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Abstract

In past years, the most widely used cementitious material is cement, which is produced by burning
limestone to a temperature over 950 degree along with other materials such as chalk, clay and iron
core, emitting a significant amount of CO.. For instance, 1000 kg of cement production releases
around 900 kg CO, gas. Subsequently, cement production accounts for 5% - 7% of total CO>
emissions. Therefore, in recent years, cement has been blended with different cementitious materials
such as fly ash and blast furnace slag, which are primarily by-products from coal power plants and
steel manufacturing, respectively, to reduce the carbon footprint associated with cement production.
In addition, blended cement improved the mechanical and durability of concrete by altering its
microstructure and hydration products. However, research reported a minimum of 35% cement
content by volume in the blended cement. Therefore, this study aims to develop a new composite
cementitious binder containing slag and calcite towards low-carbon and sustainable cementitious
materials. To use this new composite as an alternative to cement, the mechanical and durability

properties of the new composite are explored in detail for the short and long term.

In chapter 3, a new composite cementitious material consists of calcium hydroxide, blast furnace slag
(BES), calcite and expansive agent, where calcite acts as a filler material. The influence of the filler
content, its fineness and water-to-powder ratio (W/P) on hydration kinetics and microstructure
behaviour are experimentally studied in this study. The experiment tests include X-ray diffraction
(XRD), TG-differential thermal analysis (DTA), selective dissolution measurement and mercury
intrusion porosimetry (MIP). The experimental results revealed that the slag reaction degree is
enhanced by increasing the filler content and fineness of the filler in high W/P ratio. However, the
filler fineness does not show significant improvement in the hydration degree of slag with low W/P
ratio in later curing period. This can be attributed to the reduced amount of available water for the

hydration reaction. Moreover, it should be noted that, unlike in other studies, hemicarboaluminate,
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which is thermodynamically unstable than monocarboaluminate is formed even at the later age of
hydration reaction in the presence of calcium carbonate. Furthermore, an existing hydration model,
which was developed primarily to predict the hydration of portland cement, is modified to predict the
hydration behaviour of slag in the new composite over the hydration age. The predicted results

showed good agreement with the experimental results in terms of hydration products and porosity.

Carbon dioxide penetration into the cementitious material causes numerous chemo-mechanical
changes and effects the strength, porosity, pore size distribution, and chemistry. Hence, in the chapter
4, the carbonation behaviour of the new composite under an environment of 5% CO2 and 60%
humidity is examined. The phase changes due to the carbonation are quantified through XRD and
TG tests as a function of carbonation period. The experimental results revealed that calcite is formed
during the carbonation, where ettringite, hemicarboaluminate, and portlandite react with carbon
dioxide. In addition, the fineness of calcite filler does not show a significant influence on carbonation

behaviour. However, the carbonation rate increases with an increase in calcite dosage.

The influence of chloride uptake by the new composite is studied in chapter 5. To study the chloride
ingress profiles, 28-day aged hydrated specimen is covered by epoxy resin except for the bottom of
the circular surface, which faced 500 mL 0.5M NaCl solution for up to 12 months. The chloride
penetration characteristics of the proposed material are investigated by experimental programmes,
including XRD, titration, ion chromatography, TG-DTA methods. Based on the experimental results,
the amount of chemical bound chloride in Afm phases, physical bound chloride in C-S-H, and free
chloride in pore solution are established as a function of the immersion period, as well as a function
of the distance from the exposed surface. The experimental results show that the amount of free
chloride in pore solution is enhanced by increasing the fineness of the calcite filler, as well as the
addition rate. However, the filler fineness does not show a significant influence in chemical bound

chloride in Afm phase. Moreover, it should be noted that hemicrboaluminate converted into the
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Friedel’s salt when exposure to the chloride. However, immersion period does not show a significant
influence on the chloride penetration distance. In other word, the new composite cementitious binder

resists the chloride ingression.

In the last chapter, the hydration and durability characteristics of this new composite cementitious

binder are summarised, and the issues are critically discussed for future studies.
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CHAPTER 1

General introduction



1.1 Background

Concrete made of OPC (Ordinary Portland Cement) and aggregates mixed with water is the most
secondly consumed material in the industrialized world, only surpassed by water and performs an
indispensable role in the field of civil engineering construction. The rising population and
urbanization upsurge the demand for concrete across the globe. Even though the concrete remains as
cost and energy efficient material compared to other construction materials, the concrete production
is accountable for 9% of the total greenhouse gas emission, in which around 5-7% is reported to be
during the large-scale cement production (Cadavid-Giraldo, Velez-Gallego, and Restrepo-Boland
2020; Coffetti et al. 2022). During the Portland cement manufacturing process, the CO2 mainly emits
because of the decarbonation of limestone in the clinkering process followed by releasing from fuel
and electricity used for heating and milling purposes (Skibsted and Snellings 2019). The
accumulation of emitted greenhouse gases is the most serious threat in the recent decades, as it
directly affects the climate changing. Therefore, numerous methods, e.g. the use of supplementary
cementitious materials (SCMs), process optimization, and alternative clinker production with a
reduced amount of limestone, have been recently used in the cement manufacturing plants and
concrete industry for the mitigation of anthropogenic carbon dioxide emission and to improve the

sustainability of the concrete production (Benhelal, Zahedi, and Hashim 2012; Noguchi et al. 2021).

The conventional attempt to decrease the CO, emission is the partial or complete replacement of
clinker with SCMs in cement or replacement of cement with SCMs in concrete mixture. The
commonly used SCMs as alternative binders include mainly inert material like limestone and reactive
material from industrial by products including blast furnace slag (BFS) from iron and steel production,
fly ash from coal power plant and silica fume from the silicon or ferrosilicon industry. It is also
notable that using SCMs as building materials has another merit for the problems associated with
waste management of industrial by-products such as reducing the land occupation for disposal and

other severe environmental issues related to the landfills. In the fly ash blended cement, the fly ash
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acts as filler or inert due to low reactivity during the early stage of hydration period, which leads to
the provision of additional nucleation site and increases the effective water content for the cement
hydration reaction, and performs as active pozzolanic material in later age as fly ash reacts with
precipitated portlandite by cement reaction to form C-S-H (Deschner et al. 2012; Yu and Ye 2013).
Despite the positive effects of fly ash, the field application of large amounts of fly ash is limited due
to the low reactivity of fly ash at the early stage of curing period, which leads to the much lower
development of mechanical properties of fly ash mixture compared to the pure concrete (Gunasekara
et al. 2020; Nochaiya, Wongkeo, and Chaipanich 2010; J. Yang et al. 2019). The silica fume which
consists of >80 wt% of amorphous silica is generally used with pure cement or blended cement
containing slag or fly ash to improve the pozzolanic reaction (Yajun and Cahyadi 2003). Even though
the silica fume exists high reactivity because of high amorphous content and fine particles, high
degree agglomeration of silica fume was reported in the past research works owing to the very fine
particles of silica fume i.e., 0.1-0.5 pm, and it is difficult to disperse the particles due to the high
interparticle forces, thus it reduces the effectiveness of the replacement of silica fume in the cement

mixture (Yajun and Cahyadi 2003; Z. Zhang, Zhang, and Yan 2016).

Among the SCMs, the BFS is most commonly used to produce sustainable blended cement, as it
shows better intrinsic properties compared to other blended cement paste (Briki et al. 2021; Escalante
et al. 2001a; He et al. 2021). The BFS is the only SCM that behaves as a latent hydraulic material,
i.e., reacts with water once activated and portlandite is not required for the hydration reaction of BFS
(Juenger, Snellings, and Bernal 2019; Skibsted and Snellings 2019). Therefore, the extensive use of
BFS upsurges, and which can even be used for the total replacement of OPC binders i.e., clinker free
paste as well (Brough and Atkinson 2002; Kashani et al. 2014). When slag particles get in exposure
to water, the aluminosilicate forms rapidly on the surfaces of the slag grains, and it fully covers the
reactive materials within a few minutes. Thus, further slag reaction is hindered by aluminosilicate

formation as it is impermeable to water (Altan and Erdogan 2012; Song et al. 2000). However, in the



presence of clinker, the reaction of BFS is triggered by the high alkaline pore solution from the early
cement hydration as this impermeable layer dissolves in the high alkaline environment. On the other
hand, in the case of total substitution of clinker, a chemical activator to increase the pH of the pore
solution is essential to initiate the hydraulic reaction (i.e., to breakdown the aluminosilicate coating)
(Deir, Gebregziabiher, and Peethamparan 2014; Song et al. 2000). Alkali hydroxides, carbonates and
silicates are generally used as activators for BFS mixture (Cheah, Tan, and Ramli 2021; Deir,
Gebregziabiher, and Peethamparan 2014). It is reported in numerous studies that the alkali activated
slag exhibits excellent mechanical and durability properties including high early strength, high
resistant against to sulphate and other acid attack (Bakharev, Sanjayan, and Cheng 2003; Provis,
Palomo, and Shi 2015; Song et al. 2000; X. Zhu et al. 2018). However, the hydration reaction, setting
time and development of mechanical and durability characteristics are mainly varied depending on
the alkali activators and their magnitudes for a specific curing condition and Water/Binder ratio
(W/B) (Altan and Erdogan 2012; Gebregziabiher, Thomas, and Peethamparan 2015; Kashani et al.
2014; N. Li et al. 2018). Li et al., (N. Li et al. 2018) reported that increasing the Na,O to binder ratio
in the slag mixture results in increasing the compressive strength and reducing the setting time owing
to the increased extent of the more dissolution of solid particles in the high concentration of Na,O
solution. The effect of different type of activators such as alkali hydroxide and alkali silicate on the
yield stress and rate of hydration reaction were investigated by Kashani et al., (Kashani et al. 2014),
and they concluded that alkali hydroxide activators show a significant increase in the yield stress and
reaction rate compared to the silicate activated slag system. Nevertheless, the alkali activated slag
binders have some drawbacks such as fast setting time and subsequent shrinkage, which might be
attributed to the fast dissolution and reaction due to the addition of chemical activators and high rate
of carbonation (Brough and Atkinson 2002; N. Li et al. 2018; K. H. Yang et al. 2012; X. Zhu et al.
2018). The aforementioned limitations can be improved by adding calcium hydroxide activator. The

Previous studies highlighted that the calcium hydroxide activated slag mixtures are beneficial for the



practical application due to the low cost and good mechanical and durability properties (Dai et al.

2021; He et al. 2018; X. Zhu et al. 2018).

Adding an inert or low-reactivity material into the SCMs mixture enhances the hydration reaction
and subsequently improves the intrinsic properties of the hardened matrix, as the particles surface of
the filler materials provide additional nucleation site for the formation of hydration products and
increase the effective available water for hydration reaction (Adu-Amankwah et al. 2017; Y. Han,
Lin, and Wang 2021; Knop, Peled, and Cohen 2014; Snellings et al. 2022). In addition to the filler
effect, a significant amount of limestone/ calcite behaves as active reactant, limestone and calcite are
often used as filler materials in the alumina rich SCMs (Adu-Amankwah et al. 2017; Y. Han, Lin,
and Wang 2021; Snellings et al. 2022). Generally, in the Al-rich binder, the ettringite forms until the
depletion of gypsum (which is the sulphate ion source for the ettringite reaction), followed by the
formation of monosulfate due to reaction between additional alumina phases and formed ettringite.
However, this mineralogy of the harden mixture is altered by the addition of limestone/ calcite.
Because, the formation of monosulfate is inhibited in the presence of calcium carbonate which leads
to the stabilization of ettringite and other carboaluminate phases (hemi carboaluminate and
monocarboaluminate) (Jeong et al. 2017; Schéler et al. 2015; Maclej Zajac et al. 2014). Due to the
stably formed ettringite and carboaluminate phases instead of monosulfate in the existence of calcium
carbonate, the pore space of the matrix is lower compared to that without calcite/ limestone mixture,
which in turn leading to the improved mechanical and durability properties (Lothenbach et al. 2008;
Matschei, Lothenbach, and Glasser 2007; Ramezanianpour and Hooton 2014). Numerous research
works have been carried out recently to investigate the effects of adding limestone/ calcite on
microstructure and mechanical properties of blended cement mixture (Adu-Amankwah et al. 2017;
Avet and Scrivener 2018; Y. Han, Lin, and Wang 2021; Rakhimova et al. 2016; Ramezanianpour and
Hooton 2014; Snellings et al. 2022; Maclej Zajac et al. 2014). It was reported that the porosity of the

matrix decreases with calcium carbonate content up to a certain level, followed by an increase



depending on the sulphate content and alumina phases of the mixture, and this tendency is inverse to
the development of mechanical properties (Adu-Amankwah et al. 2017; Rakhimova et al. 2016;
Ramezanianpour and Hooton 2014; Maclej Zajac et al. 2014). However, only a limited number of
studies focused on the hydration behaviour and microstructures of cement free binders with

substitution of a large amount of calcite/ limestone filler.

The durability performance of cementitious materials is related to the binder, as well as the chemical
reactions between the hydration products under a service environment. Since cementitious materials
are often exposed to severe environments, their long-term performance is of concern. Hydrated
cementitious materials exposed to aggressive environments, such as aqueous chloride, magnesium or
sulfate solutions, often sustain irreversible damage as a result of paste softening and excessive volume
change (Maltais, Samson, and Marchand 2004). In the presence of sulfate ions, sulfate attack occurs
in cementitious materials, which can be groundwater, soil, or rainwater. Sulfate attack usually
manifests itself by cracking and spalling of concrete accompanied by expansion and/or loss of
strength (Shanahan and Zayed 2007). Ettringite and gypsum are the primary products of the
chemical reaction between a sulfate-bearing solution and cement hydration products. Even This fact
has been recognized for a long time, there has been little research on gypsum formation. Although
the formation of gypsum is important, there is no clear documentation of the nature of disruption
caused by gypsum (Santhanam, Cohen, and Olek 2001). In order to improve the sulfate resistance of
concrete, blending slag with cement for reducing the CH and tricalcium aluminate contents. Slag has
pozzolanic properties, with the application of slag in concrete decreases the amount of cement, which
leads to the reduction of both heat hydration and CO> emission. It is reported that a replacement rate
of 50% of slag by cement lower the sulfate attack around 10% under MgSOs solution compared to
ordinary cement and a large amount of slag resisted the Na>SOj attack but degraded strongly in
MgSO4 (Yan et al. 2020). Actually, in a higher slag proportion, the durability and mechanical

properties of the mortar were decreased due to the small amount of clinker, which made the mortar



more susceptible to MgSO4 attack. On the opposite, in a lower slag proportion, the behavior of the
final mixtures in MgSQO4 environments was better (Yan et al. 2020). In the case of adding limestone
filler to Portland cement, a low proportion (lower than10%) of limestone filler causes no significant
changes in sulfate resistance of parent Portland cement, while a large proportion (more than 15%)
worsened sulfate performance (Irassar 2009). Besides, the durability of alkali-activated slag (AAS)
concrete in sulfate environment shows some differences compared to OPC. Both of AAS and OPC
had a similar products of degradation, which are ettringite and gypsum under MgSO4 environment,
OPC samples had significant expansion, cracking, and loss of concrete, while AAS samples were not

expanded but cracked (Bakharev, Sanjayan, and Cheng 2002).

Steel bars damaged by chloride corrosion are the main reason for the deterioration of the reinforced
structure (Cai et al. 2022). The chloride resistance of OPC, slag-blend cement, limestone-cement and
alkali-activated slag has been reported (Ababneh, Benboudjema, and Xi 2003; Caré¢ 2008; Hawkins,
Tennis, and Detwiler n.d.; Ogirigbo and Black 2017; Otieno, Beushausen, and Alexander 2014; Park,
Ann, and Cho 2015; Z. Shi et al. 2017; Sui et al. 2019; Y. Zhu et al. 2022). In all cases, the chloride
diffusion is strongly dependent on the duration of exposure to a chloride environment, as well as
water to powder ratio and mixture conditions. Compared to OPC, when the slag content increased
from 0% to 50%, chloride permeability diminished significantly at 90 days and a replacement rate of
60% of slag can reduce the rate of chloride transport to the lowest level (H. J. Chen et al. 2012). It
indicates that the presence of slag results in a continuous reduction in diffusivity with time. Therefore,
the slag-blended concretes showed considerably better resistance to chlorides ion penetration than the
OPC concretes. Nevertheless, Partial replacement of clinker with limestone provides environmental
and economic benefits to the concrete industry. Since limestone replaces part of the clinker, the
system has a higher effective water-to-cement ratio (W/C) that can lead to an increased hydration
degree of the clinker. In addition to the filler effect and the dilution effect, limestone was found to

react with aluminum-rich phases of both the clinker and Supplementary Cementitious Materials



(SCMs), so that it affected the chloride binding capacity (Sui et al. 2019). However, due to its filler
effect without pozzolanic proporties, large limestone content decreases strengths and increases the
porosity. As a result, limestone-blended cement gives a different chloride binding capacity compared
to OPC. The development of alkali-activated slag under chloride-containing environments has also
been widely investigated by academia and industry for decades. Among alkali-activated slag, the
alkali activator type strongly influences chloride resistance (Y. Zhu et al. 2022). AAS generally has
better chloride resistance than OPC. The physical and chemical properties of precursors, as well as
the type and concentration of alkaline components in activators are important parameters for the
chloride resistance of AAS (Jingxiao Zhang et al. 2022).

The interactions of chloride with saturated cementitious materials are dominated by its diffusion
through the pore structure of hardened paste. Chloride exists in three different forms inside of the
cementitious materials, which are chemically bound chloride, physically bound chloride and free
chloride. In OPC, the chloride ions can be chemically bound in alumina, ferric oxide, monsulfate
(AFm)-type phases through the formation of Friedel’s and Kuzel’s salts as well as physically bound
onto the outer surfaces of calcium-silicate-hydrate (C-S-H) gel (Z. Shi et al. 2017), and free chloride
exists in the pore solution. Generally speaking, the presence of limestone can be considered as filler,
although it can higher the value of effective water-to-cement ratio, lower the amount of products,
leads to a higher porosity, thus increases free chloride content and decreases the amount of bound

chloride (Sui et al. 2019).

Despite the importance of deconvolution of both chemical and physical binding chlorides for
hardened paste performance, it is difficult to determine the amount of physically adsorbed chloride
(Maraghechi et al. 2018). The focus should be on chemically bound chloride and free chloride
changes. However, the amount of physically bound chloride to C-S-H still can be calculated through
the differences between total chloride and other chlorides (Physical chloride and free chloride).

Chemical binding chloride can be quantified by using XRD, TGA and other methods.



Carbonation is another reason cause of corrosion initiation in steel bars in reinforced-concrete
structures(X. Y. Wang 2017). The service life of those structures is not only connected to the chloride
corrosion but also closely related to carbonation in an atmospheric environment. Carbonation of
concrete is an occurrence which involves the reaction of CO; with alkaline ions from the pore solution.
Conventionally, carbonation reaction of concrete is considered an unfavorable event as it demeans

the durability performances of cementitious materials.

In the case of OPC-based systems, most phases in hydrated cement paste can react with CO,, to
convert the calcium ions Ca** from cement paste to CaCOs. Specifically, CH reacts with CO; to
produce CaCOs and water (Savija and Lukovié 2016; Tang, Ling, and Mo 2021). Other main binding
component of cement, the calcium-silicate-hydrate (C-S-H), is believed to decalcify upon extended
exposure to atmospheric CO,, eventually becoming a silica gel and CaCOs in the process and losing
its binding capability consequently (A. E. Morandeau and White 2015; A. Morandeau, Thiéry, and
Dangla 2014). Besides, ettringite and monosulfate also can be carbonated to form CaCO3, aluminum
gels, water and gypsum (Savija and Lukovié 2016). Meanwhile, carbonation also induces a
neutralizing effect on the highly alkaline environment provided by clinker hydration, thereby
increasing the vulnerability of embedded reinforced steel to corrosion (D. Zhang, Ghouleh, and Shao
2017). The carbonation reaction reduces the alkalinity of concrete and hence, making the
reinforcement susceptible to corrosion. These changes can be considered passive because they occur
spontaneously when cement paste reacts with CO,. Therefore, they are commonly considered as

deterioration.

Blast furnace slag (BFS) is one of the most widely used materials due to its positive effects on
concrete are well known. For instance, slag-blended cements are recommended in aggressive
environments such as the marine environment in coastal areas (Sanjuan et al. 2018). Although the

slag can provide an adequate surface for the formation of nuclei of hydration products, cement-based



materials made of slag have a weak carbonation resistance, especially when short curing periods are
applied. In fact, carbonation rate increases with increasing slag content in mortars. When AAS
concrete was exposed to an atmosphere rich in CO», reduction in pH at the surface and crystallization
of calcite and decalcified C-S-H can be observed. An increased porosity can be observed in the areas
of calcite crystallization, and it is found I that AAS concrete had lower resistance to carbonation than
that of OPC concrete (Bakharev, Sanjayan, and Cheng 2001). In addition, blended cements
containing large replacements of OPC with BFS have been used. Slag-blended cement samples cured
at high temperature have lower carbonation rates due to the fact that increased curing temperature
promoted the hydration of slag forming a denser microstructure, which reduced the diffusion rate of
CO: into the matrices, improving the durability of these pastes to carbonation (Borges et al. 2010).
Moreover, the replacement of limestone in cement accelerates the carbonation rate. 15% addition rate
of limestone can uptake 12% CO- based on dry cement mass in an accelerated carbonation process

(Shao et al. 2014).

The carbonation reactions of cement-based materials occur in natural environment at a very slow rate
due to the low CO; concentration in the atmosphere. Usually, accelerated carbonation schemes are
used in the laboratory to investigate the effects of carbonation on concrete. The carbonation rates of
accelerated carbonation tests are considerably higher than those of atmospheric condition. The higher
carbonation rates are obtained by using higher CO: concentration and controlled environment (Ashraf
2016). Carbonation of hydrated paste reduces the pH of the pore solution to a low value of under 9,
which is less than the depassivation threshold of reinforced steel (around 9.5) (Savija and Lukovié
2016). Thus, if the front of low pH reaches the surface of reinforced steel, the protective oxide film
on its surface breaks down. Corrosion then initiates, provided that moisture and oxygen are present.
Apart from causing the pH drop, the most notable changes are changes in porosity, mechanical

properties, and appearance of cracks, even the disintegration of the binding matrix (Ashraf 2016).
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1.2 Purpose of this work

This research work attempts to study the hydration and microstructure behaviour of a new clinker-
free binder containing BFS, calcite, calcium hydroxide and an expansive agent. The influence of
water-to-powder ratio (W/P), calcite content and specific surface area of calcite of the clinker-free
mixture on the hydration kinetics and products were also comprehensively investigated based on
experiments involving selective dissolution, X-ray diffraction (XRD), Thermo gravimetric analysis
(TGA) and Mercury intrusion porosimetry (MIP) analysis. Eventually, the thermodynamic
framework proposed in our previous work (Yogarajah Elakneswaran et al. 2016; Krishnya, Yoda,
and Elakneswaran 2021) has been amended to predict the hydration products and the porosity of
clinker-free binder. The predictions were validated with the raw experimental results.

Also, the chloride transport of the new cement-free material is investigated by considering total
chloride as free chloride in pore solution, chemically bound chloride in Afm phase and physically
bound chloride in C-(A)-S-H. Each chloride changes as a function of immersion period are
established through titration, ion chromatography analysis and X-ray diffraction (XRD) test.
Besides, a series of experiments were conducted with a view to investigate the carbonation
characteristics of new cement-free binder. For this purpose, mortar specimens of this new composite
with different type and amount of calcite were made to evaluate the changes between their hydration
products before and after carbonation through tests of the carbonation depth measurement by

indicator test, together with X-ray diffraction (XRD), Thermogravimetric analysis (TGA).

1.3 Significance of this research

The cement and concrete industries are seeking a new sustainable binder to replace the OPC, as the
goal of net zero carbon dioxide emission to limit the global warming. Therefore, herein is a new
cementless material consisting of (i) BFS which is the by-product of the iron and steel manufacturing

industry, and (ii) calcite that can be taken from naturally available limestone or can be synthesized

11



by using carbonation reaction with hydrated lime slurry (i.e., the carbon dioxide stored in carbon
captured storage wells can be effectively used to synthesize the calcite), for reducing the CO> gas
emission. A considerable reduction in emitting the carbon dioxide gas during the manufacturing
process of the material can be obtained by using the proposed new material as an alternative binder
for OPC in the construction industry. The well-experimentally verified model proposed for the
clinker-free material which incorporate the all the possible hydration products can facilitate the

selection of construction materials and can be used for design purposes.

1.4 Structure of dissertation

Chapter 1 describes the background, purpose of this work and the significance of this research.
Chapter 2 shows literature reviews on various topics, including hydration, chloride penetration, and
carbonation behaviours in OPC, slag-blend cement, limestone-cement and alkali-activated slag.
Chapter 3 presents the hydration and microstructure behaviour of the proposed clinker-free binder
containing BFS, calcite, calcium hydroxide and expansive agent, as well as the prediction of hydration
products and the porosity of clinker-free binder.

Chapter 4 presents the chloride resistance of this proposed cement-free binder by considering the
chemical bound chloride, physically bound chloride and free chloride in the hardened paste.
Chapter 5 presents the carbonation behaviour of this proposed clinker-free binder through its phase
changes.

Chapter 6 shows the characterization overview and conclusions of the new clinker-free binder, as

well as the recommendations for future works.
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CHAPTER 2

Literature review
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2.1 Introduction

Understanding the kinetics of cementitious reactions intersects both academic and practical interests.
In this part, progress in understanding hydration mechanisms of cementitious materials including
Ordinary Portland Cement (OPC), slag-blended cement, limestone-blended cement and alkali-
activated slag are reviewed. The current knowledge of cement clinker hydration is reviewed starting
from the reaction mechanism of its initial phases including two calcium silicate phases, alite (C3S)
and belite (C,S), and two calcium aluminate phases (aluminate (C3A) and ferrite (C4AF)). Also, the
hydration of slag-blended cement, limestone-blended cement and alkali-activated slag are
summarized in this part. The fundamental study of hydration therefore offers significant scientific
challenges with regard to experimental techniques and multi-scale theoretical modelling methods.
More knowledge of basic kinetic mechanisms of hydration is needed to provide a rational basis for
mixture proportioning as well as the design and selection of chemical admixtures.

Reinforcement corrosion induced by chloride ions is one of the main factors causing the deterioration
of reinforced concrete structures. When concrete is exposed to seawater or de-icing salts, chloride
ions will penetrate the concrete and if critical chloride levels are reached at the steel reinforcement,
corrosion may occur. Therefore, chloride penetration is one of the major problems that affect the
durability of reinforced concrete structures. Although chloride ions in concrete do not directly cause
severe damage to the concrete, they contribute to the corrosion of embedded steel bars in the structure.
Besides, cement paste is known to react with atmospheric carbon dioxide. The carbonation of cement
paste has long been recognized as one of the causes of reinforcement corrosion. On the other hand,
carbonation causes significant chemo mechanical changes in the cement paste, most notably changes
in strength, porosity, pore size distribution, and chemical composition. Furthermore, it can cause
shrinkage and cracking of the cementitious matrix. For these two reasons, durability characterizations
including chloride penetration and carbonation of Ordinary Portland Cement (OPC), slag-blended

cement, limestone-blended cement and alkali-activated slag are also reviewed.
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2.2 Hydration

Hydration of cementitious material involves a collection of coupled chemical processes, each of
which occurs at a rate that is determined both by the nature of the process and by the state of the
system at that instant. These processes fall into one of the following categories:

1. Dissolution/dissociation involves the detachment of molecular units from the surface of a solid in
contact with water. A good comprehensive review of dissolution kinetics was performed by Dove et
al (Bullard et al. 2011).

2. Diffusion refers to the transport of solution components through the pore volume of cement paste
(Dove, Han, and De Yoreo 2005) or along the surfaces of solids in the adsorption layer .

3. Growth involves surface attachment, the incorporation of molecular units into the structure of a
crystalline or amorphous solid within its self-adsorption layer (Bullard et al. 2011).

4. Nucleation initiates the precipitation of solids heterogeneously on solid surfaces or homogeneously
in solution, when the bulk free energy driving force for forming the solid outweighs the energetic
penalty of forming the new solid—liquid interface (Kashchiev and Van Rosmalen 2003).

5. Complexation, reactions between simple ions to result in ion complexes or the adsorption of
molecular complexes on solid surfaces (Bullard et al. 2011).

6. Adsorption, the accumulation of ions or other molecular units at an interface, such as the surface

of a solid particle in a liquid (Bullard et al. 2011).

These processes may operate in series, in parallel, or in some more complex combination. For
example, even simple crystal growth from solution involves diffusion of solute to the proximity of an
existing solid surface, adsorption of the solute onto the surface, complexation of several solute species
into a molecular unit that can be incorporated into the crystal structure and, finally, attachment and
equilibration of that molecular unit into the structure (Bullard et al. 2011).When in series, these steps
are coupled in the sense that the products of one step are the reactants of the next step, and so on.

Often, but not always, one step has a significantly lower rate than any of the other steps in the
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sequence. In that case, all but the slowest step, the rate-controlling step, can reach equilibrium
conditions and will determine the activities of the reactants and products of the rate-controlling step
(Bullard et al. 2011). In this simple case where one step is rate-controlling, that step alone is
responsible for the observed kinetic rate equation, the rate constant, and their temperature
dependences. When the rates of two or more fundamental steps are comparable, then the rate
equations and their dependence on system variables can be significantly more complicated and

difficult to determine experimentally(Bullard et al. 2011).

2.2.1 Cement clinker hydration

The Ordinary Portland Cement (OPC) mainly consisted of ground clinker which is produced by
sintering an ensemble of limestone with silica, alumina, and iron oxide-containing materials. This
process results in a multi-phase solid consisting of round micron-sized calcium silicate particles of
two different chemical compositions, alite (C3S or (Ca0)3(SiO2) and belite (C2S or (Ca0)2(Si0O»)),
immersed in an interstitial matrix of aluminate (C3A or (CaO)3(Al203)) and ferrite (CsAF or
(Ca0)4(AL203) (Fe203))(L. Ferrari et al. 2012). These four components, which represent the main
cement phases, can be directly observed by microscopy on a polished clinker surface(H. F. W. Taylor
1997). When the clinker surface is brought in contact with an aqueous solution, amorphous and
crystalline hydration products of different types according to the time of hydration are formed(Lucia
Ferrari et al. 2012; Kreppelt et al. 2002). Different products are produced depending on the chinker
composition and mixing conditions during the hydration process. Calcium silica hydrate (C-S-H),
portlandite (CH), ettringite, monosulfate, hydrogarnet and hydrotalcite are constituent phases present
in Ordinary Portland Cement.

The alite and belite comprise over 80 wt % of most Portland Cements. It is known that CsS is the
most important phase in cement for strength development during the first month, while CoS reacts

much more slowly, and contributes to the long-term strength of the cement. Both the silicate phases
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react with water to form calcium hydroxide and a calcium-silicon-hydrated rigid gel (Bishop, Bott,
and Barron 2003).
2(Ca0)3(Si0,) + 7H,0 = (Ca0 );(Si0, ), - 4H,0 + 3Ca(O0H ),

2(€a0)5(Si0,) + 5H,0 - (€a0);(Si0, ), - 4H,0 + Ca( OH ),

In cement chinkers, tricalcium aluminate (C3A or (Ca0)3(Al203)) is also one of the main components.
Although it is usually present in fairly low amounts (2—-10 wt%), it has a significant effect on the
setting of cement and the early-age heat release as a result of its very high reactivity(Joseph, Skibsted,
and Cizer 2019).

In the absence of gypsum, OH-AFm (hydroxy-AFm or h-AFm) phases such as C4AH13 and C2AH;s
are formed. According to previous research (Baquerizo et al. 2015), C4AH19 can form in place of
C4AH13 depending on relative humidity (RH). Nonetheless, these metastable h-AFm phases are
subsequently transformed into the more stable C3AHs (water garnet) via an endothermic reaction,
releasing additional water into the system (Bishop, Bott, and Barron 2003; Joseph, Skibsted, and
Cizer 2019; Kirchheim et al. 2009)

2(Ca0)5(Al,05) + 21H,0 — (€Ca0),(Al,05) - 13H,0 + (Ca0),(Al,03) - 8H,0

(Ca0)4(A1203) * 13H20 + (Cao)z(A1203) * 8H20 il 2(6610)3(14[203) * 6H20 + 9H20

Since C3A has high reactivity and it does not develop strength (Bishop, Bott, and Barron 2003),
gypsum (CaSO4-2H>0) is added to slow the C3A hydration. In the presence of gypsum, C3A forms
the needle-like mineral ettringite. The structure of ettringite consists of columns of calcium,
aluminum, and oxygen surrounded by water and sulfate ions. If insufficient sulfate is present, then
the ettringite will eventually react with excess C3A and water to form the monosulfate. Reactions are
shown below.

(Ca0)3(A1203) + 3CaSO4 * 2H20 + 26H20 - (Ca0)3(Al203)(CaSO4)3 * 32H20
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2(Ca0)5(AL,05) + (Ca0)5(AlL,05)(CaS0,)s - 32H,0 + 4H,0

> 3(Ca0)(Al,05)(CasS0,) - 12H,0

Tetracalcium aluminoferrite (C4AF) reacts much like C3A, i.e., with the formation of an iron-
substituted ettringite, in the presence of gypsum. However, the hydration of the ferrite phase is much
slower than that of C3A. In addition, if there is insufficient gypsum to convert all of the C4AF to
ettringite, then an iron-rich gel forms at the surface of the silicate particles, which is sonsidered to
slow their hydration (Bishop, Bott, and Barron 2003).

2(Ca0),(Al,05)(Fe,03) + (Ca0)3(Al,05)(CaS0,)5 - 32H,0 + 12H,0

- 3(Ca0)(Al,05)(CaS0,) - 12H,0 + 4Fe(OH), + 2Ca(0H),

2.2.2 Slag-blended cement

Ground granulated blast furnace slag is produced when iron ore is reduced by coke in the blast furnace.
The oxides of calcium, magnesium, aluminium and silicon are the main phases in BFS. Since the
ground granulated blast furnace slag shows both cementitious behaviour and pozzolanic
characteristics, it is used extensively as a cement replacement material (Kolani et al. 2012). However,
the addition of slag gives both advantages and disadvantages compared to pure cement.

The advantages of slag-blended cement compared to clinker production include not only energy
savings and reduced pollution, but also higher mechanical strength (Palacios et al. 2009) over a longer
service life due to its finer pore structure reducing the carbon footprint of cement while potentially
improving technical performance (Moon, Kim, and Choi 2006; Ogirigbo and Black 2016). As aresult,
it gives higher durability than Ordinary Portland Cement. Compared with OPC, slag-blended cements
have a higher sulfate- and alkali-aggregate reaction resistance and a lower chloride diffusion rate
(Kolani et al. 2012; Moon, Kim, and Choi 2006). However, slag-blended cement also shows poor
early strength due to pure slag hydration at a lower rate (Kolani et al. 2012). And give lower resistance

against carbonation than non-blended Portland Cement. Slag-blended cements also has lower heat of
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hydration values than OPC and the reactions involved in their hydration are more complex (Escalante-
Garcia and Sharp 2004).

The slag-blended cement hydration process is more complex than OPC due to the coexistence of
clinker hydration and slag reaction. The fraction of reacted slag in blended cement which hydrated
under various conditions of hydration has been reported by several researchers (Escalante et al.
2001b). The hydration of slag is activated by the alkali released by clinker hydration in blended
cement. The reactivity of the blended cement decreases as the percentage of slag replacement
increases, and it increases as the curing temperature increases, while the reactivity is reduced as the
percentage of slag replacement is increased, and higher curing temperatures increased the reactivity
of the slag (Escalante et al. 2001b).

The main hydration products of blast furnace cement include those products from both Portland
cement and slag hydrations. Portlandite released due to Portland cement hydration could be consumed
by the slag hydration reaction. As a result, ettringite, portlandite and a compound like hydrotalcite
from the reaction of the magnesium containing in the slag are the common products in slag-blended
cement system. The production of hydrotalcite and the reduction of portlandite are the most

significant changes that occur when partial pure cement is replaced by slag (Castellano et al. 2016).

2.2.3 Limestone-blended cement

It is reported that a 3%-5% addition of limestone to Portland cement either increases the structural
properties of the concrete or has no effect (Kevin and Kenneth 1991). However, some published
results show a reduction in physical properties upon carbonate addition. Some of these changes, such
as shrinkage upon drying, make the cement not suitable for construction applications (Kevin and
Kenneth 1991). However, the use of limestone-blended cement seems to have many practical and
economic area since limestone is an important material for cement manufacture (Kakali et al. 2000;
Tsivilis et al. 2000; Vuk et al. 2001). Two effects can be considered when limestone is added to the

cement during cement hydration. The competitive behavior of limestone cements is attributed to the
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inert filler effect of the fine particles, as well as partial limestone reacts with calcium aluminate to
form products (Kakali et al. 2000; Matschei, Lothenbach, and Glasser 2007).

Limestone addition can not only affect the mineralogical variant of the AFm phase(s), but also affect
the amount of free calcium hydroxide as well as the balance between AFm and AFt phases, although
C—S—H is unaffected for most compositions (Matschei, Lothenbach, and Glasser 2007). The
mechanism proposed for the carbonate formation is the slow dissolution of calcium carbonate and its
reaction with monosulfate or calcium aluminate hydrates produced by cement clinker to
monocarboaluminate, which is more stable because of its greater insolubility (Kakali et al. 2000). It
is difficult to observe the influence of limestone addition on pure C3S because the main hydration
product of C3S is amorphous C-S-H. There is a significant difference between limestone addition and
not for C3A based the transformation of ettringite to monosulfate and the formation of
carboaluminates. Pastes with limestone appear to contain lesser ettringite than in plain C3A pastes,
and the addition of limestone will delay the transformation of ettringite to monosulfate at an early
age. Besides, monocarbonate hydrate is formed from the beginning of hydration. In other words,
limestone suppresses the conversion of ettringite to monosulfate and favors the replacement of
monosulfate by monocarbonate.

(Ca0);(AlL,0;) + CaCO5 + 11H,0 — (Ca0);(Al,05) (€CaC0;) - 11H,0

For cement clinker, blending Portland Cement with limestone not only accelerates the initial
hydration reaction but also to influences the hydrate assemblage of the hydrating cement pastes. The
ettringite's transformation to monosulfate is delayed, while calcium aluminate monocarbonate is
preferably formed instead of monosulfate even at early ages. In addition, the hydration of calcium

silicates is accelerated (Kakali et al. 2000; Lothenbach et al. 2008).
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2.2.4 AAS (Alkali-activated slag)

Alkali-activated slag (AAS) has attracted considerable attention since its first use as an alternative
material to Portland Cement due to its superior properties and environmental impact such as fast
development of strength, high resistance to chemical attack, low heat release rate and can release up
to 80% less greenhouse gas emission (Amer et al. 2021; W. Chen and Brouwers 2007; Law et al.
2012). The usage of AAS promotes the reuse of slag and other waste materials and saves resources.
Although slag is an active mineral material with potential hydraulicity, AAS exhibits larger
autogenous and higher drying shrinkage compared to OPC (W. Chen and Brouwers 2007; Fu et al.
2021; Ye and Radlinska 2016) due to finer pore structure and lower stiffness. In addition, it requires
widely available alkali activators like NaOH, Na,CO3, Na,SiO3 or Na;SOs to react with the alumino-
silicate source for producing cementitious materials (Amer et al. 2021). Generally, the shrinkage
mechanism in AAS can be classified into autogenous shrinkage, drying shrinkage, and carbonation
shrinkage. Autogenous shrinkage results from the macroscopic process of self-desiccation and
chemical shrinkage (Awoyera and Adesina 2019; Melo Neto, Cincotto, and Repette 2008). While
drying shrinkage occurs as a result of disjoining pressure and capillary suction (Scherer 2015).
Besides, higher amount of mesopore coupled with higher capillary stress as a result of the pore
distribution in AAS compared to OPC could also contribute greatly to its high shrinkage.

Different types of slag have almost identical chemical compositions, but their chemical components
differ greatly. The composition of slag, as well as the type and dosage of the alkali activator would
affect its activity and its hydration process because a variation in the composition of the slag can
affect the activity of the slag hydration reaction and alter the rate of the hydration reaction and the
alkali activators can affect the dissolution of slag and provide the ions required for specific reaction
products (Fu et al. 2021). It is reported that a higher MgO content of the slag resulted in a faster
reaction and higher compressive strength during the first few days after casting, and the main
hydration products in hardened AAS pastes are C(-A)-S-H with a Ca/Si atomic ratio near 1 (Le Saott

et al. 2011), and a hydrotalcite-like phase (Haha et al. 2011; Le Saodt et al. 2011). Increasing the
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MgO content of the slag from 8 to 13% increased the amount of hydrotalcite and lowered the Al
uptake by C—S—H resulting in 9% higher volume of the hydrates (Haha et al. 2011). In the case of a
higher content of Al2O3 of slag, decreased the Mg/Al ratio of hydrotalcite, increased the Al
incorporation in the C(-A) S-H and led to the formation of strétlingite. Increasing the content of Al,O3
in the slag slowed down the early hydration and a lowered the compressive strength during the first
few days (Haha et al. 2012). In addition, past studies have shown that the reaction degree of alkali-
activated slag is approximately 60% after 91 days, which is generally lower than that of OPC (Le

Saott et al. 2011).

2.3 Durability

2.3.1 Chloride penetration

One of the major problems that affect the durability of reinforced concrete structures is chloride
ingress. Although chloride ions in concrete do not directly cause severe damage to the concrete, they
contribute to the corrosion of embedded steel bars in the structure. The changes in hydration phases
in the interface between the steel bars and surrounding concrete is associated with large volume
changes, like expansion or shrinkage, which may result in cracking, spalling, delamination etc. Once
there is severe corrosion of steel bars, the physical properties, and load-carrying capacity of the
structural members may be reduced due to the reduction of the cross-sectional area of the steel bars.
Therefore, the study of chloride penetration in concrete has become an important aspect in the
research for steel corrosion in reinforced concrete structures (Ababneh, Benboudjema, and Xi 2003).
The chlorides not only give phase changes to the concrete binder, but also initiates pitting corrosion
of the reinforcement when the chloride concentration at the reinforcement reaches a critical level.
Corrosion leads to a decrease in structural performance. To reach the critical chloride level, chlorides
have to ingress through the concrete cover towards the steel reinforcement. In concrete, Chloride ions
exist either in the pore solution, chemically bound to the hydration products, or physically bound to

the surface of the hydration products (Yuan et al. 2009). Chloride binding of cement-based material
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is very complicated and influenced by many factors, such as chloride concentration, cement
composition, hydroxyl concentration, cation of chloride salt, temperature, supplementary cementing
materials, carbonation, sulfate ions and electrical field (Yuan et al. 2009). The chlorides can be bound
in calcium chloroaluminate hydrates such as Friedel’s salts or Kuzel’s salts due to chemical reaction,
or they can be adsorbed to the C—S—H by physical bound. Besides, they can be present in the pore
solution as a free chloride shape. The only chlorides which are ‘‘free’’ to move are the chlorides in
the pore solution. Hence, the ability of concrete to bond with chlorides might slow down the chloride
ingress (Klaartje De Weerdt, Justnes, and Geiker 2014).

Different researchers had reported how chloride ions exist in cementitious materials. However, their
reports are conflicted. Loser et al. (Loser et al. 2010) found that only a small fraction of the chloride
ions are bound by cement hydrates and that the largest fraction of chloride is present in the pore
solution. Some review articles (Yuan et al. 2009) have addressed that the main chloride binding
originates from the tricalcium aluminate or ferrite phases through the formation of Friedel's salt and
its iron-containing analogue. On the other hand, Tang and Nilsson (Luping and Nilsson 1993) suggest
that the major binding is attributed to physical adsorption on the C-S-H. However, the adsorption of
chlorides on the C-S-H varies with the Ca/Si ratio of the C-S-H and the pH value of the exposure
solution (K. De Weerdt, Orsakova, and Geiker 2014). Experimental and modelling results (Friedmann,
Amiri, and Ait-Mokhtar 2008) suggest that the chloride ions associated with the C-S-H are mainly
present in the diffuse layer of the C-S-H surface, which is positively charged in the presence of high

calcium concentrations.

2.3.1.1 Chloride ion interaction with cement clinker

Less studies were focused on C3S and C:S since their main hydration product is C-S-H gel, which
dominates the physical binding of chloride. The adsorption of chloride ions to the C-S-H gel is the
reason cause physical binding. Research (Yuan et al. 2009) reported that three types of interaction

with C—S—H could exist: chlorides can either be present in a chemisorbed layer on the hydrated
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calcium silicates, penetrate the C—S—H interlayer spaces, or be intimately bound in the C—S—H lattice.
A higher content of C3S and C»S makes a higher physical binding of chloride. In addition, the binding
capacity of C—S—H depends on its C/S ratio. Lower C/S ratios result in lower binding capacities.
However, by adding chloride to pure alite paste, C—S—H only absorb a very small amount of chloride
ions.

The chemical binding of chloride ions is dominated by C;A and C4AF, while the physical binding is
dominated by C3S and CsS. It is studied (Suryavanshi, Scantlebury, and Lyon 1995) that higher C3A
content results in higher binding capacity. The chloride binding capacity increases significantly as
the C3A content increases due to the reactions between chloride ions and C3A or C4AF, resulting in
the formation of Friedel’s salt and its analogues (like Kuzel’s salt).

(Ca0)3(Al,03) + Ca(OH), + 2Cl™ + 10H,0 - (Ca0)5(Al,03)(CaCly) - 10H,0 + 20H~
(Ca0)3(Al,05) + 0.5Ca(0OH), + 0.5CaS0O, + 2Cl~ + 10H,0

— (€Ca0)3(Al;05)(CaCly)o5(CaS0,)o5 - 10H,0

The formation of Friedel’s salt or Kuzel’s salt forms by two separate mechanisms: adsorption and
anion-exchange. In the adsorption mechanism, the formation of Friedel’s salt or Kuzel’s salt is due
to the adsorption of bulk chloride ions present in the pore solution to the interlayer of the principal
layer, the AFm structure to balance the charge. In the anion-exchange mechanism, a fraction of the
chloride ions replace negatively charged ions present in the interlayers of the principal layer of the

AFm hydrates, forming Friedel’s salt or Kuzel’s salt (Yuan et al. 2009).

2.3.1.2 Chloride in slag-blended cement

Partial replacement of cement with slag increases the chloride binding in case of a superior external
chloride concentration. The increase in chloride binding due to the replacement of slag was also
observed in the case of internal chloride. This may because that a high binding capacity of cement-

slag paste may be due to the high alumina content in slag, resulting in the formation of more Friedel’s
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salt (Yuan et al. 2009). Influences of slag replacement level, w/b ratio and glass content on the paste
resistance to chloride penetration have been reported in the past research. They are: at a given slag
replacement level, regardless of the type of slag used, chloride conductivity and porosity increased
with increasing w/b ratio implying that the chloride penetrability also increased. And At a given w/b
ratio, regardless of the type of slag used, chloride conductivity and porosity decreased with increasing
slag replacement level, giving improved chloride penetration resistance (Otieno, Beushausen, and
Alexander 2014). In addition, a higher content of alumina in slag led to the formation of more
Friedel’s salt. The greater basicity led to a higher degree of hydration (formation of a larger amount
of C-S-H phases), which resulted in the formation of a finer pore structure and increased chloride
binding. These factors, in turn, resulted in shallower chloride penetration. However, an elevated
curing temperature increased the hydration degree of slag, coarser the pore structure and results in an

increase rate of chloride ingress and degree of chloride binding (Ogirigbo and Black 2017).

2.3.1.3 Chloride binding in limestone cement systems

Studies have shown that low levels of replacement of clinker with limestone improved the
environment and economic benefits (Hawkins, Tennis, and Detwiler n.d.). However, the chloride
binding condition needs to be confirmed under an influence of limestone addition when there is an
external chloride. Similar to cement clinker, the chloride in limestone cement can be divided into 3
different shapes, which are physically bound chloride on C-S-H hydrates, chemically bound ions in
AFm phases and free ions in pore solution.

The total chloride content in a paste sample can be measured by AgNOs titration. The results show a
decrease in the total chloride content as a function of the increasing limestone replacement. The
amount of total chloride decreased by around 35% when the limestone addition rate is 55% compared
to OPC (Sui et al. 2019). As limestone content increases, free chloride in the pore solution increases.
The amount of free chloride is almost 2.3 times in 55% limestone addition paste as it is in OPC paste

due to the increase of porosity. A higher total porosity leads to a higher content of pore solution in
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the structure and thus, leads to a higher amount of free chloride in the paste (Sui et al. 2019). Some
different methods can be used to quantify the amount of chemically bound chlorides, such as XRD
and TG. Although they give different results, both test methods give a decreased tendency when the
addition rate of limestone gets higher. SEM-EDS testing of physically bound chlorides in C-S-H also
indicates a decrease with the addition of limestone, since there is a filler effect for limestone additions.
However, the decrease of chlorides on C—S—H was found not to be proportional to the replacement
level of cement by limestone because there is an interaction between limestone and the hydration
products. Also, it was found that the total amount of free chloride in the pore solution and physically
bound chlorides in C-S-H are almost unaffected by the limestone addition rate. But a higher addition
rate of limestone gives less clinker amount, which makes a lower amount of cement hydration product
such as Afm, cause less chemically bound chloride in AFm phases. It is possible to cancel out the
effects of limestone addition on free chloride and physically bound chloride, but fewer carriers for
chemical reactions result in fewer chemically bound chloride. Therefore, limestone cement systems

with a higher limestone addition rate have a lower total chloride (Sui et al. 2019).

2.3.1.4 Chloride binding in alkali-activated slag

As a type of alkali-activated material, the AAS have a good potential in chloride resistance. Its
chloride behavior under the chloride environment is remarkable. Since the chemical composition of
slag, type and concentration of activator, and even temperature and alkalinity could influence the
phase assemblages of AAS, they also affect the chloride binding. However, the chloride binding
capacity of AAS has been widely investigated and evaluated. Research reported that the binding
chloride ion amount of AAS increases with a rising temperature as well as a rising pH. This may be
due to the adsorption of ions on the gel surface is an endothermic process (Qiao et al. 2019). Besides,
higher temperature moves OH" faster, which gives it more changes to form CI fixed sites (Y. Zhu et
al. 2022). 0.7M and 3.4M NaOH immersion solution could rise the binding chloride around 0.23 wt%

and 0.4 wt% at a pH of 14 (Ke et al. 2017; Jian Zhang, Shi, and Zhang 2019). Also, the influence of
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internal chloride was studied. 0.10-0.12 wt% chloride is obtained with an amount of 0.64-0.76 wt%
chloride binder after 28 days, and 0.6 wt% is obtained under a 1.5-2.0 wt% internal chloride binder
after 56 days (Jun, Kim, and Kim 2020; Khan and Kayali 2018). These results mean the chloride
binding capacity of AAS is slightly higher than it in OPC in general (Y. Zhu et al. 2022).

Another study found that the alkali activator type strongly influences chloride resistance. Because the
main hydrate products of AAS are calcium silicate hydrate (C-S-H) and hydrotalcite. Ca(OH): is not
one of the hydration products of AAS (Y. Zhu et al. 2022). Pozzolanic materials react more with
Ca(OH), whether or not Ca(OH); exists will make a huge difference to the chloride resistance. KOH
and NaOH corrosion behavior was similar to Portland cement mortar, but Ca(OH), activator
increased corrosion resistance. As a result of the precipitation of Ca(OH) in the matrix, AAS with
the Ca(OH), activator has a higher resistance to chloride-induced corrosion, but its binding capacity
for chlorides was lower than for Portland cement paste. As a result of this reaction, Ca(OH)> could
have physically formed Ca(ClO); to remove free chlorides from the pore solution (Park, Ann, and

Cho 2015).

2.3.2 Carbonation behaviour

2.3.2.1 Carbonation of cement paste

Cement paste is known to bind CO: from the atmosphere or environments with higher CO>
concentration. The carbonation of cement paste has long been recognized as one of the causes of
reinforcement corrosion. On the other hand, carbonation causes numerous chemomechanical changes
in the cement paste, most notably changes in strength, porosity, pore size distribution, and chemistry.
Furthermore, it can cause shrinkage and cracking of the cementitious matrix(Park, Ann, and Cho
2015). Carbonation is a common type of attack in cementitious materials. The process begins when
CO; penetrates the cementitious matrix, dissolving in the pore solution to produce HCO3™ and CO3?~

ions, which react with Ca®* from calcium hydroxide (CH), calcium silicate hydrate (C—S—H) and the
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hydrated C3A and C4AF to precipitate as various forms of calcium carbonate (CaCO3) silica gel and
hydrated aluminium and iron oxides (Borges et al. 2010).

The carbonation of calcium hydroxide (CH) will follow the equation below. During the carbonation,
mainly 3 steps are involved. The dissolution of CH, absorption of CO> and formation of carbonate
ions and chemical reaction (Garcia-Gonzalez et al. 2006; Savija and Lukovié 2016).

Ca(0H), + CO, - CaCO; + H,0

The chemical reaction of CO2 with CH begins immediately and results in the formation of calcium
carbonate. In the early stage of carbonation, the diffusion of CO; through the already carbonated layer
is the rate-controlling step for the carbonation of CH. Although CO- diffusivity is significantly higher
in gas-filled pores compared to water-filled pores, the presence of water is required for the reaction
between gaseous CO2 and CH. The limiting step changes at a later stage of the carbonation process
as the CH carbonation rate decreases due to the formation of a thin layer of calcium carbonate on the
surface of the CH crystals. The type of CaCOs depends on kinetic and thermodynamic factors. If
kinetic factors predominate, CaCOs; will precipitate as aragonite or vaterite, both polymorphs
eventually converting to calcite, the more stable shape. If thermodynamic factors prevail, CaCO; will
precipitate as calcite. The calcite will be the final product (Savija and Lukovi¢ 2016).

Carbonation of C—S—H gel consists of the removal of calcium ions from the gel leading to the
formation of an amorphous silica gel and various polymorphs of calcium carbonate (A. E. Morandeau
and White 2015; A. Morandeau, Thiéry, and Dangla 2014). The chemical reaction between C-S-H
and CO; results in the formation of calcium carbonate and amorphous silica gel and can be written as
follows (A. E. Morandeau and White 2015; A. Morandeau, Thiéry, and Dangla 2014).

(€Ca0),(Si0,)(H,0) + xCO, — xCaCO5 + (Si0,) - tH,0 + (z — t)H,0

The type and degree of carbonation of C-S-H gels strongly depend on the initial Ca/Si ratio of the gel.

It is reported that when C-S-H is carbonated, its Ca/Si ratio decreases and becomes highly porous,
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approaching amorphous silica. During the carbonation reaction, the decomposition rate of C-S-H
increases with the decrease of the Ca/Si ratio of C-S-H, while the amount of CaCO3 formed by the
carbonation of C-S-H decreases (Savija and Lukovi¢ 2016). The carbonation significantly reduces
the porosity of the microstructure. When C-S-H is converted into CO», a decalcification occurs.
Calcium ions are released in the porous media, leading to a C-S-H with a molar volume smaller than
a non-carbonated C-S-H and to a smaller C/S. As for CH, this volume loss is compensated by CaCO3
precipitation (A. Morandeau, Thiéry, and Dangla 2014).

Also, unreacted C3S and C»S are susceptible, both of them can react with CO,, causing the formation
of CaCOs and silica gel (J. Han et al. 2012; Peter et al. 2008).

(€Ca0)5(Si0,) + 3CO, + nH,0 — (Si0,) - nH,0 + 3CaCo0,

(€Ca0),(Si0,) + 2C0, + nH,0 - (Si0,) - nH,0 + 2CaC0;

Besides, hydration products like ettringite can be affected under a CO, environment (Savija and
Lukovi¢ 2016).
(Ca0)5(Al,05)(CaS0,)5 - 32H,0 + 3CO,

— 3CaCO0; + 3(CaSo0, - 2H,0) + (Al,03) - xH,0 + (26 — x)H,0

(€Ca0)5(Al,05)(CaC0y) - 11H,0 + 3C0, + 20H™ - 4CaC0; + 2AL(0OH); + 8H,0

The numerical value of x in the equation above is close to 3. It can be seen that the carbonation of
ettringite forms gypsum and alumina gel.

Carbonation of all calcium-bearing phases contributes significantly to the formation of CaCOs3, and
it is commonly reported that the total amount of CaCO3 formed far exceeds that which could result

from complete CH dissolution (Savija and Lukovié 2016).
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2.3.2.2 Carbonation of slag-blended cement

Although the blend of Portland cement with slag requires less energy for producing binders and
improves durability somehow. It is also reported that the atmospheric carbonation of slag-blended
cement rate is higher compared to OPC (Monkman and Shao 2010; Sanjuan et al. 2018). Some studies
are carried out to evaluate the carbonation of OPC, as well as several supplementary cementitious
materials under natural conditions (Htwe and Mon 2018; Lollini and Redaelli 2021). Regardless of
water/binder ratios or curing times, pure OPC paste exhibited the lowest carbonation coefficient. The
carbonation rate is getting lower with an increasing curing age from 1 to 28 days, which is due to
more hydration product making the porosity of the paste finer, causing a lower gas penetration rate.
However, porosity alone is not a reliable indicator of carbonation risk, since no correlation can be
found between carbonation resistance and porosity (Younsi et al. 2013). But the ratio of the effective
porosity (porosity accessible to gaseous CO») and the CH content provides an indicator to evaluate
carbonation resistance more accurately than porosity or CH content. In addition, the carbonation rate
increases as the replacement of cement by slag in the concrete increases. BFS addition paste has poor
carbonation resistance, and while curing for longer periods (up to 3 months) increases the resistance,
its performance remains low, especially at cement replacement levels of 70% and above (Gruyaert,
Van Den Heede, and De Belie 2013). Compared to OPC paste, paste containing 70% slag carbonates

twice as fast (Lollini and Redaelli 2021).

2.3.2.3 Carbonation of limestone-blended cement

When limestone is added to OPC, it influences the properties both in the hardened states, as well as
the durability (Elgalhud, Dhir, and Ghataora 2017). It is reported that, the supplementary cementitious
material addition promotes the carbonation process, including limestone (Htwe and Mon 2018;
Lollini and Redaelli 2021). The combination of limestone with OPC leads to increase the carbonation
(Elgalhud, Dhir, and Ghataora 2017). Cement paste with 15% limestone replacement makes the

carbonation rate 1.5 times higher than it is in OPC paste, where 30% limestone replacement can
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increase the rate of carbonation over 2 times (Lollini and Redaelli 2021). In other research, modeling
of carbonation of Portland-limestone cement is carried out (X. Y. Wang 2017). This model evaluated
the degree of hydration as a function of time using a kinetic hydration model considering mixing
proportions, compound compositions and cement and limestone surfaces. A carbonation model is
then developed based on calculations from the hydration model, such as carbonatable materials
contents and porosities. The diffusivity of CO; and carbonation depth of limestone contained cement
concrete are evaluated by considering concrete material properties and environmental conditions. As
a result, with increasing water-to-binder ratios and limestone content or reductions in curing period,
the carbonation depth of concrete increases. As limestone replacements can increase cement reaction
degree, limestone replacements are associated with a decreasing carbonation resistance, which occurs

due to the cement contents in mixing proportions (X. Y. Wang 2017).

2.3.2.4 Carbonation of alkali-activated slag

The carbonation mechanism is not the same in the OPC and AAS. Carbonation precipitation occurs
much more intensely in OPC than in AAS when OPC is exposed to severe carbonation conditions
since OPC contains a higher Ca content, including CH and C-S-H, which are susceptible to interaction
with external CO;. In AAS, carbonation occurs directly in the C-S-H gel since CH is not one of the
hydration product (Palacios and Puertas 2006). Besides, the carbonation process is strongly affected
by different activators, which gives a major difference in the pH of pore solution, while changes in
slag composition, e.g. the MgO and AlO3 contents mainly affect the mass fractions of hydration
products and chemical properties. The pH of pore solution decreases as CO; uptake increases in the
AAS. However, the presence of certain reaction products, such as hydroxylated hydrotalcite,
hemi/monocarbonate, and M-S-H gels, can partially buffer the pH of pore solution while the CO»
uptake increases, and the carbonation process proceeds.

Also, a model has been carried out to predict the CO> uptake performance during carbonation. The

modelling results show that calcite, carbonated hydrotalcite and aluminosilicate gel with both Na*
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and Ca?" as extra-framework charge balancing cations, are the main carbonation products predicted
to form in AAS before the pH of pore solution dropped below 12.5. At extended degrees of
carbonation, carbonated hydrotalcite can decompose to form the transitional phase M-S-H, which is
eventually carbonated to huntite after the pH of pore solution dropped below 8.0.

Thermodynamic modelling of the carbonation process in the AAS systems can accurately simulate
the phase evolution in the gel binders during CO; exposure, as well as the pore solution pH changes.
This information is of great importance to predict the potential stability. The influence of different
activators, or slags with different chemical compositions, on the carbonation process was simulated
by the model developed (Ke et al. 2020). The modelling results indicate that sodium carbonate AAS
can maintain higher pore solution pH at the same amount of CO; uptake compared with sodium
silicate based AAS. When a slag precursor with higher MgO content is used, a higher amount of C-
(N)-A-S-H and hydrotalcite are formed, contributing to a denser binder matrix which may show

reduced permeability (Ke et al. 2020).
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CHAPTER 3

Hydration characteristics
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3.1 Introduction

Cementitious materials hydration is regarded as a simultaneous process including dissolution of
clinkers and precipitation of hydration products. Portland cement is the most consumed building
material worldwide. it has been used for over 200 years. The hydration behaviour of Ordinary
Portland Cement (OPC) was well studied. In the presence of water, the OPC reacts rapidly. At the
same time, various hydration products could be formed on the surface of cement particles to fill the
pore structure and lead the matrix getting harden (Garrault-Gauffinet and Nonat 1999) . However, It
is estimated that the annual production of ordinary cement exceeds 3 billion tonnes, releasing 5—7%
of worldwide CO; emissions (Qi et al. 2019). By using mixed cement with some other materials
instead of using pure cement, some of the CO; emissions can be cut off. Slag and limestone are the
most common materials used in mixed cement. The hydration of slag-blended cement, limestone-
blended cement and alkali activated slag have been reported by previous research. Although each of
them has its own advantage, it still has some disadvantage in different aspect. For slag-blended
cement, even it has a good physical performance in long-term, it has a poor early strength due to the
reaction of slag in a low rate. In the case of limestone-blended cement, limestone does not have
pozzolanic properties and consequently. It does not produce C-S-H and have a serious dry shrinkage.
The reaction of alkali-activated slag strongly depends on the type of activator.

In this chapter, a new composite cementitious binder mainly containing slag and calcite is carried out.
Since the hydration behaviour of a new composite cementitious binder containing of slag and calcite
is not clear yet. In this part, the reaction degree of slag during hydration, its hydration products, as
well as the effects of W/P, calcite addition rate and calcite fineness are investigated by combing the
multiple methods including XRD, TG, MIP and selective dissolution. Also, a model based on
PHREEQC is carried out to predict its hydration by inputting reactor component and composition,

reactor component and composition, mixing proportions and curing conditions.
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3.2 Materials and methods

3.2.1 Materials and sample preparation

In this study, blast furnace slag (BFS), portlandite (CH), and two different types of calcites [fine
calcite (Cc-F) and coarse calcite (Cc-C)] obtained from a commercial supplier were used. In addition,
an expansive agent (EX) was included to compensate the shrinkage caused by the reaction of slag.
The chemical composition of BFS and EX determined by XRF and XRD method are tabulated in

Table 1 while the specific surface areas and density of the raw materials are given in Table 2.
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Table 3 details the used mixing proportions of this study. Meaning of sample name is Calcite addition
rate-Calcite type-water to powder ratio (for an example, Cc45-C-0.6 means 45% coarse calcite

addition and the water to powder ratio is 0.6).

Initially, the raw materials were mixed for 1 minute in the dry mixer and the required water was added
into the mixture, followed by mixing again for 1 minute at a low speed. Afterwards, the mixture
attached to the surface of the container was scraped down and then mixed for another 1 minute at low
speed and subsequently mixed for 1 minute at a high speed. For high water to powder ratio (w/p=0.6)
systems, the mixture was stirred manually once an hour until the formation of bleeding stopped. Low
water to powders ratio samples were stirred for one time after the initial mixing. The mixture was
then cast into cylindrical moulds with dimension of ¢ 24.94 x 56 mm and kept in sealed-curing

condition at 20 °C for 91 days.
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Table 1 Chemical composition of BFS and EX

Component BFS EX
Si02 23.43 4.01
AlLO3 10.85 1.58
FexO; 0.50 1.46
CaO 51.7 69.51
MgO 4.11 0.61
SO; 4.00 16.63
Na;O 2.54 3.69
K>O 0.62 0.45
P20s 1.23 1.32
MnO 0.28 0.04
GsS 30.1
(OGN 6.4
GA 6.9
Anhydrite 4.22 27.6
CaO free 28.9

Table 2 Specific surface areas and density of each material

Material Specific surface area* (cm?/g)  Density (g/cm?)

BFS 4,000 2.89

EX 3,450 3.15
Cce-C 4,840 2.70
Ce-F 52,400 2.67

Note: Cc-F is BET value and others are Blaine.
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Table 3 Mixture proportions

Water to Material mass (%) Water
Sample name powder reducing agent
ratio BFS EX CH Cc-C Cc-F (%)

Cc45-F-0.6 0.6 46.4 4.18 4.42 45.0

Cc45-C-0.6 0.6 46.4 4.18 4.42 45.0

Cc70-F-0.6 0.6 253 2.30 2.40 70.0
Cc45-F-0.305 0.305 46.4 4.18 4.42 45.0 0.9
Cc45-C-0.305 0.305 46.4 4.18 4.42 45.0 0.9
Cc70-F-0.36 0.36 253 2.30 2.40 70.0 1.5

Naming method: Cc (Calcite) 45 or 70 (Addition rate) - C or F (Calcite type, coarse or fine) - 0.6 or

0.36 or 0.305 (water to powder ratio)

3.2.2 Experimental procedure

The samples were ground and immersed in acetone for 24 h to stop the hydration after reaching the
desired hydration period (1, 3, 7, 14, 28, and 91 days). Subsequently, the specimens were removed
from the acetone by suction filtration using an aspirator and kept in an oven at 40 °C for 24 h. Finally,
the ground samples powder with particle size less than 75 um were used for selective dissolution
experiments, X-ray diffraction (XRD) and thermo gravimetric analysis (TGA). The hydrated powder
samples were analysed by XRD using a Rigaku X-ray generator with CuKa radiation, and the
measurement conditions were a tube voltage of 40 kV, scanning range of 5°-70° 20, step size of 0.02°
20, and scan speed of 6.5°/min. Siroquant Version 4.0, manufactured by Sietronics, was adopted for
quantitative Rietveld analysis. The TG-differential thermal analysis (DTA) was conducted using TG/
DTA7220 manufactured by HITACHI under an N> flow environment. The waiting time before the
measurement for stabilising the apparatus was 50 minutes. The temperature was raised at a rate of
10 °C/min from 20 to 950 °C and was maintained for 60 min, followed by decreasing with a rate of
10 °C/min. Around 10 mg of the sample was weighed and used for measurements. The pore structure
of the hardened matrix was investigated by Mercury intrusion porosimetry (MIP) analysis using

Shimadzu Auto Pore IV 9500 (with the pressure range of 0.5-60000 psia). The specimen for MIP was
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cut into a portion of about 3 mm cube, immersed in acetone for 24 hours, and then vacuum dried for

24 hours.

3.2.2.1 Selective dissolution

The selective dissolution method proposed in literature (Lumley et al. 1996; Villagran-Zaccardi et al.
2018) was adopted to determine the reaction degree of slag. Initially, a mixture of 250 mL of
triethanolamine (TEA) and 500 mL of distilled water was prepared, in which 173 mL of diethylamine
(DEA) was rapidly added. The water was added to make the solution equivalent to 1000 mL. For the
dissolution of each sample, 25 mL of the solution was diluted to 400 mL, and 0.25 + 0.01 g (with a
precision of 0.0001 g) of powder sample was spread onto the solution surface preventing from the
formation of agglomeration. The mixture was stirred continuously at around 300 rpm and 20 °C for
60 min to achieve an effective dissolution of the sample. The insoluble residue was filtered under
vacuum using a 47 mm diameter moistened membrane filter with a pore size of 0.5 um. The residue
was carefully washed for several times with distilled water until there was no left in the beaker. The
filter with residue was then dried at 105 °C for 1.5 h and weighed with a precision of 0.0001g to
determine the amount of the residue. The reaction degree of slag can be calculated according to the

following equation (Eq. (1)).

my, [m X (1 - fwater)]

My,o0
fslag - <1 _fCH X MCZH)

Usiag = 1-

(1)

where m;, is the weight of insoluble residue after selective dissolution, m is the weight of sample
before selective dissolution, fuaer 1S the mass fraction of water before 450 °C in hydrated sample
(measured by TGA), fsg 1s the mass fraction of slag in initial dry binder, fcx is the mass fraction of
Portlandite in initial dry binder, Mm20 is the molar mass of water, and Mcy is the molar mass of

portlandite.
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3.3 Modelling approach

To predict hydrate assemblage as a function of hydration time for the slag-calcite mixture, the
thermodynamic model developed in our previous studies (Yogarajah Elakneswaran et al. 2016;
Krishnya, Yoda, and Elakneswaran 2021) was amended. The chemical composition and physical
properties of each material, mixing proportions, and curing condition were inputted in the developed
framework. The geochemical package PHREEQC was used for thermodynamic calculations along
with the thermodynamic properties of cement hydrates collected from Cemdatal8 (Lothenbach et al.
2019) and converted to PHREEQC format and PHREEQC default thermodynamic database
(Parkhurst and Appelo 1999). The Details of converted data into a PHREEQC format are reported in
earlier work [43]. It should be noted that the slag and components in EX such as C3S, CS, and C3A
were herein considered as kinetic reactions whereas portlandite, calcite and other components in EX

were assumed as thermodynamic equilibrium reaction.

3.4 Results and Discussion

3.4.1 Reaction degree of slag

Figure 1 shows the variation of reaction degree of slag with curing period for different W/P and
calcite content determined by the selective dissolution. The effect of water to powder ratio (low W/P
and high W/P), calcite addition (45% and 70%) and particle size of calcite (fine and coarse) on the
reaction of slag are emphasised here. It can be seen that the slag reacts faster at the early stage and
reaches low reaction rate after 28 days in all the cases. This could be attributable to two major factors:
(1) remaining of the larger particles (the small particles react in the early age) and (ii) lack of water
and space for the reaction (Paulini 1990). In each mix, the reaction degree of slag has reached between
35% and 45% after 91 days of reaction period. The similar range for the reaction degree was also
reported by Escalante et al. (Escalante et al. 2001a) for 50% slag replacement in OPC with the W/P

ratio of 0.35 and 0.5 at room temperature.
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The reaction degree of slag increases with W/P ratio for a specific amount of calcite addition and
reaction period as depicted in Figure 1. For example, the reaction degree of slag with 45 % of fine
calcite addition and W/P of 0.305 (Cc45-F-0.305) is approximately 32 % after the 28 days of curing
period, whereas it is about 38 % for W/P of 0.6. Similar tendency is observed even for coarse calcite
samples (Cc45-C) and 70 % of fine calcite samples (Cc70-F). It can be attributed to the more available
space to accommodate more products and sufficient water for reaction in high W/P ratio compared to
low W/P ratio mixture (Escalante et al. 2001a; Lam, Wong, and Poon 2000). Besides, the results
clearly demonstrate that increasing the filler content (calcite) in the slag-calcite system results in
increasing the reaction degree of slag for a same W/P and specific surface area of the filler (see Cc45-
F-0.6 and Cc70-F-06 or Cc45-F-0.305 and Cc70-F-0.36 in Figure 1). This is possibly due to the
increase in effective water for the reaction of slag, consequently increasing the space for the growth
of hydration products (Adu-Amankwah et al. 2017). For instance, additional 25% of calcite (Cc70-
F) improves the reaction degree of slag by approximately 20% in both low and high W/P mixture

compared to 45% of calcite addition (Cc45-F).

The effect of particle size of calcite on reaction degree of slag is also highlighted in Figure 1 for low
W/P and high W/P system. When the Blaine of calcite increases by 10 times, the reaction degree of
slag shows approximately 15% increment in high W/P paste (Figure 1 (A)). It is well known that the
high specific surface area of fine calcite leads to increase the number of nucleation site, which results
more reaction degree than coarse calcite (Knop, Peled, and Cohen 2014). However, the specific
surface area (Blaine) of calcite does not affect significantly in low W/P mixture. Both fine and coarse
calcite systems give similar slag reaction degree after 3 days of hydration period in W/P of 0.305 as
depicted in Figure 1(B). Even though the high fineness of calcite increases the surface area for the
reaction of slag, large specific surface area theatrically upsurges the solid surface area to be coated
with water (Kwan and Chen 2013). As a result, the effective water for the reaction reduces with

increasing the fineness of calcite, leads to the reduction of reaction rate in low W/P. But, due to the
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excess amount of water in high W/P, the effect of particle size of calcite can be clearly seen in W/P

ratio of 0.6.

50 50
(A)

(B)

Reaction degree of slag (%)
Reaction degree of slag (%)

20 1 20 1
-O-Cc45-F-0.6 -0-Cc45-F-0.305
10 -0-Cc45-C-0.6 10 <1-Cc45-C-0.305
-4-Cc70-F-0.6 -A&~Cc70-F-0.36
O T T O T T
1 10 100 1 10 100
Age (Days) Age (Days)

Figure 1 Reaction degree of slag for (A) high W/P and (B) low W/P paste

3.4.2 X-ray diffraction

The XRD patterns of representative mixture made with W/P ratio of 0.6 and 45 % fine calcite (Cc45-
F-0.6) after the hydration periods of 1, 3, 7 and 14 days are illustrated in Figure 2. In the XRD
patterns, the characteristic peaks of calcite, portlandite, ettringite and hemicarboaluminate are
identified as crystalline phases in all the mixtures used in this work, i.e., different calcite content,
specific surface area of calcite and W/P ratio. The peak of ettringite can be stably visible after 1 day
of curing period for longer reaction period in addition to the unreacted portlandite and calcite. Since
the destabilization of ettringite to monosulfate is inhibited by the presence of calcite, the carbonate
phases and ettringite are more stable than monosulfate in the calcite-slag system which is detailed in

Eq. (1) (Y. Han, Lin, and Wang 2021; Scholer et al. 2015).

Monosulfate + CaCO; + H,0 — Ettringite + Hemicarbonate/ Monocarbonate (1)
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Where formula for monosulfate, ettringite, hemicarbonate and monocarbonate are
3Ca0.Al,04.CaS0, 12H,0, 3Ca0.Al,053CaS0, 32H,0,

3Ca0.Al,050.5CaC0; 0.5Ca(0H),11.5H,0 and 3Ca0.Al,04.CaC0; 11H,0 respectively.

The formation of hemicarboaluminate could also be observed after the curing for 3 days or a longer
period, which is due to reaction of dissolved calcite, portlandite and aluminum oxide in the slag-
calcite system (Hoshino, Yamada, and Hirao 2006; Maclej Zajac et al. 2014). The peak of
hemicarboaluminate increases with hydration period in all slag-calcite system. On the other hand, the
previous studies reported that in the presence of limestone or calcite, the formation of
hemicarboaluminate increases up to 7 days, and then it is converted as monocarboaluminate in the
cement and fly ash/ slag system (Deschner et al. 2012; Schoéler et al. 2015; Maclej Zajac et al. 2014).
The increasing tendency for the generation of hemicarboaluminate and monocarboaluminate with
curing period in the OPC and OPC-slag mixture with the addition of calcite was observed by Hoshino
et al (Hoshino, Yamada, and Hirao 2006). Nevertheless, the formation of monocarboaluminate or
decreasing tendency of hemicarboaluminate is not observed in the cement free mixture i.e., slag-
calcite-expansive agent-portlandite system. Due to the slow dissolution rate of calcite and the faster
kinetic formation of hemicarboaluminate, the development of hemicarboaluminate can stably exist
and increase even for longer curing period without forming the monocarboaluminate, although
monocarboaluminate is thermodynamically more stable than hemicarboaluminate. Similar
observation was also found for slag-calcite sample after 180 days hydration period (Jeong et al. 2017).
It should be noted, yet, the monocarboaluminate was not found to be formed in the available previous
studies. Owing to the high amount of slag (approximately 50% of the mixture) which gives high
amount of aluminate, seems to be a favourable condition for the formation of hemicarboaluminate
instead of monocarboaluminate (Avet and Scrivener 2018; Y. Han, Lin, and Wang 2021; Lin et al.

2021).
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Figure 2 Observed XRD patterns of hydrated Cc45-F-0.6 paste with different curing age (E:
Ettringite, Hc: Hemicarboaluminate, CH: Portlandite and Cc: Calcite)

3.4.3 Thermogravimetric analysis (TGA)

The percentage of weight loss along with differential thermal analysis against temperature at different
curing ages for the representative sample of Cc45-C-0.6 obtained from thermogravimetric analysis is
depicted in Figure 3. The considerable mass loss before 100 °C is detected in all curing ages, which
is mainly accredited to decomposition of ettringite and loss of bound water in C-S-H gel (Y. Wang et
al. 2019; J. Yang et al. 2019). The sample after 3 days of hydration period or longer age reveals small
peak in the temperature range between 120-140 °C. As explained in Eq. (1), the peak of TG analysis
for AFm phases i.e., monosulfate (approximately peak at 180 °C) is herein shifted to lower
temperature (approximately 120 °C) due to the formation of carbonate phases in calcite-slag system.
Based on the previous studies, this peak is confirmed due to the dehydration of hemicarboaluminate
(Jeong et al. 2017; Schéler et al. 2015). Quite similar weight losses at approximately between 400-
450 °C were observed for all samples from the initial curing period (from 1 day to 91 day), indicating
the occurrence of portlandite (Deschner et al. 2012; Jeong et al. 2017). This is because of the
formation of portlandite during the hydration reaction and unreacted portlandite mixed with slag-
calcite binder at the mixing time to activate the slag. Owing to the release of CO> from unreacted

calcite, DTA curve illustrates a significant endothermic peak at nearly between 640-750 °C as shown
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in Figure 3 and Figure 4 (Deschner et al. 2012; J. Yang et al. 2019). Overall, the results obtained
from TGA are consistent with those of XRD patterns (see Figure 2). Therefore, the both analyses
(XRD and TGA) confirm that ettringite and hemicarboaluminate are the main crystalline products in
the slag-calcite mixture. The weight loss of crystalline phases during the thermal decomposition used

for the quantification is shown in the Table 4.

Table 4 The weight loss of crystalline phases during the thermal decomposition

MW  HxOloss H:O COzloss CO2
(g/mol) (g/mol) (wWt.%) (g/mol) (wt.%)

Ettringite 3Ca0+A,03°3CaS0432H,0 1,255 576 45.9
3Ca0+AL03°0.5Ca(OH), *

Phases Formula

Hc 564 207 36.7
0.5CaCO0O3°11.5H,0
Portlandite ~ Ca(OH), 74 18 243
Calcite CaCoO; 100 44 44.0
Hc stands for hemicarboaluminate
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Figure 4 DTA results of hydrated Cc45-C-0.6 sample: (Hc: Hemicarboaluminate)

3.4.4 Thermodynamic model verification

The coupled hydration and thermodynamic model proposed in previous works (Yogarajah
Elakneswaran et al. 2016; Krishnya, Yoda, and Elakneswaran 2021) was herein adopted and modified
to predict the phases of ecofriendly cement paste i.e., cement free system (Slag and calcite). The
predictability of the modified model is verified with the raw experimentals results including different

W/P, calcite content and blaine of calcite. Figure 5 and Figure 6 present the comparison between
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experimental results and predicted results of hydration products with curing age for high and low W/P
paste respectively. The model results for C-S-H and hydotalcite are indicated as amorphous content
in the predicted results (Figure 5 and Figure 6). It can be seen that the predicted hydration products
from the proposed model illustrate the similar tendency with experimental results for different W/P

ratio, calcite content and its properties.

Decreasing tendency of calcite and slag are observed in all samples due to hydration reaction of
dissolved raw materials. However, the calcite was not significantly dissolved as slag due to the low
soluability of calcium carbonate (Jeong et al. 2017; Y. Wang et al. 2019). As a result, generally high
amount of calcite replacement is used for the filler effect in the cementitious materials (Maclej Zajac
et al. 2014). For instance, 45 % of calcite at the mixing time reduced to only 41 % after 91 days of
hydration period for samples of 45 % calcite addition in both W/P ratio as shown in Figure 5 and
Figure 6. Previous studies also reported that only a small percentage of calcite reacts in the cement-
slag or slag-calcite mixture after even longer hydration period (Adu-Amankwah et al. 2017; Jeong et
al. 2017). The W/P ratio and specific surface area of calcite do not affect the dissolution rate of calcite
i.e., approximately 5 % of calcite dissolves in both low and high W/P paste, and coarse and fine
calcite content unlike the reaction rate of slag. As explained in section 3.1, hydration of slag has been
modified by W/P ratio, calcite content and fines of calcite, and the slag content decreases with
hydration period as clearly seen in Figure S and Figure 6. On the contrary, the predicted results for
the amorphous content upsurges with hydration period in all samples which imitates the tendency of
the experimental results. This can be imputed to the formation of mainly C-S-H in the hydrated matrix
resulting from the hydration reaction of slag. A noticeable increasing tendency of amorphous content
is observed with W/P and blaine of calcite, and it shows the decreasing trend with calcite content for

a specific curing age which is similar to the reaction degree of slag (section 3.1).
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The precipitation of ettringite exhibits a rapid increment until about one day, and then it remains
unchanged with curing period in all the conditions (refer Figure 5 and Figure 6). This is because,
ettringite forms until the depletion of gypsum (CaS0O, 2H,0) i.e., formation of ettringite is correlated
with the initial sulfate content as detailed in Eq. 2 (Avet and Scrivener 2018). Generally, the formed
ettringite is converted as monosulfate in the absence of calcite or lime (see Eq. 3). On the other hand,
the formation of monosulfate is terminated due to the presence of calcite and formed as
carboaluminate phases as shown in Eq. 1. However, the monosulphate or carboaluminate phases start
to form after the deplition of sulphate, i.e., after the complete formation of ettringite (Avet and
Scrivener 2018; Maclej Zajac et al. 2014). As a result, the formation of hemicarboaluminate initiates
approximately after 1 day of hydration period in the experimental results, which is exactly captured
in the proposed model as well. The amount of portlandite is observed to remain constant throughout
the curing period. Because portlandite eventhough contributes to the pozzolanic reaction of slag
which leads to the reduction of portlandite, newly formed porlandite during the hydration reaction
reimburses the portlandite reduction. Accordingly, the portlandite content obtained from the model
and experimental results shows a constant value for specific condition from early age to 91 days of

hydration period (see Figure 5 and Figure 6).

(€Ca0)5(Al,05) + 3CaS0, - 2H,0 + 26H,0 — (Ca0)(Al,05)(CaS0,)s - 32H,0 )

2(Ca0)5(AL,05) + (Ca0)5(AlL,05)(CaS0,)s - 32H,0 + 4H,0

- 3(Ca0)(Al,05)(CasS0,) - 12H,0

(3)
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Figure 5 The comparison between predicted hydrates with the experimental results for the high
W/P ratio samples
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Figure 6 The comparison between predicted hydrates with the experimental results for the low W/P

ratio samples
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Following the successful verification of the amended model with experimental results of the hydrated
matrix for slag-calcite system, the volume fraction of the hydrated matrix with curing age were
predicted from the proposed model and it is depicted in Figure 7 and Figure 8 for high and low W/P
ratio respectively. Here, C-S-H, ettringite, hemicarboalminate, hydrotalcite, portlandite and gypsum
are considered as the hydration products of slag-calcite mixture. It has been verified in the previous
studies that the C-S-H tends to form in two distinct structures such as low-density C-S-H (LD C-S-
H) and high-density C-S-H (HD C-S-H) (Constantinides and Ulm 2004; Tennis and Jennings 2000).
The LD C-S-H initiates to form the outer surface of the raw material at the initial stage of the reaction
process, and with the progression of hydration reaction, the LD C-S-H fully covers the raw material.
Afterwards, the new HD C-S-H forms within the space confined by the LD C-S-H due to the diffusion
of ions through the previously formed LD C-S-H. These abovementioned two types of C-S-H are
formed with different characteristics such as density and porosity. Therefore, in the proposed model,
the formation of two types of C-S-H is realistically considered to simulate the actual hydration
behaviour of the hydrated matrix. The Ca/Si ratio of C-S-H decreases with slag replacement ratio
which can be attributed to low Ca content in slag and low reactivity of slag compared to that of OPC
(F. Han and Zhang 2018; Y. Li, Qiao, and Ni 2020; Luan et al. 2012; Song et al. 2000). The Ca/Si
for the slag replacement range of 0 % to 100 % is reported between 1.7 to 1.1 in the earlier studies
(Luan et al. 2012; R. Taylor, Richardson, and Brydson 2010). However, in the presence of limestone
or calcite, the formation of C-S-H exhibits higher Ca/Si ratio than the slag mixture due to the
additional amount Ca from the dissolution of calcite or limestone (Adu-Amankwah et al. 2017,
Rakhimova et al. 2016). Therefore, the Ca/Si for the cement free mixture (slag and calcite) is reliably
considered as 1.5 which is higher than pure slag and lower than pure OPC mixture. The densities for
LD and HD C-S-H for the Ca/Si ratio of 1.5 are taken as 1.4 g/cm? and 1.7 g/cm? with the gel porosity
value of 0.36 and 0.26, respectively, based on the findings reported in our previous work for high
volume fly ash binder (Krishnya et al. 2022). The reaction degree for each mixture obtained from the

selective dissolution experiment (see section 3.1) is inputted in the proposed model to compute the
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dissolution rate of slag with curing period, as reaction degree of slag may vary with chemical
composition and the activation method (Altan and Erdogan 2012; Giergiczny 2019). The shrinkage
due to the molar volume difference between reactant and product referred as chemical shrinkage for
slag is considered as 0.3 mL/g of reacted slag for the calculation of volume fraction of the hydrated

matrix.

As illustrated in Figure 7 and Figure 8, the unreacted slag and capillary porosity of the matrix
decrease with curing period as the hydration reaction is taken place between the raw material and
water which shows an upsurge in hydration products. For a specific W/P ratio, reaction products
decrease with increasing the calcite content. Even though the slag reaction degree increases with
calcite addition, slag content for the hydration reaction reduces, and also the reaction degree of calcite
is very low. As a result, considerably low amount of hydrates form in 70% calcite mixture compared
to 45% calcite system in both W/P pastes. When comparing the formation of LD and HD C-S-H in
low and high W/P ratios, the volume fraction of LD C-S-H increases with W/P ratio. The formation
tendency of HD C-S-H shows contrary behaviour to the LD C-S-H. Because the LD C-S-H forms in
the space occupied by water during the early stage, and the HD C-S-H begins to develop in the
constricted area at later stage more slowly (Jennings et al. 2005). The available space for the
precipitation of LD C-S-H tends to increase with W/P ratio, leading to the more formation of LD C-
S-H in high W/P paste compared to that of low W/P binder. The total volume reduction by chemical
reaction (chemical shrinkage) increases with hydration period and decreases with increasing of W/P
ratio and calcite content. With the increasing hydration period, slag reaction degree increases i.e.,
reacted amount of slag increases due to the hydration reaction, as a result, it upsurges the volume
reduction due to the molar volume differences between the reactants and products. Moreover, the slag
content of the total mixture (water, calcite and slag) decreases with W/P ratio and calcite content

which leads to reduce the volume fraction of chemical shrinkage in high W/P and calcite paste.
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3.4.5 Porosity and pore structure

The experimental results of porosity by MIP method and the predicted results from the proposed
model as a function of curing period for all systems are demonstrated in Figure 9. The capillary
porosity obtained from the developed model corresponds to the difference between the initial volume
fraction (water and raw material) and the volume fraction after the hydration reaction (unreacted
material, hydration products and chemical shrinkage) at the desired curing period. The porosity
measured by MIP covers the pore diameter ranging from 3 nm to hundreds of pm, which partially
includes the C-S-H gel pores as the pore size less than 10 nm, is generally considered as gel pores
inside the C-S-H matrix (Peng et al. 2012; Tariq et al. 2011). Therefore, the MIP results compared
herein is the summation of predicted results of capillary porosity and gel porosity of the LD C-S-H
matrix since the LD C-S-H consists of large pores than the HD C-S-H (Noguchi et al. 2021). As
described in Figure 9, the predicted porosity shows an excellent agreement with the measured values
for all the mixtures. It is evident that the computed results deviate only a maximum of 6 % compared

to the experimental results.

The initial mixture porosity is high, and with the progression of hydration reaction, the pore space
occupied by water is employed by hydration products. Thus, the porosity of the matrix reduces with
hydration period (Figure 9) which is consistent with generally accepted concepts of hydration process.
The composite having high amount of calcite (70 %) reveals more pore space than that of the mixture
with 45 % of calcite for both high and low W/P binder. Similar phenomenon of the porosity is reported
for the replacement percentage of limestone in numerous previous studies (Elgalhud, Dhir, and
Ghataora 2016; Maciej Zajac et al. 2018). When increasing the calcite substitution percentage, the
amount of unreacted material also increases in the mixture as the reactivity of the calcite is very low.
As a result, the amount of hydration products to fill the pore space decreases due to the low amount
of slag, leading to the more pore space in the 70 % calcite mixture. In high W/P binder, the porosity

decreases with increasing specific surface area of the calcite. This should be mirrored by a significant
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increase in the reaction degree of slag as shown in Figure 1. However, in the low W/P mixture, the
effect of specific surface area of calcite can only be seen during the initial stage (up to 10 days) and
afterwards, both calcite mixtures (Cc45-C-0.305 and Cc45-F-0.305) show almost similar porosity
values which is exactly reflected in the slag reaction degree for low W/P paste (see Figure 1(B)). As
mentioned earlier, the effective W/P ratio decreases with specific surface area of calcite in W/P of
0.305 due to the more surface area to be coated with water. As a result, the required water for the
hydration reaction reduces, leading to almost similar reaction degree and porosity for 45 % of both
fine and coarse calcite in low W/P binders in later age. Besides, the predicted and experimental results
clearly demonstrate that increasing the W/P of the system displays in increasing porosity of the matrix,

as high W/P paste has more water between unhydrated particles due to the high-water content.
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Figure 9 Comparison between experimental results and predicted results for the porosity of (A)
High W/P samples; (B) Low W/P samples

The pore size distribution measured by MIP for different W/P, calcite content, specific surface area
of calcite and curing period are presented in Figure 10. The composites with high W/P samples
systematically have higher pore size distribution than the low W/P samples. For instance, the mixtures
with W/P of 0.6 shows the pore diameter ranging from 4 nm to 1000 nm after 7 days of hydration
period (Figure 10 (A)), whereas it is only up to 100 nm for the binders with low W/P ratio ((Figure

10 (C))). It is generally considered that the space between the unhydrated particles (pore space) is
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controlled by the inter-granular spacing at the setting time (X. Chen and Wu 2013; Okpala 1989).
Therefore, large pore diameters are generated in high W/P due to the high volume of the mixture.
This inter-granular space is subdivided or reduced due to the formation of products during the
hydration reaction, hence the pore size distribution has shifted to the left side, as pores are becoming
finer with an increasing of hydration period as detailed in Figure 10. When increasing the calcite
content, the pore space becomes larger which might be attributed to the poor pore space refinement
in the high calcite content - due to the low amount of slag in the mixture and very low calcite reaction
rate which leads to the reduced amount of hydration products. However, the samples Cc45-F-0.6 and
Cc70-F-0.6 show almost similar pore size distribution after 7 days of curing period which may be an
uncertainty in the experimental results. Moreover, fine calcite addition samples have large number of
smaller pores compared to coarse calcite addition samples due to the filler effect of fine calcite

particles in the large pores of the mixture.
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Figure 10 Pore size distribution of slag-calcite mixtures by MIP experiment as a function of pore
diameter after curing for 7 and 28 days
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3.5 Conclusions

The presented work revealed the effect of calcite content, fineness of calcite and W/P ratio on
hydration behavior, hydrate phases and porosity in cement-free BFS system. The comprehensive
investigation of the BFS-calcite mixture during the hydration reaction was undertaken with two
different calcite contents (45% and 70 %), calcite fineness (coarse and fine) and W/P ratios (low and
high) based on the numerous experimental techniques. The determined experimental results were
used to check the predictability of the developed model in terms of hydration products and porosity
as a function of curing period. The subsequent conclusions can be drawn based on the results:

1. The reaction degree of slag in the absence of cement was mainly enhanced by W/P ratio,
calcite content and specific surface area of the calcite for a specific condition. However, the
effect of fineness of filler on the hydration reaction was not considerably observed in the
selective dissolution experimental analysis for low W/P binder, owing to the low amount of
available water for the hydration reaction.

2. The characterization experimental analyses confirmed that the ettringite and
hemicarboaluminate are the main crystalline hydration products of BFS-calcite hardened
matrix, and the formation of monocarboalumate or destabilization of ettringite was not
observed in any samples due to the presence of calcium carbonate.

3. It is notable that the predicted hydration products and porosity as a function of hydration
period from the proposed model for the cementless binder showed excellent agreement with
experimental results for all the binder compositions.

4. The porosity of the hardened matrix decreases with curing period and fineness of calcite as
slag reaction degree increases with hydration time. The reaction rate is promoted by high
specific surface area of the filler content. On the other hand, when increasing the calcite
content and W/P ratio, it generates to increase the pore space of the matrix. Because, even

though the reaction degree of slag increases with calcite content, the amount of the slag for
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the reaction decreases, which leads to the increased amount of unreacted material with more

pore spaces in the mixture.
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CHAPTER 4

Carbonation
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4.1 Introduction

Carbonation of cement-based material is one cause of corrosion initiation in steel rebar in reinforced
concrete structures except chloride ingress. The CO> gas react with hydrated matrix followed by the
diffusion of CO; gas via the pore network, this process is referred to as the carbonation. The service
life of these structures in an atmospheric environment is closely related to carbonation. Almost all the
cement-based structures need to tolerate a certain level of carbonation reaction during their lifetime
owing to the existence of CO> gas in Earth’s atmosphere. Carbonation is the result of the dissolution
of natural CO; from the atmosphere (Friedmann, Amiri, and Ait-Mokhtar 2008). Most of the
hydration products can be consumed by the reaction with CO; and transferred to carbonate phases
like calcium carbonate. The precipitation of calcium carbonate could reduce the pH level of the
material, making the surface became rough and large pits appeared, causing corrosion happened. Also,
it can lead to the breakdown of steel passivity and thus present a risk of loss of rebar cross-section
and spalling of structure cover owing to corrosion. Besides, carbonation of cement-based materials
significantly affects the strength, porosity, pore size distribution and chemistry. Furthermore, it can
cause shrinkage and cracking of the cementitious matrix. So, it is needed to investigate the
carbonation behaviour caused by external environment.

Previous study reported that concretes made with Portland cement without additions showed the
higher resistance to natural carbonation (Lollini and Redaelli 2021). In fact, due to a low reaction
degree of slag in early age, slag-blended cement always give a higher carbonation rate and lower
carbonation resistance compared to OPC (Sanjuan et al. 2018). In general, the carbonation of raw
slag is not possible, while carbonation of AAS powdered paste involves reactions. The majority
reaction within the first 28 days causes the gel decomposition and formation of different calcium
carbonates in AAS (Nedeljkovi¢ et al. 2018). Besides, instead of CH crystal in Portland cement, the
main hydration product of AAS is calcium silicate hydrate. Even AAS binder shows high mechanical
properties, low permeability and good resistance to chemical erosion, it still cause the carbonation

resistance of AAS concrete is poor (He et al. 2018). Also, it is reported that although the addition of
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limestone in cement can accelerates the carbonation rate, in the case of limestone-blended cement has
a similar strength with Portland cement after carbonation, the accelerated carbonation curing of
limestone with cement reduces carbon emissions since additional limestone can uptake more CO>
(Shao et al. 2014).

However, the carbonation behaviour of this new composite cementitious binder is not clear, especially
research about the change of hemicarbonaluminate under CO: environment is less. In order to
understand the effects of carbonation on this new binder, it is important to understand the reactions
of CO2 with main phases in the binder and the factors which influence this process. The main aim of
this chapter is to establish the potential resistance of this new composite cementitious binder to
carbonation by focusing on the experimental study of the influence of calcite fineness, addition
amount and carbonation period on carbonation process. What’s more, under natural conditions
(~0.04% CO») the carbonation process of cements and concretes normally takes place slowly.
Therefore, most studies of the carbonation of cementitious materials are conducted under accelerated
conditions. In this chapter, the carbonation behaviour of this new composite cementitious binder with
different calcite addition rate, different type of calcite and curing period until 6 months under an
environment of 5% CO as well as 60% humidity conditions is observed. Apart from the experimental
results, this part reviews the application of carbonation as a curing approach, with topics covering the

reaction mechanism, process of implementation, and final product performance.
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4.2 Experiments procedure
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Figure 11 Experiment procedure for testing carbonation behaviour

The mix compositions are given in
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Table 3. Cylinder samples (diameter 5 cm and height 10 cm) reached the predetermined curing period
(28 days) were covered by epoxy resin except for the bottom of the circular surface which will face
to exposure solution, only leaving the bottom surface exposed to a chamber (5% CO; and 60%
humidity environment) to allow CO> to diffuse into the inner part of the sample. The prepared
cylindrical specimen was exposed to accelerated carbonation for 2, 4 and 6 months. After the
predetermined exposure period, take out the sample from the chamber, remove the surrounding resin.
In order to determine the initial carbonation depth, the cylindrical specimens were spilt into two parts
and the carbonation depth was determined by phenolphthalein test using one part. The carbonation
depth was measured as the distance between the boundary of color change and sample edge for each
side of the specimen first. Then the other part of cylindrical specimens was ground using a file at an
interval of 5 mm depth from the exposed surface in the fully carbonated area and then the interval of
2 mm closed to the depth determined by phenolphthalein solution. The powder samples obtained from
various depths below the exposed surface were used to determine the phase content in each layer and
exact carbonation depth by XRD method and TG analysis to determine phase contents as a function
of penetration depth. Experimental procedures are shown in Figure 11, where the sample preparation

and exposure conditions during external chloride absorption are shown in Table 5.

Table 5 Sample preparation and conditions during carbonation

Parameter Description

Calcite replacement ratio 45%, 70%

Proportion of water to binder 0.305,0.36

Curing condition Sealed curing for 28 days at 20 °C
Carbonation environment 5% CO2, 60% humidity
Carbonation period 2, 4 and 6 months
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4.3 Results

4.3.1 Indicator test

Phenolphthalein is a pH indicator which is purple if the pH value is above 10 and colorless under 8.3
(A. Morandeau, Thiéry, and Dangla 2014). The specimens dedicated to the phenolphthalein test were
split in half-cylinders. The treatment of the fractured specimens with phenolphthalein solution
indicator leads recognizable color changes in the alkaline subarea. The sharp boundaries in the color
transition from colorless to purple can be clearly achieved, which means the change of pH from

neutralization to alkaline. Thus, the carbonation depth was accurately estimated.

Cc45-C | Cc70-F

2 months

4 months

6 months

Figure 12 Samples treated with phenolphthalein indicator solution
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The results from the phenolphthalein test show a good visual match in all case. The pictures of the
specimens with calcite addition rate of 45% and 70% with different carbonation period are shown in
Figure 12. The carbonation measurements were performed after 2, 4 and 6 months of accelerated
carbonation treatment, where the approximately carbonation depth determined by phenolphthalein
solution are shown in Figure 13. It is important to note that the phenolphthalein test does not really
measure the carbonation depth but only its pH value. However, it still can give a reference about the
approximately carbonation depth.
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Figure 13 Carbonation depth as function of carbonation period in different mixtures

The carbonated depth for all mixtures gives an increase result as the carbonation period getting longer.
In case of the coarse calcite addition samples (Cc45-C-0.305), the phenolphthalein test led to a
slightly higher carbonation depth compared to fine calcite addition samples (Cc45-F-0.305). The
differences in depth between these 2 mixtures are lower than 5 mm among all 3 different carbonation
period. However, calcite addition rate gives a significant influence on carbonation behaviour. Higher
fine calcite addition rate accelerates carbonation rate. Carbonation rate in 70% fine calcite addition
samples shows an almost double rate as it in 45% fine calcite addition rate samples, which are around
40 mm depth after 2 months, 60 mm depth after 4 months and nearly full carbonated after a

carbonation period of 6 months.
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4.3.2 Phase assemblage

4.3.2.1 XRD
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Figure 14, Figure 15 and Figure 16 present the XRD patterns for continuous carbonated sample.
For the colored part tested by phenolphthalein solution, XRD scans shows the presence of portlandite,
ettringite and hemicarboaluminate as major crystalline hydrated phases in uncarbonated samples. No
peaks corresponding to portlandite, ettringite and hemicarboaluminate were observed in colourless
part tested by phenolphthalein solution, where is the carbonated part. The XRD patterns indicate
ettringite, portlandite and hemicarboaluminate dissolution as their peaks were observed in the
uncarbonated part while no peaks for these phases after carbonation. Besides, higher intensity for
calcite indicate that calcium carbonate is one of the main products formed during carbonation. Also,
partial carbonated samples were observed as the peaks of ettringite and portlandite are smaller
compared to uncarbonated part which is marked in green colour. In addition, a small peak around
11.5 degree is observed in carbonated sample, this is due to the formation of gypsum caused by the

carbonation of ettringite (Savija and Lukovi¢ 2016).

4.3.2.2 TGA

This method was used to determine the percentage of portlandite and calcite. Thermogravimetric (TG)
curves of uncarbonated and carbonated samples are shown in Figure 17. The derivative of the mass
loss during heating shows different peaks associated with the carbonation. It is very easy to detect the
DTG (derivative thermogravimetry) peak related to the dehydration of portlandite around 400-500 °C,
calcite (600—800 °C) decomposition can be easy to detect due to the CO: in calcite started to be
expelled from the carbonate at approximately 600 °C. However, the mass loss in carbonated samples
after 600 °C is higher than it in uncarbonated part. This is suggested that the precipitated calcite was
more crystalline in CO; treated part than it of the uncarbonated samples. In addition, peak from 400—
500 °C were observed in uncarbonated part while no curves in carbonated part, which indicate the
portlandite reacted with CO> during carbonation as reported in previous research (Garcia-Gonzalez

et al. 2006; Savija and Lukovié 2016).
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The temperature range from 30 to 300 °C is related to mass loss due to decomposition of C-S-H, AFt
and AFm phase (Shah et al. 2018), but the quantification of C-S-H, Aft and AFm phases through TG
method is difficult. However, it still can give some information about the carbonation behavior. The
mass loss before 400 °C showed a signification difference between carbonated and uncarbonated
samples, which is much lower in carbonated part compared to uncarbonated part. In XRD part, the
curves for ettringite and hemicarboaluminate disappeared in carbonated part, and combine with the
TG results, it can be deduced that both ettringite and hemicarboaluminate reacted with CO; and
transferred to another phase. Also, a small curve around 120 °C can be observed in carbonated part,
which confirm the carbonation of ettringite cause the formation of gypsum. The carbonation of
ettringite gives an agreement with previous work (Savija and Lukovié 2016). However, the report

about carbonation of hemicarboaluminate is limited.
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Figure 17 TG results in carbonated and uncarbonated samples

4.4 Discussion

4.4.1 Credibility of indicator test

Previous research (Phung et al. 2015) reported that the carbonation depth in samples with small
amounts of limestone cannot determined by phenolphthalein solution test because portlandite can be

observed through other test like XRD or TG, but the phenolphthalein test indicated a pH higher than
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9. If it is assumed that under accelerated conditions in which the transport of CO- is faster than Ca
ions, a calcite layer may form around the portlandite particles in a paste rich in portlandite before
carbonation (Borges et al. 2010), then two main reasons can be considered cause this result, which
are: portlandite particles are difficult to access for CO> due to the face that portlandite is covered by
carbonation products and thus further carbonation is prevented, and the pH of the pore solution is no
longer buffered by portlandite. However, in this clinker-free binder, only a few portlandite was added
as a reactant and portlandite is not a major product during hydration. The amount of portlandite is
limited among whole reaction. Also, there is enough Ca ions since calcite is added from the beginning.
As aresult, the carbonation depth determined by phenolphthalein solution test almost showed a same
result compared to XRD and TG test. Therefore, it is possible to determine the carbonation depth

through phenolphthalein indicator test in this clinker-free composite.

4.4.2 Phases distribution
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Figure 18 Distribution of phases in (A)Cc45-F-0.305; (B)Cc45-C-0.305; (C)Cc70-F-0.36 after 4
months of carbonation

The volume fraction of the carbonated binder as a function of distance from the exposed surface is
depicted in Figure 18 for Cc45-F-0.305, Cc45-C-0.305 and Cc70-F-0.36 respectively. Here, C-S-H,
un-reacted slag, and other non-crystalline products were considered as amorphous. The weight
content of calcite increases in the surface part as the carbonation is taken place between the hydration
products and CO> which shows a drop in some hydration products. For a specific calcite addition rate,
the differences in the carbonation depth between two different types of calcites (coarse and fine calcite)
are less than 5 mm, which means the specific surface area of calcite did not affect carbonation
behaviour significantly. However, considerably low amount of raw materials form in 70% calcite
mixture compared to 45% calcite system, higher calcite addition rate faster the carbonation reaction.
As a result, carbonation depth in 70% calcite addition samples have an almost double value (around

60 mm) than it in 45% calcite addition samples (around 30 mm).
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Figure 19 Comparisons of (A) Cc45-F-0.305, (B) Cc45-C-0.305, and (C) Cc70-F-0.36 before and

Based on XRD and TG result, phase changes for each depth can be quantified. The comparisons
between before carbonation and after carbonation are shown in Figure 19. The carbonation of
hydration products additionally produce calcite, which can be seen close to the exposure surface from
all cases. It is well known that unreacted portlandite can react with CO», causing the formation of
calcite and water (Savija and Lukovi¢ 2016; Tang, Ling, and Mo 2021). Also, the total amount of
amorphous content in carbonated samples was lower as compared to uncarbonated samples indicating

carbonation of certain amorphous phase like C-S-H. In fact, C-S—H gel also can react with COx,
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forming an amorphous silica gel and various polymorphs of calcium carbonate (A. E. Morandeau and
White 2015; A. Morandeau, Thiéry, and Dangla 2014). In addition to the carbonation of portlandite
and C-S-H, ettringite and hemicarboaluminate also reacted with CO> and produced calcite close to
the surface from both XRD and TG test. The formation of gypsum was observed due to carbonation

of ettringite (Savija and Lukovié 2016; Tang, Ling, and Mo 2021).

4.4.3 Reaction mechanism

Since portlandite is one of the substances in this cement-free composite, the carbonation of portlandite
occurred under CO; environment. Unreacted portlandite can react with CO2 by following the equation
below, causing the formation of calcite as reported in previous research (Savija and Lukovi¢ 2016;
Tang, Ling, and Mo 2021).

Ca(0H), + CO, » CaCO; + H,0

Also, both XRD and TG results showed that ettringite was affected under by CO», and transfer to
other phase. Researcher (Savija and Lukovi¢ 2016; Tang, Ling, and Mo 2021) found the carbonation
of ettringite consume it and could form calcite, and at the same time, gypsum is formed by the
following reaction formular.

(Ca0)5(Al,05)(CaS0,)5 - 32H,0 + 3CO,

The formation of gypsum can be confirmed through both XRD and TG results. The XRD results
showed the presence of ettringite in uncarbonated part and showed the presence of gypsum in
carbonated part. Furthermore, the DTA (differential thermal analysis) curve around 120 to 140°C also
confirmed the production of gypsum, which showed an excellent agreement with the reaction

formular mentioned above.
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For hemicarboaluminate, less research was reported about its carbonation behaviour. However, its
structure and formular is similar to other Afm phases like ettringite and monocarboaluminate.
Previous study (Savija and Lukovi¢ 2016) showed that both ettringite and monocarboaluminate have
the potential to react with CO», leading carbonation phenomenon. Therefore, it can be deducted that
hemicarbonaluminate also transferred into calcite in carbonation as following reaction.
(Ca0)3(Al,05)(Ca(OH);)¢5(CaC03)o5 - 11.5H,0 + 3.5C0,

Less amount of amorphous after carbonation in all samples gives a consistency to previous research
(A. E. Morandeau and White 2015; A. Morandeau, Thiéry, and Dangla 2014), which may led by the
carbonation of C-S-H. The carbonation of C—S—H gel consists of the removal of calcium ions from
the gel leading to the formation of an amorphous silica gel and various polymorphs of calcium
carbonate. The chemical reaction between C-S-H and CO; results in the formation of calcium
carbonate and amorphous silica gel and can be written as follows.

(€Ca0),(Si0,)(H,0) + xCO, — xCaCO5 + (Si0,) - tH,0 + (z — t)H,0

As aresult, all phases besides unhydrated slag and calcite can be influenced under CO; environment,
and their reaction mechanism are summarised above. Both the carbonation of hydrated crystalline
part (Ettringite, hemicarboaluminate and portlandite) and amorphous part (C-S-H) causing the
formation of calcite, as well as some other gel phases. All these reaction mechanisms agree with

experiment results.

4.4.4 Influence of calcite

The carbonation mechanism of ettringite and portlandite are shown in chapter 2. The carbonation of
both ettringite and portlandite cause the formation of calcium carbonate. In addition, the carbonation
of ettringite cause a formation of gypsum. However, the type of calcite, as well as the addition rate
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of calcite give an influence on carbonation behaviour. The transport of CO> in coarse calcite addition
sample could be faster than it in fine calcite addition sample, which means lower fineness of calcite
increases the carbonation depth in the case of same carbonation period. However, the carbonation
depth difference between fine and coarse calcite addition samples didn’t increase even with a longer
carbonation period. The difference between them is less than 5 mm through whole carbonation. Two
reasons can be considered from this result: both of them have a closed carbonation rate after a certain
time, and a faster carbonation behaviour in initial period caused by lower fineness of calcite. Pervious
reported (A. Morandeau, Thiéry, and Dangla 2014) that pore size and pore distribution have a
significant influence in continuous carbonation. In this clinker-free case, although the porosity in both
fine and coarse addition samples gives a closed value, the pore distribution is different. Much smaller
pores filled by pore solution initially in higher fineness calcite sample, preventing CO> gas get to the
pathway. However, since the porosity is similar, they have an almost same potential to reaction with
the hydration products after saturation. As a result, higher fineness of calcite shallower carbonation
compared to lower fineness one. Besides, higher calcite addition rate causes a high porosity of sample,
leading a faster carbonation rate. Also, the total amount of amorphous content in carbonated samples
was lower as compared to uncarbonated samples indicating carbonation of amorphous phases like C-

S-H.

4.5 conclusion

In this part, the main effects of accelerated carbonation on different mixture of clink-free material are
carried out. Since the phenolphthalein test alone is not an adequate indictor for carbonation rate
despite of its common use, both XRD and TG measurement are used to learn its exact carbonation
condition. In summary, the following points have been highlighted:

1. The XRD analyses confirmed the disappearance of hemicaboaluminate, ettringite, and

portlandite peaks which shows all main crystalline phases carbonated during accelerated
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carbonation. In addition, a higher amount of calcite in both XRD and TG results indicated
calcium carbonation is one of the main products during carbonation.

After the carbonation period of first 2 months, the higher fineness of calcite showed a lower
carbonation rate. However, it didn’t show a significant effect in carbonation rate after a
carbonation period of 2 months, which is probably due to there being much smaller pores in
fine calcite addition samples and the porosity of 2 different type of calcite addition samples
being closed to each other.

The effect of addition rate of calcite during carbonation was considerably observed from all
three different tests. Higher calcite content increases the porosity and decreases the hydration
products, thus increasing the carbonation rate. As the carbonation is progressed with time.

The BFS-calcite hardened matrix could not resist carbonation.
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CHAPTER 5

Chloride transport
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5.1 Introduction

Assessing the durability performance of both new and existing structures remains one of the most
significant challenges, particularly while considering the long-term life of the structure. This is turn
dictated by the capability of the cementitious materials structures for a larger extent to resist numerous
deterioration processes such as transportation of ions, gas and moisture. Among varying processes,
chloride ingression is one of the most serious degradation processes in reinforced structure.

Reinforced concrete is a commonly used construction material for infrastructure exposed to sea water
or deicing salts, such as harbors, tunnels and bridges (Machner et al. 2022). Once the chloride gets
into the cementitious matrix, chloride-induced corrosion of the steel reinforcement happened, which
is one of the main degradation mechanisms and one of the major forms of environmental attack for
these reinforced concrete structures (Machner et al. 2022; X. Shi et al. 2012). Due to small radii and
high activity, chloride ions can easily enter into the pore solution of concrete and reach the
reinforcement surface, leading to the damage of passive film and pitting corrosion of the
reinforcement and subsequently cracking and spalling of concrete (Cai et al. 2022). Chloride diffusion
of cementitious materials is a complicated process, which is mainly influenced by both internal factors,
including pore structure and the hydration products which are determined by the type of reactor, water
to powder ratio, curing condition, as well as external factors, like the concentration of the exposure

solution and the exposure period.

Physical adsorption and chemical reactions (Loser et al. 2010) are the main routes whereby chloride
combines into the cementitious materials when there is a superior chloride ion concentration gradient
external. The former two types of chloride ions are often both referred to as bound chlorides.
Chemical binding refers the reaction of chloride ions with AFm phases. Some studies (Jones et al.
2003; Loser et al. 2010; Klaartje De Weerdt, Justnes, and Geiker 2014) have reported the formation
of Friedel’s salt from the hydrated products due to the penetration of chloride ions into cement pastes

and concretes. Generally speaking, the sulfate in the Afm phase could be replaced by chloride, and it
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causes the dissolution of the Afm phase and the formation of Friedel’s salt or Kuzel's salt. Physical
binding of chloride ions is by the surface of C-S-H as it is the main hydration products in cementitious
materials and having a high specific surface area. Even the bound chloride like Friedel’s salt or
adsorbed chloride by C-S-H almost has no effect on the corrosion of steel bars directly, the free
chloride in the pore solution causes the reinforcement corrosion. The free chloride ions destroy the

passive film cover on the rebar leads to the initiation of corrosion.

However, in this slag-calcite system, in addition to the Afm phase, the formation of another phase,
hemicarboaluminate is confirmed. Therefore, it is necessary to evaluate the long-term performance
of hydrated slag-calcite material against external chloride gradient and the stability of each hydrated
phase and its phase change. Especially the changes in the hemicarboaluminate phase under different

chloride diffusion conditions are not understood well due to limited study.

The objective of this part is to investigate the chloride binding and diffusion mechanisms of external
chloride based on the hydration behavior of this new cement-free slag-calcite established before. The
chloride binding capacity of this new composite cementitious binder incorporating various calcite,
the phase transformation during chloride exposure, and the relationship between chloride binding
capacity and mixture of binder were investigated to uncover the chloride binding mechanisms of this
new composite cementitious binder. Besides, the chloride diffusion profiles of this new composite
cementitious binder are measured, and some assumptions are applied to investigate how chloride
binding affects the chloride diffusion. Also, the stability of all products formed during the hydration
period is evaluated when the hydration products are exposed to sodium chloride solution. The
quantification of each phase in this system during the hydration period and after chloride penetration
is determined by powder X-ray diffraction (XRD), titration and ion chromatography. Based on the

chloride profiles, the chloride resistance of this cement-free material is evaluated.
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5.1.1 Chemical chloride binding in AFm

When chloride ion from environmental solutions penetrates the cementitious matrix, some of them
are captured by the hydration products. This is called chloride binding (Yuan et al. 2009). Friedel's
salt (3Ca0-Al>0O3-CaCly-10H20) and Kuzel's salt (3Ca0-Al,03:0.5CaS04:0.5CaClz-11H20) are two
common chloride containing AFm phases. However, Kuzel's salt is not stable in the presence of even
small amounts of carbonate (Balonis et al. 2010). Since calcite is added in this cement-free system,
instead of Kuzel’s salt, the formation of Friedel’s salt is expected. Also, the quantification of Friedel's

salt can be determined by XRD method.

5.1.2 Physical chloride binding in C-S-H

In addition to chemical binding in AFm phases, chlorides can also be bound physically by
accumulating in the diffuse layer of the C-S-H as explained by the electric double layer theory
(Machner et al. 2022; Yuan et al. 2009). Some searcher (Ramachandran 1971) distinguished three
types of interaction with C-S-H, which occur in a chemisorbed layer on hydrated calcium silicates, in
the C-S-H interlayer spaces, and in the C—S—H lattice. However, other searchers (Luping and Nilsson
1993) suggested that most of the bound chloride is physically bound to ion exchange sites of C—S—H
gel. They also suggested that a significant degree of reversibility exists and, thus, reducing the pore
solution chloride concentration could result in desorption of bound chlorides. Besides, other research
(Yuan et al. 2009) reported that physical binding only accounts for a very small fraction of the total
chloride ion bound by cement. Until now, there is no method can quantify the physical bound chloride
amount in C-S-H accurately. In this research, total chloride content, chemical bound chloride amount
in Friedel’s salt and water-soluble chloride (consider as free chloride) content were quantified, then

physical bound chloride amount can be calculated through the different of the 3 values above.
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5.1.3 Free chloride in pore solution (Water-soluble chloride)

Among 3 different shape chloride (Chemical bound chloride, physical bound chloride and free
chloride), free chloride can be considered as the most dangerous because of its capacity to diffuse
towards the steel bars (Barberon et al. 2005). The amount of free chloride ions in the pore solution
was evaluated by using the water-soluble chloride content in this research. Research (Mohammed
and Hamada 2003) has reported that there is a linear relationships between free chloride and total
chloride contents under a long-term exposure tests for various cements, such as ordinary portland
cement, high early strength portland cement, moderate heat portland cement, calcium aluminate
cement, slag cements, and fly ash cement. To determine how far the free chloride in pore solution
have penetrated into the cementitious binder, chloride ingress profiles are obtained. These profiles

give the free chloride content in the binder as a function of depth below the exposed surface.

5.2 Experiments procedure

The mix compositions are given in
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Table 3. Cylinder samples (diameter 5 cm and height 10 cm) reached the predetermined curing period
(28 days) were covered by epoxy resin except for the bottom of the circular surface which will face
to exposure solution, only leaving the bottom surface exposed to a solution (500mL 0.5M NaCl
solution) to allow ions diffuse into the inner part of the sample. After an immersion period of 3, 6 and
12 months, take out the sample from the solution, remove the surrounding resin, and ground it using
a file from the exposed surface in every 2 mm depth. The powder samples obtained from various
depths below the exposed surface were used to determine the phase content in each layer by XRD
method, to determine their total chloride content by potentiometric titration, and to determine their
chemical bound chloride by Rietveld analysis, also, to determine their free chloride content through
ion chromatography. Experimental procedures are shown in Figure 20, where the sample preparation

and exposed conditions during external chloride adsorption are shown in Table 6.
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Table 6 Sample preparation and exposure conditions for external chloride adsorption

Parameter Description

Calcite replacement ratio 45%, 70%

Proportion of water to binder 0.305,0.36

Curing condition Sealed curing for 28 days at 20 °C
Exposure solution 500 mmol/L NaCl

Exposure period 3, 6 and 12 months

Exposure solution volume 500mL

5.2.1 Chemical bound chloride

The collected powder was used for XRD measurement to quantify mineralogical composition, as well
as coupled with Rietveld analysis to quantify the phase assemblage of paste samples after exposure
to NaCl solutions for different periods. For Friedel's salt (F’s), we assume the ideal chemical
composition 3Ca0O-Al,O3-CaClz-10H20 with a molar mass of 561 g/mol. Under this assumption,

chemically bound chloride can be quantified as the follow equation.

Chemical b dCl(O/)—ZM(Cl)
emical boun ) = tFs)

-wt(F's)

Where M(CI) is the molar mass of chlorine (35.5 g/mol), M(F’s) is the molar mass of Friedel’s salt

(561 g/mol), wt(F’s) is the weight percentage of Friedel’s salt calculated by XRD-Rietveld analysis.

5.2.2 Water-soluble chloride

Around 0.5 + 0.01 g of the powder was weighed after drying at 105°C for 30 mins to limit the impact
of free water on the determination of the water-soluble chloride content. The dried powder was put
into 100 mL bottle within 50 mL water. Then heating the bottle by water bathing around 80°C for 5
minutes. After that, left the bottle at room temperature for 24 hours. the immersed samples were

filtered through a filter and filled into 50 mL centrifuge tubes then diluted for 10 times for testing ion
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chromatography. The results of the water-soluble chloride content could be calculated with the
following equation.

10 - C( Cl) ’ Vsample

Water soluble CI( % ) = 106 m

- 100%

sample
Where 10 is the dilution time for solution containing the sample, c¢(Cl) is the concentration of water-
soluble chloride tested by ion chromatography. Vsample is volume of the solution (50 mL in this

experiment), Msample 1S the mass of the sample immersed.

5.2.3 Total chloride

For the determination of the total chloride content, 0.25 + 0.01g of each profile ground powder sample
was weighed and dried for 30 mins in an aerated oven at 105 degrees. After cooling the samples to
room temperature in a desiccator, they were weighed again and were dissolved in 50 mL HNOs3
solution (65%, diluted from 3 mL) until the solution is clear. After that, the mixtures were titrated
against a 0.01 mol/L AgNOs3 solution with a AUT-501 machine. The results of the total chloride

content can be calculated with the following equation.

Vagnos * Cagnog - M(Cl)
m

- 100%

Cl(%) =

sample
where Vagnos is the volume of silver nitrate added at the inflection point of the titration, cagnos is the
concentration of the silver nitrate solution (0.01 mol/L), M(CI) is the molar mass of chlorine (35.5

g/mol), and msample 1S the mass of the dissolved samples after drying at 105 degrees.
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5.3 Results

5.3.1 Phase assemblage
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Figure 21 3 months XRD results for (A)Cc45-F-0.305 (B)Cc45-C-0.305 (C)Cc70-F-0.36
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Figure 23 12 months XRD results for (A)Cc45-F-0.305 (B)Cc45-C-0.305 (C)Cc70-F-0.36

The XRD patterns for representative specimens after 3, 6 and 12 months of exposure to NaCl
solutions (after a hydration period of 28 days) are shown in Figure 21, Figure 22 and Figure 23. In
the XRD patterns, as reported in hydration part, ettringite and hemicarboaluminate are main hydration
crystalline products, where calcite is the main filler and the consumed portlandite is balanced with
formed portlandite. The peaks of calcite and ettringite are identified as crystalline phases in all the
mixtures no matter the distance from the exposed surface. However, the peaks of ettringite and
portlandite closed to exposed surface are smaller than those in the hydration results, which mean the
dissolution of ettringite and portlandite during the immersion. As reported in previous research (K.
De Weerdt, Lothenbach, and Geiker 2019), the decrease of the portlandite and ettringite is caused by
leaching. The degree of leaching was independent of the solution concentration but increased with
the immersion period.

Besides, the peak around 10.8° shifted to 11.2° near the surface. It is commonly believed that the
Friedel’s salts are formed in this slag-calcite binder as a result of phase transformation of existing
AFm-type phases upon chloride exposure since the Kuzel's salt is not stable in the presence of even

small amounts of carbonate (Balonis et al. 2010). The reaction formular can be deduced as follow.
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(€Ca0)5(Al,05)(CaC03)s(Ca(OH),)gs - 11.5H,0 + 2C1-

> (€a0)5(Al,05)(CaCly) - 10H,0 + 0.5C0%~ + OH~ + 1.5H,0

Also, the dissolution of Friedel’s salt closed to exposed surface (0-2 mm) can be observed from the
XRD results, due to Friedel’s salt can be directly release to external solution by leaching.

Besides, for a certain composition, even there is a higher concentration of chloride in external solution
compared to cementitious matrix, a longer exposure period didn’t make more chloride penetrate into
the central part to form more Friedel’s salt. For 45% calcite addition rate samples (both fine and
coarse calcite addition samples), the formation of Friedel’s salt can be confirmed around 10 mm after
3 months immersion. Once the distance from the surface is deeper than 10 mm, instead of the peak
of Friedel’s salt (11.2°), the peak of hemicarboaluminate (10.8°), which is the original hydration
product. However, for 6 months and 12 months immersed samples, similar results are observed from
the XRD peaks. There is no Friedel’s salt peak deeper than 10 mm.

The addition rate of calcite gives a significant effect on the chloride transport process. The formation
of Friedel’s salt in 45% calcite addition samples is around 10 mm, while the peak of Friedel’s salt for
70% calcite addition rate samples can be seen around 16 mm. Also, the influence of immersion period
can hardly be seen from the XRD results due to the peak of Friedel’s salt can be seen around 16 mm

from the exposed surface among all 3-, 6- and 12-months immersed samples.
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5.3.2 Water soluble chloride

Chloride content (%) Chloride content (%)

Chloride content (%)

Figure 24 Water-soluble chloride content for (A)Cc45-F-0.305 (B)Cc45-C-0.305 (C)Cc70-F-0.36

Figure 24 shows the water-soluble chloride content changes of the specimens from 3 months to 12
months immersion period as a function of depth from the exposed surface determined by ion
chromatography. Over time the water-soluble chloride profiles start to show a reduction in the content
at the surface (0—2 mm section) compared to the chloride content deeper in (deeper than 2 mm). This
has a great agreement with the previous research, which is due to the convection of chloride. A

convection zone happens for the chloride on specimens’ surface. Chloride ion distribution in
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specimen strongly depended on the way chloride ions penetrate into the samples. Actually, chloride
ion penetration is a complex process not only connect with water pressure, capillary action, but also
influenced by many other transportation mechanisms (Liu et al. 2020). Under a solution environment,
when specimen is saturated, chloride ions are transferred into the specimen mainly by dissolution.
This migration of chloride ions is mainly attributed to capillary suction and dispersion effects.
Chloride aerosols deposited on the specimen’s surface are absorbed by capillary suction. Then due to
there is a superior chloride concentration gradient from the solution, free chloride ions are dispersed
into the specimen. As water evaporates from specimen’s pore, the chloride ions left in the pores
accumulate to a peak concentration through a series of drying and wetting cycles. This leads to the

convection of chloride ion migration under a solution environment (Liu et al. 2020).

The amount of water-soluble chloride gradually approached to zero at the depths more than 12 mm
in the case of 45% calcite addition rate. The curves for depths of <12 mm indicted that the free
chloride deposition of samples increases with the immersion period after every several months. The
maximum free chloride amount in samples after 12 months’ immersion gives an around 50% to 60%
higher content compared to that of 3 months’ immersion. However, its transition depth almost had no
change even the period of exposure increased. In addition, the ingress depth depended on the mixture
used. The penetration depth for the 70% calcite content samples (approximately 2022 mm) was
almost double that for the 45% calcite content samples. This result indicated that chloride content in
pore solution is improved with the addition of calcite. Besides, free chloride behavior of the samples
with different type calcite addition gives a different result. Firstly, convection of chloride closed to
exposed surface in fine calcite addition samples gives a less impact compared to coarse calcite
addition samples. Secondly, the maximum amount of free chloride in fine calcite addition samples is
higher than that in coarse calcite addition samples, which means a higher fineness of calcite in pore

solution.
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5.3.3 Total chloride
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Figure 25 Total chloride content for (A)Cc45-F-0.305 (B)Cc45-C-0.305 (C)Cc70-F-0.36 samples

Figure 25 shows the total chloride content of the specimens exposed to the NaCl solution for 3, 6 and
12 months as a function of depth below the exposed surface. Similar to the results of water-soluble
chloride, the total chloride content increased in specimens over time from 3 months to 12 months of
exposure period. During these 12 months, the total chloride profile of all different specimens shows
typical peaking behaviour, in that the outermost section (0-2 mm) shows a lower total chloride content

than the section slightly deeper (after 2 mm) in due to the dissolution of the specimens. This peaking
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behaviour is commonly observed in total chloride profiles after long-term exposure to chloride-
containing solutions or sea water with previous research due to the convection of chloride (Liu et al.

2020; K. De Weerdt, Lothenbach, and Geiker 2019; Klaartje De Weerdt et al. 2016).

Chlorides have penetrated into all specimens, however, the total chloride content and the chloride
ingress depth depended on the exposure time due to the different type and addition rate of the calcite.
The specimens with fine calcite addition exposed to the NaCl solution show a higher maximum total
chloride content compared to the specimens with coarse calcite addition in the case of the same
addition rate (45% calcite addition rate). Also, a higher calcite addition rate decreases the total
chloride content and increases the ingress depth. Besides, a longer immersion period increases the
total chloride content, but didn’t influence the ingress depth significantly. Moreover, the depth of
total chloride is deeper than that of free chloride, which indicates other chloride in binder matrix. And
the influence of calcite fineness has a same tendency with it in free chloride, which a higher fineness

of calcite increases the amount of total chloride.

5.4 discussion

To understand the chloride penetration exposed to NaCl solutions at different conditions (period,
calcite type and calcite addition rate), it is necessary to figure out the how chloride changes. Different
methods were employed to identify the different chloride species in this binder systems after exposure
to NaCl solutions. The total chloride content was directly measured by titration, where water-soluble
chloride is considered as free chloride and quantified by ion chromatography and chemically bound
chloride was quantified through XRD-Rietveld analysis. The total chloride content includes chloride
ions which are chemically bound in Friedel's salt, chloride ions which are physically adsorbed in the
diffuse layer of the calcium-silicate-hydrate (C-S-H) phase, as well as free chloride ions present in
the pore solution. The relationship among different chloride is shown as the follow equation.

Total chloride = Free chloride + Chemical bound chloride +Physical absorb chloride
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Where free chloride is considered as water-soluble chloride, chemical bound chloride can be
calculated from the content of Friedel’s salt and total chloride can be measured by titration.

Figure 26 shows a summary of measured total chloride profiles, the calculated contribution of
chemical bound chlorides in Friedel's salt, as well as the water-soluble chloride considered as free

chloride after an immersion period of 12 months.
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5.4.1 Surface chloride

In all cases, not only the chloride content in outermost section (0-2 mm) shows a lower amount than
the section deeper (after 2 mm) in free chloride, but also a similar tendency happened in total chloride.
In fact, chloride ions are transferred mainly through diffusion due to the concentration gradient in the
beginning. When the concentration of chloride reach a certain level, a small convection zone close to
surface happened which due to accumulated chloride in a narrow region (Liu et al. 2020). Basically,
the length of the convection zone is generally found in 3 mm, after this region, the chloride
concentration is decreased with depth. However, not only the free chloride in pore solution has a
reduction near to surface, but also other chlorides show a drop close to surface.

The physical adsorption of chloride also controls the total content of chloride in the sample. The main
hydration product of cementitious materials, C—S—H, is made up of silicates and consists of silanol
surface groups. The surface groups contain all the reactive sites available for release or adsorption of
protons and also for adsorption of cations and anions. Calcium ions behave as the potential
determining ions on the C—S—H surface and lead to a charge reversal. In this case, the surface charges
of the C—S—H particles are neutralized by the calcium ions which lose some of their hydrated water
molecules and form ionic bonds with silanol sites through the inner-sphere complexation reaction (Y.
Elakneswaran et al. 2010).

=SiOH + Ca?* < =SiOCa’ + H"

Actually, the changes in calcium concentration directly lead to changes in adsorption of chloride due
to chloride can adsorb on silanol sites where calcium is adsorbed (SiOCa") through the following
reaction.

=SiOCa" + Cl < =SiOCaCl

Since the calcium ions in C-S-H near the sample surface release to the external solution during
immersion, less amount of SiOCa" is produced, causing a lower ability to bind chloride ions, giving
a lower value of physically bound chloride content. Besides, the chloride in Friedel’s salt also release

to the immersion solution close to surface, owning less amount of chemically bound chloride. As a
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result, all 3 different types of chloride, including free chloride in pore solution, chemically bound
chloride and physically bound chloride give a reduction around the surface, making total chloride

also shows a reduction in the surface.

5.4.2 Influence of immersion period

From Figure 24 and Figure 25, the amount of total chloride and free chloride increase with the
immersion period. However, the content of chemical bound chloride and physical chloride did not
show a huge difference among the immersion. These results can be deduced by the following point:
restricted amount of C-S-H to absorb chloride and limited amount of hemicarboaluminate to form
Friedel’s salt. Since the reaction degree of slag is around 45% and a low addition rate of slag in all
samples, the products to adsorb and react with chloride ions is less than the condition with common
cement. On the other hand, the content of free chloride increases after every several months’
immersion. The amount of free chloride after an exposed period of 12 months is 1.5 to 1.6 times as it
of 3 months. This may be due to the unsaturation of chloride in pore solution. Although the chemical
bound chloride in Friedel’s salt and the physical absorb chloride almost had no change during
immersion, the increase of free chloride causes the increase of total chloride.

Also, the immersion period didn’t influence the ingress depth significantly. First, it is reported that
the corrosion resistance of AAS is strongly dependent on the activator, the Ca(OH); activator could
increase the corrosion resistance. This may attributed to precipitation of Ca(OH): in the matrix, which
can react with chlorides to physically form Ca(ClO). to remove free chlorides from the pore solution,
making the binding capacity of chlorides lower than common cement paste. Also, the fineness of
AAS influence the resistance to ionic transport (Park, Ann, and Cho 2015). Although the slag used
in this research doesn’t have a high fineness, the addition of portlandite and slag can give a similar
effect with the AAS react with Ca(OH). activator since the calcite is considered as a filler, and also
the fine calcite may fill up the void in binder, the modification of the pore structure may reduce the

openness to external ions and molecules.
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Secondly, an Electrical Double Layer (EDL) forms at the solution interface because of the surface
charge. The EDL plays an important role in cementitious materials. The interaction between the
ingress of ionic species and cement hydrates is influenced by the physical and chemical properties of
the pore systems. It is reported that EDL can influence the ionic diffusion (Y. Elakneswaran et al.
2010). In fact, during NaCl solution immersion, diffusing chloride ions are much more affected by
the surface charge than sodium ions. Since the size of chloride cluster is around 2-3 nm in the pore
solution, as well as the EDL will work in a range around 3.6 nm (Y. Elakneswaran et al. 2010). Two

EDL can be overlapped if the pore size under 10 nm as shown in Figure 27.

L EDL36 nm
@ Chloride 2-3 nm
I EDL 3.6 nm

Figure 27 Overlapped EDL

The overlapping of EDL strongly effects the ionic transport. The transport of ions through
cementitious materials is described at a microscopic scale with a pore modeled by two infinitely large
flat plates. The theory of the EDL shows that the overlapping between the diffuse layers occurring in
the pore is important as the pore diameter will be small and the pore walls will be strongly charged,
and the fluxes of counterions will be respectively increased and attenuated in such pores (Friedmann,
Amiri, and Ait-Mokhtar 2008). As a result, the penetration of the porous network by chloride ions
gets harder affected by the overlapping of the diffuse layers until chloride ion cannot enter the samples

as shown in Figure 27.

5.4.3 Influence of calcite
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The fineness of added calcite didn’t show a significant effect on both chemical bound chloride and
physical absorb chloride content, which is due to a similar reaction degree of slag in both fine and
coarse calcite addition binders after a hydration period of 28 days, cause an almost same content of
hydrated hemicarboaluminate and C-S-H, show nearly identical potential in chemical and physical
absorb ability. As a result, the amount of formed Friedel’s salt and the chloride content adsorbed by
C-S-H in two different fineness calcite addition samples give a similar tendency. However, in the
case of free chloride, it shows a different result. The free chloride in fine calcite addition samples
gives a high content, where in coarse calcite addition sample shows a lower amount. Although the
fineness of calcite hardly influences the porosity, much smaller pore was generated during hydration,

cause a relatively higher amount in free chloride content.

Free chloride content increases with the calcite addition rate. This is due to the increase of porosity.
A higher total porosity leads to a higher content of pore solution in the structure and consequently
leads a higher free chloride amount in the samples (Sui et al. 2019). Generally speaking, hydrates can
fill large size pore in binder matrix and thus reduce porosity, narrow pore diameter and block the
connectivity of the pores. All these reasons could slow the diffusion and migration of chloride ions.
However, when increasing the calcite content, the pore space becomes larger, this might be attributed
to the chloride ingress during immersion. On one hand, a higher porosity makes more convection
happened closed to the surface during exposure. As a result, the amount of both free chloride and
total chloride with 70% calcite addition rate are lower than that with 45% calcite addition rate samples
closed to the surface. On the other hand, a lower amount of slag in the mixture and very low calcite
reaction rate also leads a lower amount of hydration products, which means less amount of
hemicarboaluminate to form Friedel’s salt, cause a less amount of chemical bound chloride, as well
as less C-S-H produced to physical absorb chloride ions. Hence, although the content of free chloride
in pore solution with 70% calcite addition rate is higher than that with 45% calcite addition rate

samples, less chemical bound chloride and physical absorb chloride make the total chloride content
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in high calcite content samples less than it in low calcite content samples. Among 3 mixtures, the
bound chloride amount is much lower than the amount of free chloride and total chloride in 70%

calcite content samples.

Also, a higher calcite content increases the chloride ingress depth. This is highly agreed with the
electrical double layer overlap theory, the overlapping between the diffuse layers occurring in the
pore and the pore walls will be strongly charged (Friedmann, Amiri, and Ait-Mokhtar 2008). Since
there are smaller pore in lower calcite content samples, the charge of overlapping layers is stronger
than that with high calcite content. As a result, the ingress depth of chloride in higher calcite content

samples is much deeper.

5.5 Conclusion

This part has shown that chloride binding capacity of this new type of slag-calcite binders. The
chloride behaviour in binders is influenced by the fineness and the type of calcite. In summary, the
following points have been highlighted:
1. The XRD analyses confirmed the disappear of hemicaboaluminate peak and the formation of
Friedel’s salt peak show the hemicaboaluminate transfer into Friedel’s salt during immersion.
2. During NaCl solution immersion, the amount of free chloride, as well as total chloride was
enhanced by immersion period. However, it didn’t show a significant effect of the penetration
depth no matter the calcite addition rate is. Thus, the new composite cementitious binder
resists the chloride in contrast to carbonation.
3. The effect of fineness of filler on the during immersion was not considerably observed in the
chemically and physically bound chloride due to a similar reaction degree of slag in both fine
and coarse calcite addition binders. But it influences the free chloride content due to the

different pore distribution.
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4. A higher calcite content increases the chloride ingress depth due to the increase of porosity.

Higher total porosity leads to a higher content of free chloride in pore solution in the structure.
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CHAPTER 6

Conclusion and Future work
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6.1 Introduction

This dissertation presents the hydration and durability characteristics of a new composite
cementitious binder containing of slag and calcite to reduce the emission of CO». The objective of
this research is to develop its hydration behavior, as well as its durability under chloride and CO»
environment, and make sure the influence of calcite, including fineness and addition rate. Based on
the results for its microstructural and durability, a considerable reduction in emitting the CO> gas
during the manufacturing process of the material can be obtained by using the proposed new material
as an alternative binder for OPC in the construction industry.

This research consists of the following part: (1) a previous study in cementitious materials, including
pure cement, slag-blended cement, limestone-blended cement and alkali-activated slag, which is
described in chapter 2. (2) investing the hydration characteristics in this new clinker-free materials
and the prediction of its hydration products and porosity based on model as reported in chapter 3. (3)
analysis of its carbonation behaviour under an accelerated carbonation in chapter 4. And (4) analysis
of its chloride resistance according to its phase changes after different immersion periods in chapter

5.

6.2 Summary of conclusions

6.2.1 Hydration behaviour of proposed composite

In this part, the hydration behaviour of a new composite cementitious binder containing of slag and
calcite is carried out. X-ray diffraction (XRD), thermo gravimetric analysis (TGA), mercury intrusion
porosimetry (MIP) and selective dissolution were used to determine its reaction degree and hydration
products. Also, The coupled hydration and thermodynamic model proposed in previous works
(Yogarajah Elakneswaran et al. 2016; Krishnya, Yoda, and Elakneswaran 2021) was adapted to
predict the phases of this clinker-free mixture. As a result, W/P ratio, calcite content and specific

surface area of the calcite for a specific condition can enhance the reaction degree of slag. The
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development of hemicarboaluminate can occur stably for a long curing period without the formation
of monocarboaluminate and other hydration products such as ettringite, portlandite, and C-S-H.
Although monocarboaluminate is thermodynamically more stable than hemicarboaluminate, the
predicted model gives a good agreement with the experimental results in predicted hydration products
and porosity as a function of hydration period. Even the reaction rate of slag can be promoted by high
specific surface area of the filler content, it also leads to the increased amount of unreacted material

with more pore space in the mixture.

6.2.2 Carbonation behavior of proposed composite

In this part, the main effects of accelerated carbonation on different mixture of clink-free material are
carried out. In contrast to chloride penetration, the carbonation is progressed with time. In summary,
hemicaboaluminate and ettringite, as well as portlandite disappeared and calcite was formed during
carbonation. The carbonation of C—S—H gel was indicated by less amount of amorphous after
carbonation. Both fineness and addition rate of calcite influence its carbonation behaviour by
influence the pore distribution and porosity. After six months, full carbonation was observed in 70%
fine calcite addition samples (Cc70-F-0.36). The ettringite and hemicarboaluminate were also
carbonated and formed additional calcite, and gypsum was produced due to the carbonation of
ettringite. However, the carbonation rate of this proposed mixture is much higher than it of OPC,
which indicates that this proposed clink-free is not suitable for high CO, environment due to the

hardened matrix could not resist carbonation.

6.2.3 Chloride resistance of proposed composite

In this chapter, cylinder samples (diameter 5 cm and height 10 cm) reached the predetermined curing
period (28 days) were covered by epoxy resin except for the bottom of the circular surface which will
face to exposure solution, only leaving the bottom surface exposed to a solution (500mL 0.5M NaCl

solution) to allow ions diffuse into the inside part of the sample. After a certain period of immersion,

104



total chloride, physically bound chloride and free chloride were determined by different experiments.
The transformation from hemicarboaluminate to Friedel’s salt is the main chemical reaction during
immersion was confirmed by XRD analyses. Free chloride in pore solution, as well as total chloride
were enhanced by immersion period. Calcite content and fineness also enhance free and total chloride
content. A higher calcite content increases the chloride penetration depth due to the increment of
porosity, but the immersion period does not change the chloride penetration depth due to there are a
lot of small pores <10 nm in this new composite. The electrical double layer overlapped. Thus, the

BFS-calcite hardened matrix resisted chloride ingress after a certain period.

6.3 Suggestions for future work

Even the proposed model for predicting the hydration behaviour of this new composite showed an
excellent agreement with experimental results regarding the hydration products, although the
production of hemicarboaluminate was unexpected, as well as its generation period and its porosity
(Chapter 3). But less research about himicarboalumianre was reported. Therefore, more research
about hemicarboaluminate should be focused about its stability. Besides, further models need to be
established to predict its chloride transport and carbonation behaviour. The carbonation is progressed
with time, making it easy to predict using previously reported methods. However, the phenomenon
of this slag-calcite hardened matrix resists chloride after a certain period and the transformation
between of hemicarboalumiante into Friedel’s salt making more factors should be attention to predict
its chloride binding capacity.

Also, the presumption of overlapped electrical double layer (Y. Elakneswaran et al. 2010) for this
new composite need to be confirmed by different experiments. If a smaller pore size can enhance the
chloride resistance, whether the addition of other high specific surface filler can bring a similar effect
or making the harden binder have a higher resistance from other attack (like sulfate attack) should be

investigated.
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Finally, this dissertation provides an overview of the hydration behaviour and durability of slag—
calcite hardened materials to give less CO; emissions in the manufacturing of cement. More methods
should be developed as an effective way to avoid release of CO2 by overcoming economical and

technical challenges.
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