compressive strength and shows similar strength to the plain PC from 7 days

onwards.

&,

Heat accumulation (J/g-solid)

Figure 5.6 The R3 test (a) and compressive strength (b) of LC3-65(2:1) with different kaolinite content
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5.6.2 Influence of particle size

The influence of the particle size was investigated. Particle sizes of approximately 30 um, 10 pm and 5
pum were studied. Clay with 50% of kaolinite content and calcined by the fluidized bed were ground in
order to reach the targeted size of particles. The influence of particle size on the reactivity of calcined
clay characterized by the R3 test and compressive strength of LC3-65(2:1) is shown in Figure 5.7. FB50-
30 pm shows the lowest reactivity and the lowest compressive strength. However, there is no
significant difference in reactivity between FB50-10 pm and FB50-5 pm neither in the R3 test nor in
the compressive strength measurements. Thus, it is not necessary to grind clay too fine in LC3, below

10 pm is sufficient.
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Figure 5.7 R3 test (a) and compressive strength of LC3-65(2:1) (b) with different size of calcined clay

5.6.3 Influence of calcination process

In this study, clay with 45% kaolinite content calcined using the rotary kiln and the fluidized bed was
studied. The reactivity of the calcined clays and compressive strength of LC3-65(2:1) are shown in
Figure 5.8. The raw clay (RC-FB45) shows some reactivity compared to sand that is been widely
considered as an inert material. The reactivity of the raw clay cannot be explained by the crystalline
phases identified by XRD. Thus, it is expected that some amorphous components of the clay are
responsible for the reactivity. The reactivity of calcined clays is promoted significantly after
calcination as seen from the higher heat release of calcined clays compared with the raw clay.
Moreover, FB45-10 pm reacts faster as observed by the R3 test but there is no significant difference in
terms of compressive strength of LC3-65(2:1) at any age. This slightly reactivity difference could be
explained by the higher surface area for FB45-10 pm compared with RK45-10 pm as seen in Table 5.4.
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Figure 5.8 R3 test (a) and compressive strength of LC3-65(2:1) (b) with different calcination process

The correlation of the heat release by R3 test at 24 hr to the compressive strength of mortar of all
calcined clays used in this study is shown in Figure 5.9. The higher the heat, the higher the strength.

Thus, R3 test is reliable to determine the reactivity of calcined clays.
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Figure 5.9 The correlation between heat release by R3 test at 24 hr and the compressive strength of
L(C3-65(2:1) of all calcined clays used in this study

66



Chapter 5. Influence of calcination process on the reactivity of calcined clay and the properties of LC3

5.7 Workability of LC3

The workability of LC3-65(2:1) containing various calcined clays was tested and compared to PC. It
was characterized on mortar and paste. The mortar was cast following EN 197-1 with fixing a water to
binder ratio at 0.5 without any superplasticizer. The flow test was carried out following ASTM C1437 -
15. The diameter of the mortar flow was measured after tapping 25 times in 15 seconds on a flow
table.

The workability of the pastes was evaluated using the mini-slump cone test developed by Construction
Technology Laboratories (CTL), Inc. The paste was mixed with a high speed mixer (1,600 rpm) for 2
min using a water to binder ratio at 0.4 and a polycarboxylate superplasticizer (Mapei, SP490) was
added at 0 wt%, 0.25 wt%, and 0.5 wt% of binder. The fresh paste was immediately poured into the
mini cone (H = 5.7 cm, @yp = 2 cm, Bporrom = 3.8 cm) after mixing and then gently lifting the cone to
prevent inertial effects. The diameter of the spread was measured to evaluate the workability of paste
samples.

The results of the mortar are shown in Figure 5.10. The flow of the PC is about 19.5 cm and the flows
of all LC3 are in the range of 17.1-18.5 cm which is close to the value of the PC. This result is very
promising for LC3, showing that despite using water-adsorbing calcined clays, similar workability to
PC is reached, without the use of superplasticizer. The impact of calcined clays obtained from the
different process cannot be seen clearly in the case of mortar.

However, some influence of calcination process on the workability can be observed on the paste
samples as seen in Figure 5.11. The results reflect the amount of superplasticizer required for
improving the workability of the paste. Obviously, the workability of PC is more sensitive to the
addition of superplasticizer over LC3-65(2:1). For LC3 blended using calcined clay from the fluidized
bed (FB), the need of superplasticizer to improve the workability of LC3 is independent on the
kaolinite content (45%-50%) and the particle size of calcined clay (30 pm, 10 pm, 5 pm) as seen in
Figure 5.11(a) and Figure 5.11(b) but it depends on the calcination process as seen in Figure 5.11(c).
Using calcined clay from different calcination process leads to a difference in the spread of LC3 paste.
The fluidized bed calcined clay shows a higher spread compared to the rotary kiln when
superplasticizer was added.

It is interesting that calcined clay from fluidized bed process containing a higher surface area, as given
in Table 5.4, shows a better workability than that from the rotary kiln. Thus, it seems that there is no
obvious impact of the surface area of clay particles in the range used in this study on the
superplasticizer requirement to improve the workability of LC3.
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5.8 Activation energy of calcined clays

Cement hydration is temperature dependent and the activation energy indicated how sensitive
hydration is to temperature. As described in Chapter 3, using calcined clay to produce Limestone
Calcined Clay Cement (LC3) is becoming more attractive to decrease the carbon footprint of the cement
industry. Thanks to the synergic effect between calcined clay and limestone, clinker is usually replaced
up to 30% and can go up to 45% of replacements while the properties of LC3 are comparable or better
than PC. This study is examining how sensitive of calcined clay is to temperature. As a first step, the R3
test developed by Avet et al. [70], which was designed to obtain information about the reactivity of
calcined clays, was applied to evaluate the activation energy of calcined clays.

5.8.1 Determination of activation energy of calcined clays

To define the sensitivity of hydration reaction to the temperature, the Arrhenius theory was applied.
The activation energy is the minimum energy needed for a chemical reaction to start. As seen in
Equation 5.1, a higher activation energy means that the reaction rates are more sensitive to changing
temperature.

—E
k=Axerr Equation 5.1

where k is the rate of heat evolution (W), A is a constant same unit as k, E, is the activation energy
(J/mol), R is the natural gas constant (8.314 J/mol/K) and T is the temperature in K at which reaction
occurs.

In this work, the data from isothermal calorimeter was collected at three different temperatures: 20°C,
30°C, and 40°C for 28 days. The rate of heat evolution of calcined clays obtained from the R3 test. Three
calcined clays were used to investigate the activation energy, one clay from the rotary kiln and two
clays from the fluidized bed process. The composition of the R3 test and the list of calcined clays are
given in Table 5.6.

Table 5.6 The composition of R3 test and the list of investigated calcined clays

Composition (g) Calcined clays
Water 60.00 RK45-10 pm
Calcined clay 12.50 FB45-10 pm
Ca(OH): 37.50 FB50-10 pm
K2S04 1.473
KOH 0.316
CH/SCM 3
water/binder 1.2

There are several methods to determine the activation energy as described in [77, 78], in this study
two methods were used for calculating the activation energy of calcined clays including the
superposition method and the rate method.
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The superposition method

This method uses the concept of an equivalent time to fit the curves of the heat accumulation obtained
from the R3 test at different temperatures as seen in Figure 5.12. This method is modified from ASTM
C1074-04, by using the isothermal calorimetry data instead of the compressive strength data. Because
the calorimetry provides the continuous measurement and is more reliable to measure the rate of
chemical reaction compared to strength [79].
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Figure 5.12 Fitting three heat accumulative curves for the superposition method

The equation to compute the equivalent time is given in Equation 5.2. The exponential function used
for fitting the heat accumulation curve is Equation 5.3 [77, 79, 80].

_Ea

1 1
t,= Y5 e[T(F_T_r)] At Equation 5.2

where t, refers to the equivalent time (hr or day) at a reference temperature (7;.), T and At are the
testing temperature (K) and time interval (hr), E; and R are defined previously
]B

H(t,) = Hy, X e_[r/te Equation 5.3

where H(t,) equals the heat accumulation at the equivalent time (J/g), H,, is the ultimate heat evolved
(J/g), t is the reaction (hydration) time parameter (hr or day), f is the reaction (hydration) shape
parameter

To determine the E,, the data from the isothermal calorimeter was collected at 20°C, 30°C, and 40°C.
Fitting the accumulative heat curve using Equation 5.3 to solve H,, 7, and 8 was performed at each
temperature using MATLAB software. Only T was assumed to be a temperature dependent parameter
[81], thus, H,, and 8 were presumed independent of the given temperature. The average value from
three temperatures of H,, and 8 were used to calculate t for each temperature. The E, was calculated
by plotting Ink(t) versus 1/T and the data were fit to Equation 5.4 using a least squares fit as seen in
Figure 5.13.
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Figure 5.13 Detemination of E, from the plot of [nk(7) versus 1/T for the superposition method

The rate method

This method considers the data from the heat flow and then it was integrated to get the total heat of
evolution. The determination of the reaction rate for two different testing temperatures is given in
Equation 5.5. At the same heat of evolution value, the activation energy for the two temperatures can
be calculated as shown in Equation 5.6.

(4 ge),, = KTFGD

(41 ge),, = KTDFG)

where f(H) refers to a function depending on the degree of reaction

Ty'T: ah
s = [z ()

dt
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5.8.2 Results of activation energy of calcined clays

The superposition method

The isothermal calorimetry curves of each calcined clay before and after fitting are shown in Figure
5.14. FB50-10 pm has a slightly higher heat compared to the other two calcined clays due to the higher
calcined kaolinite content. According to Equation 5.3 and Equation 5.4, the parameters for fitting these
curves and the activation energy of calcined clays are given in Table 5.7. It shows that the activation
energies of three calcined clays calculated using the superposition method are similar. The values are
between 58 kJ/mol and 63 kJ/mol which are in the range of the deviation calculated from each pair of

temperature (20-30°C, 30-40°C, and 20-40°C).

700

RK45-10 um

600

Heat accumulation (J/g)
N w Y o

s & 8 3

S &8 &8 8

L L L L

1004

——20°C
——30°C|
——40°C

700

T T T T T T
0 50 100 150 200 250 300

T T T
350 400 450 500
Time (hr)

RK45-10 pm

600

500

400

300

Heat accumulation (J/g)

200

1004

T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

Time (hr)

~
=]
=1

FB45-10 pm

FB50-10 pm

o

=3

S
L

o

=3

=1
L

Heat accumulation (J/g)
[N
S 38
s 8
I

N

=1

S
L

100 4

Heat accumulation (J/g)

700

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500
Time (hr)

FB45-10 um

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500
Time (hr)

FB50-10 um

500

Heat accumulation (J/g)
B
8
L

200+

Heat accumulation (J/g)

700

600

5004

400+

3004

2004

100+

——20°C
——30°C
——40°C|

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Time (hr)

T T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Time (hr)

Figure 5.14 Heat accumulative curve of R3 test for the superposition method, before curve fitting (top)
and after curve fitting (bottom)

Table 5.7 The paremeters for curve fitting and evaluated E, using the superposition method

Sample Hu B k Ea

P (J/8) 20°C 30°C 40°C (kJ/mol)
55.9 21.0 10.8 63.0%9.9

RK45-10 532.7 1.14
Hm (R2=0.95) | (R=0.95) | (R2=0.99) | (R2=0.99)
215 10.0 45 59.6 + 6.9

FB45-10 546.4 1.09
Hm (R2=0.96) | (R=0.98) | (R2=0.99) | (R2=0.99)
rB50.10um | 6336 0o 26.6 12.6 5.8 58.0 3.6
H ' ' (R2=0.98) | (R2=0.99) | (R2=0.97) | (R=0.99)

*R2 (1) of least squares best-fit line of three parameters exponential model vs measured heat flow
**Rz (E,) of least squares best-fit line of Ink(t) vs 1/T
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The rate method

The heat flow curves are shown in Figure 5.15 and Equation 5.6 was applied to determine the
sensitivity to the temperature of calcined clays. The plots of E, as a function of the heat released are
presented in Figure 5.16 and the average of E, for each pair of temperature over the range of the
constant heat value (100-300 ]J/g) are illustrated in Table 5.8.
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Figure 5.15 Heat flow curve of R3 test for the rate method
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Figure 5.16 The E, of calcined clays plotted as a function of heat releases for the rate method

Table 5.8 The E, results using the rate method over the heat releases of 100 - 300 J/g

. The average E, (k]/mol)
Calcined clays
20°C-30°C 30°C - 40°C 20°C - 40°C
RK45-10um 67.4+2.5 61.2+24 64.4+23
FB45-10 pm 57.4+3.8 64.1+1.5 60.6 £ 2.0
FB50-10 pm 63.3+4.1 66.3+1.6 64.6 £ 2.3

The variations of the E, value at the beginning of the reaction (H < 100 ]J/g) and also at the long term
of the reaction (H > 300 ]J/g) can be explained that the reactions during those periods are not governed
by chemical reactions (it can be a diffusion process as mentioned in [78, 82]) resulted in the different
in the sensitivity to the temperature. Therefore, the Arrhenius equation cannot be used in these cases.
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Comparison of the activation energy of calcined clay from the different methods

The determination of the sensitivity to the temperature of calcined clays from different calcination
processes using the superposition method and the rate method is shown in Figure 5.17. The E, values
obtained from the superposition method and the rate method show no significant difference in E,
between the two different calcination processes. Thus, the physical properties of calcined clay do not
play any role in E,, i.e. the sensitivity to temperature. This is in agreement with the results [79],
showing that the main factor influencing the sensitivity to temperature of calcined clay reaction is the
chemical composition of the calcined clay. In this study, the same clay was used but using different
calcination process. Moreover, the variation of kaolinite content in the range of 45-50% is too low to
impact the Ej,.
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Figure 5.17 The comparison of E, using the different methods
In addition, the investigation of the effect of calcined clays on the temperature sensitivity of LC3
systems is shown in Appendix G. It was found that the apparent activation energy of all LC3 blended

cements calculated using the superposition method is about 40-45 kJ/mol, which is similar to the
value of reference PC.
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5.9

Summary

Complete calcination was observed using either a rotary kiln or a fluidized bed. Kaolinite was
not detected in calcined clays, shown by XRD and TGA.

Calcined clay obtained from the rotary kiln process shows a coarser pore width, accordingly, a
lower surface area is measured compared to the clay calcined by the fluidized bed.

Due to a higher surface area of calcined clay from fluidized bed calcination, the faster reaction
of calcined clay is observed by the R3 test but there is no significant difference in terms of
compressive strength of LC3-65(2:1).

For the reactivity of calcined clays, a higher calcined kaolinite content shows higher reactivity.
Moreover, it is not necessary to over-grind calcined clay. There is no increase of reactivity for
calcined clay finer than 10 pm.

The activation energy of calcined clays from different calcination processes determined using
the superposition method and the rate method is similar, about 58 - 65 kJ/mol. The variation
of kaolinite content (45-50%) does not impact the E, either.
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6.1 Introduction

Once the optimization of the mix design was completed, and the rheology and mechanical properties
assessed, the durability properties were then characterized. Carbonation, chloride ingress and alkali
silica reaction were considered in this study. Thus, the aim of this study is to investigate the durability
properties of LC3 in order to clarify the robustness properties of LC3. The durability properties and the
systems used of each study are shown in Figure 6.1.

Durability properties

v 3 ’

Carbonation Chloride ingress Alkali silicate reaction
% Switzerland exposure — Migration testing T JOBE aggregate used
Indoor & Outdoor *PC * PC- 0.52%Na,0,,
conditions » LC3-80(2:1) » LC*-65(2:1) 0.44%Na,0,,
*+PC « LC3-65(2:1) » LC3-65(2:1) 0.77%Na,0,,
« LC3-80(2:1) « LC3-50(2:1)
* LC3-65(2:1)
_—+ Ponding testing
—¢ Thailand exposure «PC
Indoor & Outdoor » LC3-80(2:1)
conditions » LC3-65(2:1)
*PC « LC3-50(2:1)
* LC3-80(2:1)
* LC3-65(2:1)

Figure 6.1 The diagram showing the durability properties investigated in this study
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6.2 Carbonation

Carbonation occurs due to the attack of carbon dioxide (CO;) with the calcium hydroxide (CH) or
hydrated silicates (C-S-H) in the cement paste to form CaCOs. As a result of the lower amount of CH in
blended cements compared to the normal PC, in most cases SCM blended cements have the lower
carbonation resistance [83] due to their lower amount of carbonatable phases. Carbonation lowers the
pH of pore solution, which is harmful to the protective passivation layer of reinforced steel bars in
concrete and results in the corrosion. The carbonation rate depends on the relative humidity (RH) of
the environment as shown in Figure 6.2. The carbonation process needs sufficient moisture to dissolve
CO2 to form H,COs. In case RH < 50%, CO cannot dissolve due to the lack of water. On the contrary at
RH >80%, CO: enters the pore network slowly due to water filling. In both cases, carbonation rates are
much reduced [84].

| Diffusion of CO,

0.5

Carbonation

‘ Lack of water
—_——

Diffusion and carbonation (relative)

0 50 100
Relative humidity (%)

Figure 6.2 The relative rate of carbonation as a function of the relative humidity of environment [84]

The results of natural carbonation for 6 months, 1 year and 2 years for PC, LC3-80(2:1), and LC3-
65(2:1) mortar samples exposed to both indoor and outdoor conditions in Switzerland and Thailand
are presented from Figure 6.3 to Figure 6.5. For all exposure times, LC3 systems have a lower re-
sistance to carbonation compared to PC both under Switzerland and Thailand conditions. Moreover, a
slightly higher carbonation depth can be observed on the samples exposed in Thailand. It is related to
the higher relative humidity and the higher CO; concentration in Thailand, which can promote the car-
bonation reaction. However, a proper curing time can significantly improve the carbonation resistance
of LC3 blended cements.
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Figure 6.4 Carbonation depth of PC, LC3-80(2:1), and LC3-65(2:1) for 1 year of exposure both indoor
and outdoor conditions in (a) Switzerland and (b) Thailand
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Figure 6.5 Carbonation depth of PC, LC3-80(2:1), and LC3-65(2:1) for 2 years of exposure both indoor
and outdoor conditions in (a) Switzerland and (b) Thailand

The carbonation depths of all systems curing for 28 days before exposure plotted as a function of

square root of time are shown in Figure 6.6. It is clearly seen that the carbonation depths of all mortars

are lower than 6 mm after 2 years of exposure. PC shows the smallest carbonation depth followed by
LC3-80(2:1) and LC3-65(2:1). A higher carbonation depth is found in indoor exposure condition. The
carbonation coefficient determined from the slope of the linear regression between carbonation depth
and exposure time are summarized in Table 6.1.
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Figure 6.6 Carbonation depth plotted as a function of square root of time for samples cured for 28 days
before exposure both indoor and outdoor conditions in (a) Switzerland and (b) Thailand
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Table 6.1 Carbonation coefficient of PC, LC3-80(2:1) and LC3-65(2:1)

Carbonation coefficient (mm/year?/2)
Samples
Indoor Outdoor

Switzerland exposure

PC 2.05 1.38
LC3-80(2:1) 2.74 3.78
LC3-65(2:1) 3.55 2.97
Thailand exposure

PC 2.15 1.67
LC3-80(2:1) 3.01 3.02
LC3-65(2:1) 3.92 3.51

The coefficients of carbonation are in the range of 1.38-2.97 mm/year!/2 for Switzerland exposure
condition and 1.67-3.92 mm/year!/2 for Thailand exposure condition. Higher carbonation rate is found
in Thailand exposure condition. It is because of a higher relative humidity in Thailand.

Although LC3 systems show the higher rate of carbonation compared to PC, it is similar to the other
blended cements and is below the limit of design working life of 100 years for moderate humidity
(XC3) exposure class as seen in Figure 6.7.
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Figure 6.7 Carbonation coefficient of natural carbonation tested on mortars cured for 28 days before
exposure

MixSL coresponding to a blended cement containing 50% of clinker and 50% of the mix of burn oil shell and limestone
In-CH = Indoor in Switzerland, Out-CH = Outdoor in Switzerland, In-TH = Indoor in Thailand, Out-TH = Outdoor in Thailand
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6.3 Chloride ingress

Due to the high alkalinity of the concrete (pH > 12), a protective oxide layer is formed on the surface of
the steel used as reinforcement in concrete. The intrusion of chloride ions into reinforced concrete can
induce steel corrosion. When oxygen and moisture are available, chloride ions (Cl) can penetrate
through concrete and attack the iron oxide film leading to corrosion. As long as the protective layer is
still present, the steel remains in a non-corroding state. Once chloride ions reach the steel, they will
break down the passivating layer and the process of corrosion begins. The rust formed can take up to
5-10X more volume than the original steel leading to cracking, spalling, and delamination of the
concrete. The risk of corrosion increases as the chloride content of concrete increases. The primary
rate-controlling factors are the availability of oxygen, the electrical resistivity and relative humidity of
the concrete, and the pH and temperature [85].

6.3.1 Migration testing

Figure 6.8 shows the result of chloride migration test of PC and LC3 systems. The detected current
relates to the ionic migration through the hardened sample. Table 6.2 shows the concentrations of ions
in the pore solution of all samples cured for 28 days before testing. The higher the levels of
substitution, the lower the ions concentration in pore solution. Moreover, the porosity refinement of
LC3 as seen in Figure 6.9 reduces ion mobility. These result in a lower current detected of LC3,
especially at a higher substitution. The lower current also reflects the fewer chloride ions passed
through [86]. The increase of substitution levels strongly decreases the current.

Table 6.2 The ions concentration in the pore solution of PC and LC3 systems cured at 20°C for 28 days
before exposure

Samples lons concentration (mmol/1)
P Na* K+ OH-
PC 105.6 227.1 227.8
LC3-80(2:1) 80.8 133.5 188.9
LC3-65(2:1) 38.9 63.5 95.6
LC3-50(2:1) 20.1 38.4 58.2
250
——PC
—— LC-80(2:1)
200 - —— LC*-65(2:1)
—— LC®-50(2:1)
<
£ 150+
= \/—”—‘
0
8 1% _\—’//’—
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0 4 6 8 10 12 14
Days

Figure 6.8 Chloride migration test results of PC and LC3 systems (applied voltage = 20V)
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Figure 6.9 MIP results of PC and LC3 systems mortars cured at 20°C for 28 days before testing

6.3.2 Ponding testing

The chloride penetration profiles of the samples ponded in 3% NaCl solution after 6 months and 1 year
of exposure are shown in Figure 6.10. The penetration depth decreases with increasing the level of
SCMs substitution thanks to the porosity refinement in LC3 systems. LC3-50(2:1) shows the best
resistance to chloride penetration. The chloride penetration depth for this system is less than 10 mm
after ponding for 1 year. The chloride content at the surface of LC3-80(2:1) and LC3-65(2:1) is higher
than that of PC and LC3-50(2:1). This indicates a higher binding capacity [87] for these two blends,
which could be correlated with the higher formation of carboaluminate hydrates [88], as seen in
Figure 6.11. However, the surface concentration is lower for the LC3-50(2:1) system, clearly
demonstrating the porosity refinement is of greater importance with respect to the impact of
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Figure 6.10 The total chloride content as a function of depth of PC and LC3 systems at 6 months and 1
year of exposure
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Figure 6.11 The relation between chloride content at the top surface of mortars after 1 year of expo-

sure in 3%NacCl solution and volume of AFm phases (Hc+Mc) analyzed on pastes cured for 28 days

The apparent chloride diffusion coefficient, Der (m2/s) can be evaluated by fitting chloride penetration
profiles with a least squares fit of the solution of Fick’s second law as given in Equation 6.1.

Cy = Cs (1 —erf 5 Dxefft) Equation 6.1

Where Cyis chloride concentration at depth x (m) after exposure at time ¢ (s), Cs is surface concentra-
tion calculated in this regression analysis

Figure 6.12 shows the results of the apparent chloride diffusion coefficient of PC and LC3 systems. It is
clearly seen that the replacement of clinker with limestone and calcined clay improve the resistance of
chloride diffusion. This improvement can be explained from the decrease of the threshold pore radius
of LC3 as seen in Figure 6.13. The threshold pore radius defined from MIP curves of mortars in Figure
6.9 shows a good relationship with the apparent chloride diffusion coefficient. The smaller the
threshold pore radius, the lower the diffusion coefficient. Therefore, the smaller threshold pore radius
can be used to explain the improvement of the resistance of chloride diffusion.
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Figure 6.13 Apparent chloride diffusion coefficient of PC and LC3 systems poltted as a function of
threshold pore radius of mortars cured for 28 days before exposure
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6.4 Alkali silicate reaction (ASR)

Alkali-silica reaction (ASR) is caused by a reaction between the hydroxyl ions in the alkaline cement
pore solution in the concrete and reactive forms of silica in the aggregate [89] to form a gel that swells
as it absorbs water from the surrounding cement paste or the environment as seen in Figure 6.14.
These gels can induce enough expansive pressure resulting in failure of the concrete.

Alkali cement + Fine cracking of the Expansion gel and cracking
reactive aggregate aggregate of the paste

Figure 6.14 Mechanism of ASR damage in concrete [90]

In this study, alkali silicate reaction (ASR) was carried on in the system of PC with 0.52%Naz0.q and
LC3-65(2:1) with two different alkali contents including 0.44%Naz0¢q and 0.77%Naz0¢q. The highly
reactive aggregate from North America called JOBE was used. As seen in Figure 6.15, both LC3-65(2:1)
mortars show an excellent result compared to PC even though LC3-65(2:1)- 0.77%Naz0.q has an alkali
content higher than that of PC. The expansion of LC3-65(2:1) mortars are lower than 0.04% (expansion
limit) after exposure for more than 1 year. The indirect improvement of ASR mitigation of LC3-65(2:1)
over the PC is possible due to the porosity refinement of LC3-65(2:1) as seen in Figure 6.16 which can
reduce the permeability of reactive ions to form ASR gel. The key parameter for the improvement of
ASR mitigation is the chemical compositions in pore solution which lead to prevention of the
expansion in mortar bar [91, 92]. The pH and the composition of pore solution extracted from
hardened cement paste samples containing the same amount of cementitious materials with the tested
mortars are given in Table 6.3 and Figure 6.17. They give information on ions concentration in pore
solution before exposure that LC3-65(2:1) has a lower OH- ions, which could lead to a lower attraction
of the reactive silica toward the pore solution. Moreover, LC3-65(2:1) has a higher content of Al ions
provided by the calcined clay which can reduce silica dissolution to form the ASR gel as also observed
in Chappex’s works [93, 94]. Furthermore, lower alkalis (Na, K) ions are measured not only the less
clinker content but also the presence of calcined clay which enhances the formation of C-(A)-S-H with
a high alkali-binding capacity [95] as seen in Chapter 4.
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Figure 6.15 Expansion of PC and LC3-65(2 :1) soaked in 0.32 mol/L of NaOH at 38°C
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Figure 6.16 MIP results at 28 days of cement pastes containing the same amount of cementitious
materials with the tested mortars of PC and LC3-65(2:1) systems

Table 6.3 The pH of pore solution of cement pastes containing the same amount of cementitious mate-
rials with the tested mortars of PC and LC3-65(2 :1) systems cured for 28 days (before exposure)

Sample pH
PC 13.35+£0.07
LC3-65(2:1)-0.44%Naz0¢q 12.98 + 0.04
LC3-65(2:1)-0.77% Naz0eq 13.29 £ 0.05
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Summary

The durability properties of LC3 systems compared to PC were monitored.

The natural carbonation of PC, LC3-80(2:1) and LC3-65(2:1) were tested both indoor and out-
door conditions in Switzerland and Thailand. Although LC3 systems show a lower resistance to
carbonation compared to PC, it can be improved by curing for a longer time. A higher carbona-
tion rate was found in the samples exposed in Thailand due to the higher relative humidity and
the higher CO; concentration of the environment in Thailand.

Due to the significant porosity refinement of LC3 systems, the resistance of chloride migration
and the chloride penetration are improved. The apparent chloride diffusion coefficient deter-
mined by fitting the chloride penetration profile with the solution of Fick’s second law is
shown in the following order: LC3-50(2:1) < LC3-65(2:1) < LC3-80(2:1) < PC.

LC3-65(2:1) shows an excellent ASR mitigation compared to PC even though LC3-65(2:1)-
0.77%Naz0¢q has an alkali content higher than that of PC (0.52%Na30¢q). It is due to the higher
presence of Al ions which can inhibit the silica dissolution from the reactive aggregate and the

lower reactive ions in pore solution of LC3-65(2:1) over PC resulted in the lower ASR gel to
form.
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The work in this thesis was aimed to explore the potential of using calcined clays with low kaolinite
content (approximately 50%) which are widely available in Thailand, for LC3 production. Accordingly,
the level of SCMs substitution, the influence of cement composition and the reactivity of calcined clay
from different calcination process were investigated.

7.1 Conclusions

7.1.1 Substitution levels

Limestone and calcined clay can replace clinker up to 45% to produce LC3 blended cement. The
compressive strength of all LC3 blended systems meets the standard value of OPC type I and CEM I
42.5N. LC3-65(2:1) shows similar strength to PC from 7 days onwards but LC3-50(2:1) does not reach
the strength of the plain PC in this study. For all blends, the strengths show a good correlation to the
gel-space ratio, so the lower strength of LC3-50(2:1) can be linked to the formation of a lower amount
of hydrates.

Increasing temperature from 20°C to 30°C, which is the average temperature in Thailand, stimulates
the hydration of clinker and the pozzolanic reaction resulting in the enhancement of strength
development at early ages. Although raising the temperature up to 30°C leads to a coarser threshold
pore radius at 28 days, it does not affect the strength of PC and LC3.

The progressive replacement of clinker with limestone and calcined clay promotes the porosity
refinement, which is beneficial for the resistance of chloride ingress and the improvement of ASR
mitigation.

LC3-65(2:1) looks the most promising at a commercial scale in Thailand in term of the maximum
substitution level coupled with the satisfactory results of durability properties and similar strength to
the reference PC.

7.1.2 Cement composition

Increasing alkalinity accelerates the clinker hydration and enhances the precipitation of hydration
products at early ages but opposite effect is observed at later ages. The lower degree of clinker
hydration and the lower precipitation of carboaluminate phases in a high alkali condition at late ages
lead to the decrease of the gel-space ratio and the increase of total porosity. This causes the decrease
of strength at later ages.

The optimum alkali equivalent of LC3-65(2:1) is 0.77% Naz0¢q (or 0.99% Naz0¢q in PC) for KOH
addition and 0.63% Naz0¢q (or 0.79% Na0¢q in PC) for NaOH addition. For these levels, strength is
increased at 1 day without negatively impacting the results at later ages, as seen in Figure 7.1.
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Figure 7.1 The optimal amount of alkali equivalent in PC and LC3-65(2:1) for KOH addition (a) and
NaOH addition (b)

7.1.3 Calcination process

Calcined clay obtained from the rotary kiln process has a lower surface area compared to the clay
calcined from the fluidized bed because of a coarser pore width of calcined clay particles. Independent
of the calcination process, a higher surface area of coarse particles results from the presence of fine
pore width and a large internal pore volume.

For the same metakaolin content, the calcined clay produced by fluidized bed has a slightly higher
reactivity at the beginning due to a higher surface area. However, similar reactivity of calcined clay is
observed later on. The increase of the metakaolin content in calcined clay leads to an increase of
reactivity. Moreover, in terms of grinding, there is no gain of reactivity if clay is ground below 10 um.

The activation energy (E,) of calcined clays between the two different calcination processes is similar
and the variation of kaolinite content (45-50%) does not impact the E, either. The activation energy of
calcined clays determined using the superposition method and the rate method is about 58 - 65
kJ/mol. Compared to the activation energy of about 40-45 k]J/mol for PC, this indicates that the
reaction of the calcined clay will be more accelerated by higher temperatures.

7.1.4 Durability properties

LC3systems show excellent results in terms of durability properties. LC3-80(2:1) and LC3-65(2:1) show
a higher carbonation rate compared to PC but it is below the limit of design working life of 100 years
for moderate humidity exposure class XC3.

The porosity refinement of LC3 systems significantly improves the chloride resistance. The apparent
chloride diffusion coefficient is in the order of LC3-50(2:1) < LC3-65(2:1) < LC3-80(2:1) < PC.

LC3-65(2:1) shows an excellent ASR mitigation compared to PC despite the higher alkali content of
LC3-65(2:1). It is due to the higher Al ions measured in the pore solution and the lower amount of
reactive ions in the pore solution of LC3-65(2:1). This prevents the formation of the ASR gel.

90



Chapter 7. Conclusions and Perspectives

7.2 Perspectives

7.2.1 Studying the durability properties

As discussed previously, LC3 systems show excellent durability results. In this study, the durability
properties with respect to carbonation resistance, chloride ingress, and alkali silicate reaction were
investigated. However, there are still other properties needed to be run to validate the feasibility of
using limestone and calcined clay with low kaolinite content to substitute clinker. The interesting
features include the resistance to high humidity and rain condition, typical in Thailand, the resistance
to sulfate attack, the corrosion resistance of chemicals and the resistance to abrasion.

7.2.2 Understanding the workability of LC3

The mortar flow of LC3 systems in this study is similar to PC even for high levels of substitution. The
result looks very promising for LC3, showing that despite using water-adsorbing calcined clays, similar
workability to PC can be reached, without the use of superplasticizer. These results need to be better
understood to determine why in this study, plasticizer was not required whereas several previous
studies clearly showed the negative impact of calcined clay on workability [30, 96, 97].

For paste samples, the pore width of calcined clay particles plays an important role in the requirement
of superplasticizer to improve the workability of LC3 instead of surface area. As seen in Figure 7.2,
when superplasticizer is added, calcined clays containing a higher surface area show a better
workability over calcined clays with a lower surface area. On the other hand, the greater the width of
pore, the lower the spread of paste. Therefore, it is interesting to more deeply study the parameters
which affect the workability for LC3.
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Figure 7.2 Spread of LC3-65(2:1) paste after adding 0.25% and 0.5% of superplasticizer plotted as a
function of BET surface area (a) and pore width (b) of the particle of calcined clay
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Appendix A. Sulfate adjustment for LC3

The undersulfation of LC3 can be

the sulfate additions are given in

observed from the heat flow curve showing the higher intensity of the
aluminate peak or the shift of the aluminate peak combined with the main peak when increased the
amount of calcined clay as seen in Figure A.1. In order to prevent the undersulfation of LC3, the sulfate
content was adjusted by adding gypsum. The sulfate adjustment of LC3 systems is shown in Figure A.2
to Figure A.4. The optimum sulfate of LC3 systems depends on the amount of calcined clay content in
the blends. It can be determined when the heat flow curve of the aluminate peak does not overlap with
the peak of the silicate phase hydration. Generally, the optimum sulfate for cement would be sufficient
to delay the aluminate hydration peak not less than 2 hours after the maximum of the main silicate
hydration peak (like the optimum sulfate of PC). Thus, the optimal amount of gypsum addition was
defined when the beginning of the aluminate peak was shifted for 2 hours from the silicate peak. All

Table A.1.
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Figure A.1 The heat flow curves of PC and LC3 systems before sulfate adjustment
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Figure A.2 Sulfate adjustment for LC3-80(2:1)
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LC®-65(1:1)
3.0

0% Gypsum
1% Gypsum

2.5

Heat flow (mWI/g)

00 T T T T T T T T T T T T T T T T T T T
012345678 91011121314151617181920
Time (hr)
LC®-65(2:1)
3.0
0% Gypsum

—— 0.5% Gypsum

2.5+ —— 1.0% Gypsum

Heat flow (mW/g)

OO T T T T T T T T T T i i T T T T T T T T
012345678 91011121314151617181920
Time (hr)
LC®-65
3.0
0% Gypsum

—— 0.5% Gypsum

2.5+ —— 1.0% Gypsum

Heat flow (mW/g)

0.0

T T T T T T T T T T T T T T T T I T T
012345678 91011121314151617181920
Time (hr)

Figure A.3 Sulfate adjustment for LC3-65(1:1), LC3-65(2:1) and LC3-65

96



Appendix

LC®-50(2:1)
3.0
0% Gypsum
1% Gypsum
2.5+ 2% Gypsum
3% Gypsum
)
=
E
2
o
&=
©
[0
iE
0.0

T T T T T T T T T T T T T T 1) T T T T
012345678 91011121314151617181920
Time (hr)

Figure A.4 Sulfate adjustment for LC3-50(2:1)

Table A.1 The composition and the amount of gypsum used for adjusting sulfate of LC3 systems

wt.%
Name . Calcined . Gypsum
Clinker clay Limestone Gypsum addition
LC3-80(2:1) 80 10 5 5 0.25
LC3-65(1:1) 65 15 15 5 0.50
LC3-65(2:1) 65 20 10 5 0.50
LC3-65 65 30 0 5 0.75
LC3-50(2:1) 50 30 15 5 1.00

97






Appendix B. Influence of substitution levels on
the strength development of LC3

B.1 Influence of calcined clay to limestone ratio

Various calcined clay to limestone ratios were used in order to define the best combination. Figure B.1
shows the strength results for LC3-65 using either calcined clay only, or 2:1 or 1:1 calcined clay to
limestone ratio. Better or equal strengths than the reference PC from 7 days onwards are observed for
LC3-65(2:1). It also shows that significant differences are obtained by changing the calcined clay to
limestone ratio. These results are in agreement with the work of Antoni [29], who reported that the
ratio of 2:1 is the most promising in term of mechanical properties and cost of production. The lower
strength of LC3-65(1:1) compared to LC3-65(2:1) can be explained by a coarser pore size distribution
of LC3-65(1:1) as seen in Figure B.2.
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Figure B.1 Compressive strength of PC and LC3-65 varying calcined clay: limestone ratios
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Figure B.2 MIP results of PC, LC3-65(2:1) and LC3-65(1:1) cured at 28 days
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B.2 Influence of metakaolin content

The result from Chapter 3 shows the compressive strength of LC3-50(2:1) in this study cannot reach
the strength value of the reference PC. This contradicts previous works [29, 31, 98] which showed
similar compressive strength of LC3-50(2:1) to plain PC from 7 days onwards. Increasing the amount
of metakaolin content does not increase the strength of LC3-50(2:1) at 28 days but it is able to improve
the strength at early ages as seen in Figure B.3. Thus, the different results are not explained by the
calcined clay source, but by the cement characteristics.
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Figure B.3 Impact of metakaolin content of calcined clay to the strength development of LC3-50(2:1)
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Appendix C. Comparison of the degree of me-
takaolin reaction determined using mass bal-
ance and GEMS

For the reaction of metakaolin (MK), it was determined using 2 different techniques including mass
balance calculation (MB) and GEMS. The step of mass balance calculation was explained in Chapter 2.
The input for both calculations can see from Figure C.1. At the interested ages, the result of reacted
phase got from XRD were converted to be the fixed available oxides and the free available SiO; and
Al;03 were obtained from the variation of metakaolin reaction from 0 to 100%. In case of mass balance
calculation, the information of C-A-S-H composition from EDS was taken into account to calculate the
phase assemblage. For GEMS, instead of using the reacted limestone, the initial amount of limestone
and alkali content were used as the input for GEMS calculation. The output that we got from mass
balance and GEMS are the hydration products. Comparing the amount of CH from the calculation with
the results from the experiment using TGA and XRD we will get the information of reacted metakaolin.
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Figure C.1 The step to determine the degree of metakaolin reaction using mass balance calculation and
GEMS
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The comparisons of reacted metakaolin results from mass balance and GEMS calculation are shown in
Figure C.2. In LC3-50(2:1) and LC3-65(2:1) systems, the reacted MK from mass balance and GEMs
shows quite similar results. For LC3-80(2:1) system, GEMS shows the overestimation at all ages.
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Figure C.2 The comparison of reacted metakaolin results calculated from mass balance and GEMS

The difference of reacted MK from mass balance and GEMS is possible due to the different Ca/Si in
C-(A)-S-H used. As seen in Figure C.3, the ratio of Ca/Si used in GEMS is about 1.60 in all systems but
from the experiment (SEM-EDS) it shows the variation of Ca/Si depending on the composition and the
hydration time. The lower Ca/Si reflects the higher pozzolanic reaction. Thus, the higher estimation of
reacted MK for LC3-80(2:1) from GEMS observed is due to the lower Ca/Si used for GEMS. Accordingly,
the reaction of metakaolin predicted by mass balance looks promising more than the results obtained
from GEMS due to the real Ca/Si used in mass balance calculation.

2.00
195 ] —m— LC3-80(2:1)
e —e— LC%65(2:1)

U —a—LC%50(2:1)
1.85 -
1.80 -

175 I

2 470

O E
1.65 -

] GEMS
<0
1.55 o .

1.50 - T

1.45 -

1.40 T T y T T
3 7 28 90

Days

Figure C.3 Ca/Si of LC3 systems analyized by SEM-EDS and predicted by GEMS

102



Appendix D. Influence of alkalis on the
strength development of PC and LC3-50(2:1)

D.1 PC

The results in Chapter 3 show the compressive strength of LC3-50(2:1) is lower than that of the
reference PC which is in contrast with the previous works [28, 29, 31]. One of the reasons is the
difference of the alkali content in PC. The PC used in Avet's study [31] has alkali content about
0.97%Naz0.q while PC used in this study has the percentage of alkali only 0.52%Naz0¢q. The different
alkali content directly impacts the strength development of PC as seen in Figure D.1. PC with high
alkali content shows higher strength value at 1 day but lower at later ages.

To get more understanding, the alkali content of the PC used in this study was adjusted from
0.52%Naz0¢q to 0.99%Naz0¢q using KOH. The compressive strength results are shown in Figure D.2.
The strength of PC after adjustment is increased at 1 day and is reduced at 28 days. Similar values to
Avet’s work are obtained. Using this adjusted PC to formulate LC3 cements, LC3-65(2:1) gives a higher
strength and LC3-50(2:1) shows the comparable strength to the reference PC, as shown in Figure D.3.
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Figure D.1 Compressive strength of PC (0.52%Naz0¢q) used in this study and PC (0.97%Naz0¢q) used in
Avet’s work [31]
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Figure D.2 The compressive strength of PC-0.52%Naz0¢qand PC-0.99%Na20¢q used in this study
compared to PC containing 0.97%Naz0.q used in Avet’s work [31]
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Figure D.3 Compressive strength of PC-0.99%Na;0¢q and LC3 formulated using PC-0.99%Na;0¢q
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D.2 LC3-50(2:1)

The study of the impact of alkalis on the mechanical properties of LC3 was also investigated on LC3-
50(2:1). The formulation of LC3-50(2:1) with various alkali contents using KOH addition is given in
Table D.1 and the compressive strength results show in Figure D.4. Increasing the alkali content of LC3-
50(2:1) from 0.40%Naz0.q to 0.66%Na,0q increases the early strength but it negatively influences the
strength at later ages.

Table D.1 The composition of LC3-50(2:1) with various alkali contents

wt.%
Name PC Calcined | 4 estone | GYPSUM KOH
clay addition
LC3-50(2:1) 0.40%Naz0¢q 54.5 29.7 14.8 1.0 0.0
LC3-50(2:1) 0.50%Naz0¢q 54.2 29.6 14.8 1.0 0.4
LC3-50(2:1) 0.58%Na;0.q 54.1 29.5 14.7 1.0 0.7
LC3-50(2:1) 0.66%Naz0.q 53.9 29.4 14.7 1.0 1.0
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Figure D.4 Compressive strength of LC3-50(2:1) with various alkali contents

The percentages of alkali equivalent (%Naz0eq) of PC and LC3 systems are shown in Table D.2. It
should be emphasized that the influence of alkalis on the strength development of LC3 depends on the
amount and species of alkali containing in the plain PC. For the system containing high K30, the
maximum alkali content in PC for LC3 formulation is about 0.99%Na;0q. For the system containing
high Na:O0, the alkali content in PC is lower compared to K:O. It should be less than 0.79 %Naz0¢q to
prevent the loss strength at the later ages as discussed in Chapter 4.
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Table D.2 The percentage of alkali equivalent (% Naz0.q) of PC used for LC3 formulation and the
amount of alkali equivalent of LC3

* Naz0eq(%)
Target of % NazOeq PC LC3
(clinker) (clinker+clay+limestone)

KOH addition
LC3-50(2:1) 0.40%Naz0¢q 0.52 0.40
LC3-50(2:1) 0.50%Naz0¢q 0.71 0.50
LC3-50(2:1) 0.58%Naz0¢q 0.85 0.58
LC3-50(2:1) 0.66%Naz0cq 0.99 0.66
KOH addition
LC3-65(2:1) 0.44%Naz0cq 0.52 0.44
LC3-65(2:1) 0.61%-K 0.75 0.61
LC3-65(2:1) 0.77%-K 0.99 0.77
LC3-65(2:1) 0.93%-K 1.22 0.93
LC3-65(2:1) 1.09%-K 1.45 1.09
NaOH addition
LC3-65(2:1) 0.63%-N 0.79 0.63
LC3-65(2:1) 0.82%-N 1.07 0.82
LC3-65(2:1) 1.00%-N 1.34 1.00
LC3-65(2:1) 1.20%-N 1.62 1.20

* 96 Naz0eq = % Naz0 + (0.658 x % K20)
**9 Naz0eq of PC and calcined clay equal to 0.52 and 0.39, respectively
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Appendix E. Influence of alkali on the setting
time and the workability of LC3

E.1 Setting time

The influence of alkalis on the setting time of LC3-65(2:1) was determined using an automatic Vicat
needle apparatus and was carried out on the fresh paste samples with fixed the water to binder ratio
of 0.4. Automatic recording of the penetration was done every 15 min and each penetration was
performed at least 5 mm away from the previous penetration. The time of setting was determined
following EN 196-3. The initial setting time is defined at the time for which the distance between the
needle and the base-plate is 6 + 3 mm. The final setting time is the time at which the needle first
penetrated into the paste 0.5 mm. The influence of KOH and NaOH on the setting time of LC3-65(2:1)
and compared to PC is shown in Figure E.1 and Figure E.2. The presence of calcined clay affects the
final setting time of LC3 and increasing alkalinity using KOH slightly decreases the final setting time of
LC3-65(2:1). NaOH presents a more noticeable effect than KOH. This can be explained by the
acceleration of hydration at the early age using alkali.
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Figure E.1 The setting time of PC and LC3-65(2:1) with various alkali contents using KOH addition
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Figure E.2 The setting time of PC and LC3-65(2:1) with various alkali contents using NaOH addition
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E.2 Workability

The impact of alkalis on the workability of LC3-65(2:1) was observed by measuring the flow of mortar
with no superplasticizer used. The results are shown in Figure E.3. The method for flow testing was
described in Chapter 5. The increase of alkalinity improves the workability of LC3 and the maximum
flow obtained from the system containing about 0.80%Na;O.q in both cases of alkali addition.
Improved workability of LC3 is possible due to a higher entrained air generated by alkalis. However,
after 30 min there is no influence of alkali on the flow of LC3-65(2:1) as seen in Figure E.4.
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Figure E.3 The mortar flow of PC and LC3-65(2:1) with various alkali contents using KOH addition
(left) and NaOH addition (right)
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Figure E.4 The mortar flow of PC and LC3-65(2:1) with various alkali contents using KOH addition
plotted as a function of time
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Appendix F. The effect of alkali on the micro-
structure of LC3

From Chapter 4, the degree of clinker hydration is increased at 1 day when increased the alkali content
up to 1.09%Na20¢q using KOH, but it is in contrast with the later ages. As a result of the higher degree
of clinker hydration by adding KOH at 1 day, the microstructure observed using BSE-SEM shows a
thicker layer of C-A-S-H surrounded the alite grains in the pastes with a higher alkali content as seen in
Figure F.1. At 28 days, the microstructure of LC3-65(2:1)-1.09%Na0q shows a higher unreacted
clinker remaining in the paste as seen in Figure F.2 which is in agreement with the lower degree of
clinker hydration compared to LC3-65(2:1)-0.44%Naz0cq.

LC3-65(2:1) 0.77%-K LC3-65(2:1) 0.93%-K LC3-65(2:1) 1.09%-K

Figure F.1 The microstructure at 1 day of LC3-65(2:1) with various alkali contents
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(a) (b)
Figure F.2 The microstructure at 28 days of LC3-65(2:1)-0.44%Naz0¢q (a) and LC3-65(2:1) 1.09%-K (b)

The addition of alkali hydroxide to LC3 blended cement results in the increase of pH in the system. The
higher pH accelerates the calcium hydroxide (CH) precipitation and results the formation of the
smaller size of CH crystals [60, 99]. The morphology of CH in LC3-65(2:1) systems show in Figure F.3,
the cluster of CH can be observed in the paste containing low alkali content and the smaller and more
number particles of CH in the paste with high alkali content.

(a) (b)
Figure F.3 The morphology of CH at 28 days of LC3-65(2:1)-0.44%Naz0¢q (a) and LC3-65(2:1) 1.09-K%
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Appendix G. Calculation the apparent activa-
tion energy (E.) of LC3

G.1 Apparent activation energy of LC3

To investigate the effect of calcined clays on the temperature sensitivity when the calcined clay was
used in the LC3 systems, the isothermal calorimeter was employed to measure the heat of hydration of
cement pastes. The term “apparent activation energy" is used due to the several chemical reactions
taking place during cement hydration. This study focused on how the replacement level of calcined
clay and the calcination process affect the apparent activation energy of LC3.

The method for determining apparent activation energy (E,) in this study was the superposition
method. Because it is the most used in the E, determination of the cement hydration and the results
are accurate and more practical to get compared with the rate method [77, 78].

The method for the preparation of the pastes was explained in Chapter 2 and the calorimeter was
operated at 20°C, 30°C, and 40°C for 14 days. The samples used in this study are given in Table G.1.
The procedure of the superposition method for determining the apparent activation energy (E;) was
described in Chapter 5. In this study, the data up to 50% of the ultimate heat release (H,) for each
system was used to calculate the sensitivity of the reaction rate as suggested in [78] and it was in the
range the useful information (first few days of hydration) for determining E, as recommended in [77].

Table G.1 The list and composition of samples for studying the apparent activation energy of LC3

Name Calcination Kaolinite | Clinker Calcined clay | Limestone Gypsum
process (%) (%) (%) (%) (%)
PC - - 91 0 4 5
LC3-80(2:1) Fluidized bed 50 80 10 5 5
LC3-65(2:1) Fluidized bed 50 65 20 10 5
LC3-50(2:1) Fluidized bed 50 50 30 15 5

The degree of hydration can be estimated from the heat released collected by the isothermal
calorimeter. Schindler and Folliard [100] proposed the degree of hydration as a proportion of the heat
released to the ultimate heat available as given in Equation G.1.

a(t) =29 Equation G.1

u

where «(t) is the degree of hydration, H(t) is the cumulative heat released (J/g) from time 0 to time t,
and H, is the ultimate heat available (J/g) as calculated based on the composition of cementitious ma-
terials.

Zaribaf et al. [101] proposed the empirical models modified from [102] to determine H, for the blend-
ed cement containing MK shown in Equation G.2.

Hy = Heem " Pcement + 461 psiag + 1800 * pra_cao * pra +876.5 pyk Equation G.2
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where, Heem is total heat of hydration of the cement (J/g) defined as given in Equation G.3 and p, is

weight ratio of the x compound in terms of total cement content.

Heem = 500p¢,s + 260p¢,s + 866pc,a + 420pc, ar + 624pso, + 1186ppreecao + 850pnmg0

Equation G.3

The calculation of Heemmand H, of PC and LC3 systems are given in Table G.2 and the degree of hydration

calculated using Equation G.1 are shown in Figure G.1.

Table G.2 The calculation of Heemand H, of PC and LC3 systems

XRD Factor PC Cag:;ed LC3-80(2:1) | LC3-65(2:1) | LC3-50(2 :1)
CsS 500 0.67 0 0.57 0.47 0.37
CS 260 0.08 0 0.07 0.06 0.04
CsA 866 0.07 0 0.06 0.05 0.04
C4AF 420 0.09 0 0.08 0.06 0.05
SOs 624 0.02 0 0.03 0.03 0.03
Free Ca0 1,186 0 0 0 0 0
MgO 850 0.01 0.06 0.02 0.02 0.02
MK 876.5 0 0.52 0.05 0.10 0.15
Hee (J/8) 477.6 4141 350.5 290.3
H. (/g) 4776 4593 441.0 426.0

Figure G.1 shows the degree of hydration decreases with increasing the substitution level due to the

lower amount of reactive clinker phases. Moreover, it can be observed that the increase of

temperature increases the hydration rate at the beginning but it tends to decrease the degree of

hydration, especially at a higher level of substitution. This slowdown of the degree of clinker hydration

was explained in Chapter 3.

The superposition method [77, 79, 103] was used to determine the apparent activation energy (E,) of
PC and LC3. The parameters for fitting the curves and the activation energy of PC and LC3 blended
cements are given in Table G.3. The E, of PC is about 41.6 k]/mol which is in the range of OPC type I
concrete suggested in ASTM C1074-04 (40-45 kJ/mol) and the E, of LC3 systems is about 41.7-44.6
k]J/mol which are very close to the value of the PC as seen clearly in Figure G.2.

Table G.3 The paremeter for fitting cumulative heat curve and E, results of PC and LC3 pastes

Sample Hu B T Eq
(/g 20°C 30°C 40°C (k] /mol)
PC 060 | 088 | itoo) | (reeoos) | (Re099) | (Rico99)
LC*-80(2:1) 044 0.98 (R21=20..599) (Rzzbz.%) (R2362.99) L(}liz'i(;;é())
LC-65(2:1) 043 0.84 (R21=?;)..099) (Rzzbaj99) (R:é%) L(Llizzoi.;)é?
LC-50(2:1) 048 0.68 (R21=%.‘f98) (R226§99) (szb7.99) ‘(Lézlioi.;é?
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