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Abstract

Intending to mitigate emissions from the construction industry, this doctoral research aims to
evaluate the CO; storage capacity of different self-compacting concrete (SCC) mixtures incorporating
alternative raw materials, particularly the use of scallop shell powder (SSP) as a substitute for limestone
powder (LS) in the binder and recycled coarse aggregates (RCA) to replace natural coarse aggregates
(NCA). For this purpose, carbonation curing was adopted as the protocol to store CO; in the SCC

mixtures.

The experimental approach began with the characterization of the raw materials to understand
the mineralogical and physical properties of both the conventional constituents and their substitutes. The
goal of this characterization was to identify the primary differences between the comparative materials,

anticipate their behavior in fresh and hardened SCC, and assess their potential influence on CO; storage.

Building on the raw material characterization, four SCC mix designs were then developed and
cured under optimal environmental conditions for microstructural development, which is water
(standard) curing. This investigation aimed to assess the fresh and hardened properties of the mixes,
ensuring that the incorporation of SSP and RCA could provide stable rheology and sufficient strength
before exploring their potential for CO, storage. These substitutions improved the stability of fresh SCC
with only a moderate impact on hardened properties. RCA caused an 8% to 11% reduction in
compressive strength at 28 days, depending on the mix design. SSP, although achieving higher strength
development up to 28 days, showed a moderate decrease in strength at 90 days. These effects were

attributed to the intrinsic characteristics of each precursor.

The next step focused on evaluating the carbonation behavior of the SCC mixes, with the aim
of identifying the key factors controlling their CO» uptake. To achieve this, a carbonation curing protocol
was carefully developed, starting with a preconditioning step to remove part of the free water, and
followed by the precise selection of environmental conditions in the carbonation chamber. This approach
was designed to maximize CO; storage while ensuring the best possible performance of the SCC.
Overall, the specimens containing RCA and SSP demonstrated higher CO, compared to their
counterparts with NCA and LS. While the type of precursors and coarse aggregates influenced water
retention during preconditioning, their overall impact was limited. Instead, the interplay between

hydration and carbonation processes largely determined the extent and efficiency of CO» uptake.

The final step of the experimental approach comprises two main sections. The first section
aimed to evaluate the effect of carbonation curing on the physical and mechanical properties of SCC, as
well as the microstructural changes. Carbonation curing improved the studied properties across all
specimens, although the extent of the improvement was not primarily dependent on the CaCOs content.

The C-S-H remaining after carbonation also played a crucial role in preserving microstructural cohesion.



SEM analysis further highlighted that the spatial distribution of the precipitated CaCOs; significantly
contributed to matrix densification, refining the pore structure and enhancing mechanical performance.
The second section aimed to validate carbonation curing as a valuable alternative to standard curing by
primarily comparing the physical and mechanical properties of SCC specimens under each curing
regime. The main difference observed across all specimens was in the time required by each SCC mix’
specimens to recover from the preconditioning step and reach the same properties as those achieved
through standard curing. In this regard, L.S-based specimens outperformed SSP-based specimens,
demonstrating faster recovery and achieving properties comparable to their standard-cured counterparts

after 7 days of curing.

Keywords: Self-compacting concrete; Limestone powder; Scallop shell powder; Recycled coarse
concrete aggregates; Carbonation curing; Fresh and hardened properties; CO, uptake;
Thermogravimetric analysis; X-ray diffraction, Rietveld refinement; mass loss; Scanning Electron

Microscopy; Mercury Intrusion Porosimetry.



Résumé

Dans le but de réduire les émissions du secteur de la construction, cette thése doctorale vise a
évaluer la capacité de stockage du CO» de différents mélanges de béton autoplagant (BAP) incorporant
des maticéres premiéres alternatives, notamment de la poudre de coquille Saint-Jacques (SSP) en
remplacement de la poudre de calcaire (LS) dans le liant, et des agrégats grossiers recyclés (RCA) en
remplacement des agrégats grossiers naturels (NCA). Pour ce faire, le durcissement par carbonatation a

été adopté comme protocole de stockage du CO» dans les mélanges SCC.

L’approche expérimentale a débuté par la caractérisation des matiéres premicres, dans le but de
comprendre les propriétés minéralogiques et physiques des constituants conventionnels ainsi que de
leurs substituts. Cette étape visait a identifier les principales différences entre les matériaux, a anticiper
leur comportement dans le béton autoplagant, tant a 1’état frais qu’a ’état durci, et a évaluer leur

influence potentielle sur le stockage du CO,.

Sur la base de la caractérisation des mati¢res premieres, quatre formulations BAP ont ensuite
été développées et durcies dans des conditions environnementales optimales pour le développement
microstructural, a savoir un durcissement standard a I’eau. Cette étape visait a évaluer les propriétés a
I’état frais et durci des mélanges, afin de garantir que 1’incorporation de SSP et de RCA conférait une
rhéologie stable et une résistance mécanique suffisante avant d’explorer leur potentiel pour le stockage
du CO:s. Ces substitutions ont amélioré la stabilité du SCC frais, tout en n’affectant que modérément les
propriétés durcies. L'utilisation de RCA a entrainé une réduction de 8% a 11% de la résistance a la
compression a 28 jours, selon la formulation du mélange. Quant au SSP, bien qu’il ait permis un
développement de résistance supérieur jusqu’a 28 jours, il a entrainé une diminution modérée de la

résistance a 90 jours. Ces effets ont été attribués aux caractéristiques intrinséques de chaque précurseur.

L’étape suivante a été consacrée a I’étude du comportement des BAP durcis lors de la
carbonatation, dans le but d’identifier les principaux facteurs influengant leur absorption de CO;. Pour
ce faire, un protocole de cure a la carbonatation a été soigneusement élabor¢, débutant par une étape de
pré-conditionnement visant a éliminer une partie de 1’eau libre, suivie de la sélection précise des
conditions environnementales dans la chambre de carbonatation. Cette approche visait & maximiser le
stockage de CO; tout en assurant les meilleures performances possibles du BAP. Dans 1’ensemble, les
échantillons contenant des RCA et du SSP ont montré une absorption de CO; plus élevée que celle de
leurs homologues a base de NCA et de LS. Bien que le type de précurseurs et d’agrégats grossiers ait
influencé la rétention d’eau lors du préconditionnement, leur impact global est resté limité. En revanche,
I’interaction entre les processus d’hydratation et de carbonatation a été le principal déterminant de

I’étendue et de I’efficacité de 1’absorption de CO..



La derniére étape de 1’approche expérimentale s’est articulée en deux volets principaux. Le
premier avait pour objectif d’évaluer I’effet du durcissement par carbonatation sur les propriétés
physiques et mécaniques du SCC, ainsi que sur les modifications microstructurales induites. De maniére
générale, le durcissement par carbonatation a amélioré les propriétés étudiées pour I’ensemble des
échantillons. Toutefois, I’ampleur de ces améliorations ne dépendait pas uniquement de la teneur en
CaCOs formée ; la fraction de C-S-H préservée apres carbonatation a également joué un role essentiel
dans le maintien de la cohésion microstructurale. Par ailleurs, les observations au MEB ont mis en
évidence que la distribution spatiale des précipitations de CaCOs contribuait fortement a la densification
de la matrice, favorisant I’affinement de la porosité et ’amélioration des performances mécaniques. Le
second volet visait a valider le durcissement par carbonatation comme une alternative pertinente au
durcissement standard, en comparant principalement les propriétés physiques et mécaniques des
échantillons selon chaque régime de cure. La principale différence observée entre les formulations
concernait le temps requis pour compenser 1’effet du préconditionnement et atteindre des propriétés
équivalentes a celles obtenues sous cure standard. A cet égard, les échantillons a base de LS ont montré
une meilleure performance que ceux a base de SSP, en retrouvant plus rapidement des propriétés

comparables a leurs homologues durcis a I’eau, et ce dés 7 jours de cure.

Mots-clés: Béton autoplagant (BAP); Filler calcaire; Poudre de coquille de coquille Saint-
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General introduction

Behind every ton of cement, every cubic meter of concrete, and every building humans construct
lies a hidden cost, one only the planet can pay for: “CO; emissions”. Unfortunately, this is not just a
current problem; it is a challenge that has been growing for decades and will shape the future if left
unaddressed. The situation becomes even more worrying when we examine the numbers. In 2022, CO»
emissions reached 297.5 million tons (Mt) in France, 5.11 billion tons (Bt) in Europe, and 37.15 Bt
worldwide. Over time, these emissions have driven global warming, causing the world to deviate from
the 1.5 °C target for 2030 and reach 2.4 °C instead [1]. In the worst-case scenario, the mean global
surface temperature could potentially rise by up to 8 °C by 2100 [2], causing further long-term changes

in the climate system that pose a global concern [3].

Of course, these emissions do not occur naturally; they are driven by industrial activities, a
significant portion of which is associated with the construction industry. The industry is projected to
account for more than 52% of global emissions by 2050 [4]. A significant proportion of these emissions
originates from cement production, especially from the calcination of limestone and the energy-intensive
clinkerization process, which requires temperatures above 1450 °C and relies heavily on fossil fuel
consumption [5]. China alone generates 16.4 Bt of CO; from the cement industry, making it by far the
largest cement producer and CO emitter, although other countries collectively also contribute

significantly to global CO; emissions.

Given this pressing need to curb emissions, the construction sector is under growing pressure to
adopt effective mitigation strategies. The implementation of carbon capture, storage, and utilization
technologies (CCSU) in the sector represents an effective means of transforming carbon waste into
valuable resources [6,7]. Consequently, these technologies have become a key strategy adopted by the

European Union to achieve net-zero emissions by 2050.

CCSU in the construction sector primarily targets cement and concrete production, where
captured CO; is used to produce carbonated cement-based materials (such as aggregates and concrete)
or during curing and preparation processes. Within these approaches, referred to as ex-situ carbonation,
carbonation curing, particularly the most suitable for Self-Compacting Concrete (SCC), has attracted
growing attention in recent decades due to its effectiveness in accelerating material hardening,
improving durability, and offering a pathway for permanent CO, storage. Therefore, the present research
focuses on the application of carbonation curing to SCC, intending to evaluate the CO, storage potential

of different SCC mix designs.

However, despite recognition of its potential for CO, storage and utilization, and the growing
interest in precast applications for low-carbon SCC, several knowledge gaps remain, which form the
focus of this doctoral research. These include: (i) limited data on SCC’s CO; uptake; (ii) the unclear

impact of the pre-conditioning step, particularly when elevated temperatures are required before CO»
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exposure, on compressive strength loss and the curing time needed to recover it; (iii) the limited

understanding of the chemical factors influencing CO- uptake.

In line with our approach to mitigating atmospheric CO,, we prioritize sustainability when
selecting raw materials for our SCC mixes. Traditionally, limestone (LS) composes up to 30% of the
binder by mass, and natural coarse aggregates (NCA) account for up to 35% of the SCC volume.
Together, these materials contribute to the approximately 360 Mt of natural aggregates extracted
annually in France [8]. Instead, we opted for alternative materials such as scallop shell powder (SSP)
and recycled concrete aggregates (RCA). These alternatives, although sharing similarities with the
conventional materials, also provide the opportunity to valorize these secondary resources in concrete
production. Each year, over 10 million tons of mollusk shells waste are generated, mainly from Pacific
oysters (Crassostrea gigas), king scallops (Pecten maximus), and blue mussels (Mytilus edulis) [9]. In
parallel, the French construction sector produces around 227.5 million tons of waste annually, 49% of

which comes from demolition [10].

Accordingly, the research aims to: (i) assess the CO; storage potential of four SCC mixes with
different precursors, including NCA, RCA, LS, and SSP; (ii) adapt the carbonation curing protocol to
optimize CO, uptake; (iii) estimate the CO, uptake in the carbonated concrete and identify the key
parameters influencing it and (iv) evaluate the impact of carbonation curing on the physical, mechanical,

and microstructural properties of SCC.

To systematically address the research objectives and knowledge gaps identified above, the

present doctoral research is structured around five complementary chapters:

The state of the art is addressed in the first chapter, which provides a synthesis of the literature
relevant to this research topic. The opening section examines SCC, covering its fundamental fresh-state
properties, hardened-state properties, and the performance of SCC incorporating selected materials,
including both conventional aggregates and their alternative substitutes. The discussion then turns to
carbonation pathways in general, followed by a more detailed focus on carbonation curing and its
implementation at the laboratory scale. Particular attention is given to the carbonation chemistry of
cement-based materials, from the initial dissolution of CO; to the formation of final carbonation
products. In addition, measurement methods and approaches for assessing CO» storage are reviewed.
The chapter concludes with an overview of the changes in the physical properties of cement-based
materials induced by carbonation, the challenges associated with concrete carbonation mechanisms, and

the potential environmental benefits of ex-situ carbonation technologies.

The second chapter first introduces the materials used in SCC formulation with their detailed
characterization. It then describes the mix design proportions, sample preparation, and the different

curing regimes adopted in this study. Finally, the chapter outlines the experimental procedures, including
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characterization of raw materials, SCC characterization, methods for estimating CO,, and

microstructural analysis.

The third chapter presents an experimental investigation of the rheological behavior, hardened
properties, and microstructural characteristics of SCC mix designs under standard (water) curing. The
objective of this investigation is to establish a comprehensive understanding of SCC performance under

optimal curing, along with the effects of RCA and SSP on the evaluated properties.

The fourth chapter focuses on the experimental investigation of CO» uptake in SCC specimens
subjected to carbonation curing, with the primary objective of evaluating the potential of the mixes to
permanently store the absorbed CO,. To enable a reliable estimation of the net CO; uptake, parallel
investigations were also carried out on specimens cured under sealed (CO»-free) conditions, providing

a reference for comparison.

Finally, the fifth chapter synthesizes the experimental findings through two complementary
investigations. The first examines the influence of the carbonation curing protocol on the physical,
mechanical, and microstructural modifications induced by this curing regime, with sealed-cured
specimens serving as a reference to quantify the extent of these alterations. The second evaluates the
viability of carbonation curing as a sustainable alternative to standard curing, focusing on its ability to
ensure satisfactory physical and mechanical performance while simultaneously contributing to

permanent CO; storage.
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1 Introduction

Cement-based materials have the potential to serve as significant carbon sinks by mineralizing
carbon dioxide (CO>) into calcium carbonate (CaCOs3), making them a promising solution for CO,
sequestration. The process through which CO, is stored is generally referred to as carbonation, with
terms like ex-situ carbonation, accelerated carbonation, or terms that describe the specific stage or
method by which carbonation is applied. Whichever ex-situ carbonation method is used to store CO», it
generally enhances the chemical and physical properties of carbonated concrete products, thereby
promoting the reuse of CO; in various construction applications. However, reinforced concrete is an
exception, as the pH drop induced by carbonation is detrimental to its durability. Therefore, this type of

concrete falls outside the scope of this research.

By examining the literature, this chapter aims to provide a comprehensive theoretical review of
the ex-situ carbonation pathway as part of Carbon Capture Storage and Utilization (CCSU) technologies,
focusing on their application in the construction industry. Found on the principal aspects surrounding
the ex-situ carbonation pathway adopted in our research, the chapter provides a background for assessing
the CO, storage potential of the considered materials to identify the main factors influencing the
carbonation process and explore the resulting micro and macro-scale changes in the carbonated material.
Before delving into details on these aspects, a description of the fundamental characteristics of the

material intended to serve as a CO- sink is presented.

Therefore, the chapter begins with an overview of Self-Compacting Concrete (SCC),
highlighting the main reasons behind selecting this candidate for CO, storage. The section covers its key
rheological and hardened properties, as the material's conception constitutes a fundamental parameter
in determining how the SCC will interact with CO; and how the CO; storage or uptake influences its

microstructure and mechanical behavior.

The subsequent section introduces the ex-situ carbonation pathway applied to cement-based
materials in earlier and current research and how researchers generally customize the procedures in a
laboratory setting based on the material conception, the suitability of the pathway with the material, the
final carbonation product, and the intended application. Based on this analysis, the most suitable path
for SCC and its intended application is approved. A significant portion of this section is dedicated to
exploring the interaction of CO, with the concrete matrix, which involves a complex mechanism of
physicochemical reactions, and to the factors affecting its occurrence and the carbonation product
chemistry. The section further summarizes measurement methods used to estimate CO, absorption by
materials to elicit our estimation method for assessing the CO, absorption capacity of SCC. It further

points out the properties changing within the cement-based material induced by the carbonation,
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particularly regarding compressive strength, pore system evolution, and microstructural alteration. The

section then ended with highlighting the environmental assets of carbonation technologies.

Finally, the chapter is concluded with a synthesis of the key findings and insights discussed,
highlighting the rationale behind the chosen pathway and its relevance to our research objectives. This

reflection also outlines the gaps and opportunities that guided our experimental choices.

2 Self-compacting concrete

As an innovative construction material, SCC, also known as Self-consolidating concrete, was
developed in the 80s by Japanese researchers (K. Ozawa and K. Maekawa) at the University of Tokyo
[11]. The development of such concrete was driven by the need to improve the casting process for
structures with densely reinforced formwork and optimize work efficiency by reducing on-site labor and
accelerating construction timelines [12—14]. The first introduction of SCC to the research community
happened at the 2™ East Asia and Pacific Conference on Civil Engineering and Construction in January
1989 in Chiang Mai, Thailand [15]. However, it was at the fourth CANMET-ACI international
conference, held in Istanbul in May 1992, where the SCC caught the world's attention [16]. This
conference was the turning point in the rapid spread and adoption of this innovative concrete technology

worldwide.

SCC refers to a new type of high-performance concrete mixture distinguished from
Conventional Vibrated Concretes (CVC) mainly by its fresh state properties resulting from a specific
formulation. The latter must reconcile two a priori contradictory properties, including good stability to
segregation and high fluidity. The exceptional flowability of this concrete allows it to consolidate under
its own weight without requiring external vibration [17], which reduces noise from and on the
construction site. Given these characteristics, SCC is nowadays extensively used in the construction
industry. The market store of SSC in different applications also demonstrates a significant increase due

to the enhanced productivity, efficiency, and overall construction quality that it can provide [18].

However, the formulation of SCC is not as simple as that of CVC. SCC must maintain
satisfactory stability and perfect homogeneity while remaining fluid. Fluid concrete requires more than
a simple addition of water; such manipulation leads to segregation phenomena, resulting in a drop in
concrete performance. It's a question of finding the optimal composition between the various
constituents and guaranteeing the absence of segregation and bleeding [14]. To prevent these potential
issues, the SCC must maintain high flowability when it is being cast and high viscosity when it is at rest.
Here comes the interest behind the use of superplasticizer (SP), which is precisely to provide control of
the flow behavior of SCC and concrete in general, especially when the adjustment of the SP is much

simpler than modifying formulation parameters. In this way, it is possible, including, but not limited to,
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counteracting the variation of sand or filler in a concrete mix so that the rheological characteristics
remain unchanged compared to the control concrete. Meanwhile, the stability of SCC against
segregation is achievable by using a generous amount of fine materials, viscosity-modifying agents, or

selecting appropriate sand and aggregate content [19].

2.1 Distinctive Components of Self-Compacting Concrete

SCC is made from the same fundamental raw materials as CVC (cement, fine and coarse
aggregate, and mixing water), along with mineral additions and admixtures. These components are also
present in other concrete, but with different proportions. This section is dedicated primarily to the SCC's
distinctive components, while the principal raw materials are mentioned throughout the subsequent

sections.

2.1.1 Admixtures

The admixtures are chemical products, often synthetic polymers with a high molecular weight.
They can be added to the concrete during the mixing phase or before its conception at doses of less than
4% of the weight of cement to enhance one or more target characteristics in the fresh and/or hardened
state [19]. However, their incorporation must conform to NF EN 934-2 [20]. The admixtures include,
among others, water-reducing admixtures (superplasticizers (SP) and plasticizers), set-controlling
admixtures (accelerators and retarders), and air-entraining admixtures. However, this research

specifically focuses on using SP and set accelerators.
a) Superplasticizer

The SP, also called superfluidizers or superfluidifiers, belongs to the water-reducing admixtures
category [21]. It is typically used in concrete to maintain its workability when reducing the water/cement
(w/c) ratio or increasing its workability when the w/c ratio remains the same [19]. The SP can reduce
water content by up to 30% compared to other admixtures of the same category, thereby increasing the
strength and reducing the porosity and permeability of the concrete [22]. The SP admixtures are
categorized into four groups (Figure I-1). Each group product is unique by the molecular weight of its
backbone, the chemical changes it has undergone, or the presence of other chemical substances within

the backbone [23,24].

Among various types of SP, such as Naphthalene-based Superplasticizer (NS), and Air-
entraining Superplasticizer (AS), the Poly Carboxylate-based Superplasticizer (PCS), so-called last
generation, was found to be the most preferred for the precast industry, for its best fluidity, its ability to
retain concrete slump without prolonging its setting times at low dosages, and its capacity to achieve a

strength of 40 MPa within 8-20 hours. It’s also recognized for its ability to develop High-Performance
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Concrete (HPC), Ultra-High Performance Concrete (UHPC), and Ultra-High Performance Fiber-
Reinforced Concrete (UHPFRC), besides SCC [24].

Moreover, the PCS can be synthesized in various chemical compositions by varying the
backbone length, the content of ionic groups, the length, amount, and type of side chains, and the molar
ratio of different monomers and macromonomers, consequently leading to differences in the
performances of cement-based materials [25,26]. It was reported that the high content of the carboxylic
group (—COO-) in the PCS accelerates its adsorption on the surface of cement particles, which optimizes
the initial dispersion, but results in poor slump retention [27]. The PCS possessing a high grafting density
or long side chain demonstrates a dispersion effect on cement particles. One with a shorter side chain
exhibits a proportional increase in the retardation effect on cement hydration. It is worth mentioning that
the SP, in all types, is not a miraculous product. Improper dosage, composition, or application leads to
segregation and bleeding. Thus, the optimum recommended SP dosage range falls between 1% and 2%

of the binder [28].

Superplasticizers
(SPs)
Sulphonated melamine Sulphonated naphthalene Modified I Iohonat Sﬁll]:jlrlg)r:a;:?egolzlstﬁ?:
formaldehydecondensates formaldehyde condensates octtied fignosuiphonate YOToXyuaterpoy

Copolymer dispersions

Figure I-1: Classification of SPs [29].

e Superplasticizer’s acting mechanism

The acting mechanism of SP involves the adsorption of negatively charged functional groups,
such as the carboxylic group (-COO-) in the case of PCS, onto cement particles. This imparts a negative
charge to the cement grain surfaces, reducing or eliminating the attractive interparticle forces (Van der
Waals). Consequently, the cement particles, which tend to agglomerate, repel each other and maintain

an ultrathin film of water due to electrostatic repulsion (zeta potential), thus preventing flocculation.

Additionally, the electrolyte available within the aqueous medium forms an electrochemical
double layer (repulsive interparticle forces) around the cement grains, neutralizing the electrostatic
potential and stabilizing the dispersion [30]. PCS, in particular, provides further steric hindrance that

prevents close contact between particles, reducing the magnitude of the attractive forces [21].
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Following the acting mechanism of SP, the trapped water between the cement particles is
released. The latter then serves to fluidify the concrete. Figure I-2 illustrates the acting mechanism of

the PCS admixture [23].

B PC1-SESES
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) mﬁ

add excess PCE

PC/PCE: polycarboxylate superplasticizer '_ Cement grain  %%° — SF particles

Figure 1-2: Effect of SP on particle aggregation of cement slurry [23].

e Superplasticizer-cement incompatibility

In some cases, the cement and SP are said to be rheologically incompatible, as observed through
short-lived workability followed by rapid slump loss [31]. This incompatibility arises from the
competitive adsorption of sulfate ions (SO4*) onto Celite’s (3Ca0-Al,Os (C3A)) surface particles. In
other words, the low availability of SO4* within the aqueous medium leads to excessive SP adsorption
onto C3A. Consequently, less SP remains within the medium solution, reducing its dispersant effect on

Alite (3Ca0.Si0; (CsS)) and Belite (2Ca0.SiO; (CaS)).

However, an adequate amount of SOs* ions promotes ettringite formation
(3Ca0.Al1,03.3CaS04.32H,0), which absorbs much less of the active molecules, which are thus
available to fulfill their dispersing function. The cement and SP incompatibility is also related to the
aluminate phase [32]. This is when the stiffening of the concrete slurry is observed in the presence of
SP, even though the amount of SO4* ions is appropriate for the C3A content [33]. A highly reactive
aluminate phase forms a large amount of ettringite, which can incorporate SP and crystallize into fine

needles. The plasticity of the cement suspension is then significantly impaired [34].
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Regarding SP compatibility with other admixtures, it is reported that accelerators, retarders,
water reducers, and air-entraining admixtures are typically compatible with superplasticizers. In some
cases, their combined effects can be synergistic [24]. However, due to their distinguishing chemical

interactions, evaluating their combination is essential to anticipate unexpected issues.
b) Set-controlling admixtures: Set-Accelerator

As a second admixture used in the present study, the set-accelerator (SA) can consist of calcium
chloride, calcium carbonates, silicates, aluminates, alkali metal hydroxide, and organic chemicals
[35,36]. However, the NF EN 934-2+A1 [20] restricts the use of calcium chloride-based SA to avoid
corrosion of the rebars in reinforced concrete. The SA expedites the cement's initial and final setting
time, mortars, or grouts. Their acting mechanism involves the acceleration of the C3A—gypsum reaction,
leading to the rapid formation of a significant amount of ettringite in the form of needles, which reduces
the mobility of the cement grains and contributes to early stiffening [37]. The SA also interferes in the
CsS hydration by promoting its rapid dissolution, leading to faster formation of calcium silicate hydrate
(C-S-H) and, thus, increasing the rate of early strength development [38]. They are particularly

beneficial in cold weather conditions and precast concrete applications [35].

2.1.2 Mineral additions

In addition to admixture, mineral additions are essential for SCC conception. Even though these
materials are also used in CVC, their proportion is undoubtedly higher in SCC [39]. A wide variety of
mineral additions, also known as or used as supplementary cementitious materials (SCMs), are being
used in concrete formulation, such as granulated blast furnace slag (GBFS), fly ash (FA), silica fume

(SF), limestone (LS), and natural pozzolans (NP) [40].

Two groups categorize the SCMs:(i) fillers (non-active SCMs) and (ii) pozzolans (active SCMs)
[41]. The pozzolanic reactivity of SCMs is governed by their chemical reaction with cement or cement
hydrates. Meanwhile, the effectiveness of their filling effect and their physical ability to act as nucleation
cores for cement particle hydration depend on a proper arrangement of particles, particle surface
characteristics, and particle size distribution [42]. Although the positive impact of the pozzolanic effect
on concrete performance is well acknowledged, in some cases, the filler effect contributes equally, or
even more significantly, to performance enhancement [43]. Both pozzolans and fillers influence the
rheological properties of SCC [44], and its performance in the hardened state, due to the expected change
in the microstructure of the pores’ network features and the Interfacial Transition Zone (ITZ) thickness
[45]. Collectively, they lead to an enhanced packing density of the hydrated binder, thereby improving
the compressive strength of SCC. A finer particle size distribution of SCMs leads to improved reactivity

and, consequently, a further increase in the compressive strength of SCC [46,47].

10
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2.2 Fundamental fresh-state properties of Self-Compacting Concrete

The fresh SCC should comprise four main fresh properties. The first three properties include
the mobility, filing ability, and passing ability. The two formers enable SCC to flow freely under its own
weight and fill all corners within the formwork [48,49]. The latter allows it to flow through confined
spaces and ensures that placement remains unobstructed by unacceptable blocking phenomena. The
fresh SCC must meet the required levels for these properties. In addition, its composition must remain
uniform (good cohesion) throughout the transport and placement process without bleeding, guaranteeing
its fourth property: resistance to segregation. The main tests conducted to verify the requirement level

of each fresh property are summarized in Table I-1.

Table I-1: Testing methods for evaluating SCC fresh properties [48,50].

Method Property Range values
SF1: 550-650 mm
Slump flow - Abrams cone Filling ability SF2: 660—750 mm

SF3: 760—-850 mm

tsoo slump flow Filling ability 2-5s
J-ring Passing ability 0-10 mm
V-funnel Filling ability 6-12's
L-box Passing ability hy/h;: 0.8-1.0 mm
U-box Passing ability hy/hi: 0-30 mm
Fill box Passing ability 90-100%
SR1<20

GTM screen stability test / Sieve . .
. Segregation resistance
segregation SR2 < 15

Orimet Filling ability 0-5s

Furthermore, instability in SCC can occur during and after casting and manifest in a static or
dynamic form. By definition, the static segregation for an SCC in rest arises when the yield stress of the
suspending matrix is insufficient to support the weight of the aggregate minus its buoyancy. Dynamic
segregation occurs when the fluid structure breaks down due to motion, reducing the yield stress and

leading aggregates to settle [51,52].

In complement to the experimental testing method, visual observation of the flowed SCC can
help assess fresh properties by inspecting it for signs of instability, using the so-called Visual Stability
Index (VSI) scale (Table 1-2) [53].

11
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Table I-2: VSI Scale for SCC [53].

VSI Scale Observation SCC stability

No evidence of segregation in the slump flow patty, mixer

0 drum, or wheelbarrow Highly stable mix
No mortar halo in the slump flow patty, but some slight
1 bleeding on the surface of concrete in the mixer drum and/or Stable mix

wheelbarrow

Slight mortar halo (< 10 mm) in the slump flow patty and a
2 noticeable layer of mortar on the surface of the testing concrete Unstable mix
in the mixer drum and wheelbarrow

Clearly segregating by evidence of a large mortar halo (> 10
3 mm) and a thick layer of mortar and/or bleed water on the
surface of testing concrete in the mixer drum or wheelbarrow

Highly unstable
mix

2.3 Main Properties of hardened SCC

As mentioned in (§ 2), the SCC is designed to flow and compact without external vibration. Its
unique composition, characterized by a higher paste volume and specific additives, distinguishes it from
CVC. Hence, the mechanical properties of SCC, particularly its instantanecous deformations, are
assumed to differ. All concretes exhibit better compressive than tensile resistance. The compressive
strength of concrete, which tends to be governed as much by the type and volume of the paste as by the
water-binder (w/b) ratio [54], is one of the most crucial properties for concrete applications. As reported,
the SCC exhibits an improved microstructure, characterized by a lower void ratio within the ITZ and a
more uniform pore distribution. These improvements, in turn, enhance its compressive strength
compared with CVC. It is, however, worth mentioning that the compressive strength of SCC does not
significantly surpass that of CVC [55,56]. The influential factors on the compressive strength of SCC
include (i) the lower w/b ratio, (ii) the size, nature, and shape of aggregates, (iii) the SP dosage and its
compatibility with the binder and other admixtures, (iv) the category of SCMs, and (v) curing condition,

with moist curing being the most effective [46].

24 Self-compacting concrete incorporating alternative binders and aggregates

As previously discussed, SCC exhibits exceptional rheological behavior and competitive
mechanical performance compared to CVC. These intrinsic properties, however, can be influenced by
the mix design, particularly its precursors, which include the binder and the nature of the coarse
aggregates (natural or recycled). All parameters constitute the influential parameters considered in the

present study. Therefore, this section provides a comprehensive overview of SCC, containing: Scallop

12
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shell powder (SSP) versus limestone powder (LS) binders, and recycled coarse aggregates (RCA) versus

natural coarse aggregates (NCA).

24.1 Fresh properties
a) Effect of limestone and scallop shell powders

In the fresh state, particle size distribution, particle packing effect, particle shape, and particle
surface texture dominate the workability and water demand of SCC. According to several studies, SCMs
with a spherical shape minimize friction forces occurring at the aggregate-paste interface, creating a
ball-bearing effect at the contact point [47,57]. This allows the spherical particles to easily roll over one
another, thereby improving the workability of SCC. In contrast, when mixed with water, rough, modular,
and angular particles tend to agglomerate, which reduces their ability to fill voids between other particles
and prevents proper deflocculation within the paste [57-59]. However, this behavior can be mitigated

when adequate SP is adsorbed onto particle surfaces, forming an electrical double layer at their surfaces

(§ 2.1.1).

Moreover, SCMs with lower density occupy a larger volume. Therefore, when cement is
replaced by or mixed with lower-density SCMs, for an equivalent total mass of solids, the volume of the
solid phase increases. As a result, the particles move more easily, interparticle friction decreases, and

the plasticity and cohesiveness are improved, thereby increasing the workability of the mix [57,59].

Furthermore, the workability of fresh SCC is also governed by the distribution of water within
the mix, which interacts closely with particle characteristics. The total water content consists of two
main portions: the water filling the spaces between solid particles, which has only a minor influence on
flow, and the surface water surrounding the particles. The latter includes both absorbed water and a thin
water film coating the particle surfaces. The thicker the film is, the more fluid the SCC becomes, thereby
dominating the SCC’s flow [57]. However, excessive addition of fine particles can have an adverse
effect due to the increase in specific surface area, which in turn raises water demand, intensifies

interparticle friction, and ultimately disrupts the flowability of SCC.

Building on the general influence of particle characteristics on SCC rheology, several studies
report that LS predominantly exhibits grains angularly shaped with rather smooth and flat surfaces
(Figure I-3a) [60—63], and a highly compacted mineral grain structure with well-defined inter-grain
connections (Figure I-3b) [64]. However, other studies [65—-67] have observed a spherical morphology
of LS (Figure I-3c). It has also been reported that the well-defined edges of LS result in a higher specific
surface area than that of spherical particles of the same size, thus requiring more water for surface

wetting.

The particle size of LS also critically modifies SCC rheology. Increasing the content and

reducing the particle size of LS lead to higher yield stress, plastic viscosity, and thixotropy, consequently

13
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reducing slump flow [68]. For instance, substituting cement with a 15 um LS increases both the plastic
viscosity and the yield stress. In contrast, replacing cement with finer LS particles (0.7 um and 3 pm)
decreases these rheological parameters [60,69—71]. These differences may also result in different

rheological behavior of SCC over time

10pm Mag= 200KX EHT= 500KV Signal A= SE2  Date 110 Apr 2018
4 WD= 9mm Gun Vacuum = 3,050-008 mBar Time :10:43:33

Figure I-3: SEM images of LS particles: (a) [60—63], (b) [64], and (¢) [65-67].

Turning our attention to SSP, SSP seashells are made of calcite biocrystals, exhibiting lamellar
shapes, intersected in lamella-stacked bundles of vanion orientations (Figure 1-4). From the outer to the
innermost layers of the shell, three main complex crossed lamellae layers are observed [72]. All these
layers are incorporated in our SCC differentially after grinding. Only a few studies have investigated the
influence of waste seashell powder on the rheological properties of SCC, particularly SSP. As previously
reported, using seashell powder (composed mainly of aragonite) as a partial cement replacement or
additional filler modifies the rheological properties: it decreases yield stress with increasing seashell
content, reduces thixotropy, and enhances workability [73]. However, this study recommended adjusting
the seashell powder dosage to ensure adequate flowability. Additionally, it has been reported that organic
matter, particularly chitin, in seashell powder disrupts rheological properties, thereby reducing mini-

slump values [74,75].

14
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20 KV J.50KX 10um  KYKY.2B00B SEM SN:6458

Figure I-4: SEM image of SSP particles [61].

Therefore, considering the distinguished physical properties of LS and SSP, the SCC rheology
may be anticipated. It is, however, worth mentioning that further studies under controlled conditions
(varying SSP and LS while keeping the other components constant) are needed to increase the reliability
of these predictions, considering the chemical composition of both powders, their surface protonation

in water, and their compatibility with SP and other admixtures.
b) Effect of Natural Coarse Aggregates (NCA) and Recycled Coarse Aggregates (RCA)

Regarding the effect of the nature of the coarse aggregates, the second influential parameter of
the study, on SCC rheology, the ability of SCC to maintain the homogeneity of the aggregates
distribution is governed by the aggregates volume fraction, distribution, and physical properties. The
particle shape factor is the key physical property for SCC, among others. Unlike angular and semi-
rounded aggregates, round aggregates offer better flowability and reduced blocking potential for a given
water-to-binder (w/b) ratio. Flaky and elongated particles can also cause blocking problems in confined

systems [17].

NCA possesse a smoother surface compared to RCA, which increases the flowability of the
SCC. Improper SP dosage or w/b ratio may increase the bleeding likelihood and reduce the segregation
resistance of SCC incorporating such aggregates. Moreover, one significant difference between RCA
and NCA is water absorption. The tendency of RCA to absorb more water during mixing, due to the
residual mortar adhered to their surfaces, leads to SCC with lower flowability. Pre-saturation and water
compensation are among the most common approaches to mitigate this issue. Although both approaches
led to concrete with the same slump, the slump measurements are more consistent with water
compensation. These similarities are only relevant when measuring the slump immediately following

the mixing phase [76,77].
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As time proceeds, RCA reduce the workability retention of SCC compared to SCC with NCA
[77], but its bleeding and segregation resistance are simultaneously improved. Moreover, the moisture
state of RCA critically influences the rheological behavior. For instance, saturated surface dry RCA (the
aggregates are pre-saturated and then dried until their surfaces are free of moisture, but their internal
pores remain filled with water [78]) initially increase the cumulative bleeding of SCC, but tends to
stabilize rapidly after 45 minutes [76]. In contrast, air-dry RCA, with a water compensation technique,
increase the effective w/b ratio of SCC, thereby enhancing flowability and cumulative bleeding [77,79].
Moreover, the adhered old mortar imparts a rough surface texture to RCA, consequently increasing the
yield stress and introducing yet another factor that negatively affects SCC workability [80-82].
Furthermore, it also reduces their bulk density [83], causing the fresh concrete density to follow a
decreasing linear trend as the substitution rate increases, with an average loss of about 5% at a 100%

substitution rate [84].

2.4.2 Cement hydration
a) Effect of limestone and scallop shell powders

When used in binder compositions for SCC, either as a cement substitute or as an addition, LS
has been shown to accelerate and even alter the early stages of cement hydration reactions, as evidenced
by isothermal calorimetry results [85]. Several experimental studies [86,87] report that cement-LS
mixtures, which can be extended to SCC, exhibit a shortened induction period followed by a sharp
increase in hydration heat, which was related to the possible promotion of heterogeneous nucleation of
hydration products. In more depth, LS is an effective SCM in providing nucleation sites, compared to
others (for instance, quartz) [88]. In addition, LS particles increase the shearing rate during mixing due
to a decreased distance between particles, depending on density and particle size. Therefore, the two

physical phenomena together further promote the heterogeneous nucleation of C-S-H [87-89].
e Limestone powder- cement hydration chemical interactions

Initially, LS was considered chemically inert in cement hydration, as the transformation of
ettringite into monosulfate, accompanied by heat release, was observed during cement hydration [90,91].
Later, however, it was recognized as an active part in cement hydration [19]. LS was found to interfere
particularly with the hydration of the C;A phase, with no observed reaction with CsS. As a result of this
chemical interaction, Hemicarboaluminate (Hc) and Monocarboaluminate (Mc) (C3;A-CaCOs-10-
12H,O (AFm phases)) form, thereby inhibiting the conversion of ettringite into monosulfate and

accelerating the hydration rate [92,93].

Furthermore, the reaction between LS and CsA phase progressively intensifies with greater C;A
contents and a larger concentration of LS [94,95]. These factors are also found to dominate the timing

of the appearance of Mc [19].
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The detailed chemical mechanism involves first the reaction of monosulfate with carbonate ions
(CO5%) dissolved from the finely ground CaCOs (LS), forming initial ettringite and intermediate Hc,
and further Mc in a more concentrated CO5*>~ medium [92]. The formation of Mc results from the anion
exchange of sulfate ions SO4>~ with COs>~ ions, due to the thermodynamic stability of the Mc and sulfate-
AFm phase (monosulfate). The former is thermodynamically stable at 25 °C, while the latter is
metastable at the same temperature [96]. As a result, the availability of the sulfate increases, which is

the sole cause behind the inhibition of the ettringite conversion [97].
e Scallop shell powder-cement hydration chemical interactions

Considering the preceding discussion, it is reasonable to expect a similar contribution from SSP
in the hydration reaction due to their chemical composition similarities. However, the slight differences
between the two powders, including chemical composition, mineralogical structure, impurity content,
or particle morphology, may result in distinct hydration kenitics. Although LS and SSP are mainly
composed of CaCOs, their mineralogical characteristics differ. The geological LS-CaCO; typically
exhibits a pure calcite crystalline structure, while the biological SSP-CaCOs consists of a mixture of
calcite and minor aragonite phases, with the aragonite content varying among different seashell species

[98].

This structural distinction is noteworthy: several studies [99—101] have shown that both
polymorphs accelerate cement hydration through the filler effect, but the calcite surface appeared more
privileged for hydration product growth. The underlying reason lies in their atomic arrangements, where
calcite is characterized by protruding oxygen (O) atoms and calcium (Ca) sub-lattice along its cleavage
planes [102], a similar planar configuration of O and Ca atoms in CaO layers in C-S-H [103]. Aragonite’s
surface is usually stably terminated with only Ca, leading to a comparatively weaker nucleation effect

[104].

Another possible explanation for the reduced filler effect of SSP is the presence of organic
matter within the shell matrix, which may terminate the surfaces of biogenic calcite and aragonite grains,
thereby inhibiting crystal growth [105]. Although SSP particles exhibit angular and stepped surface
features, as described in § 2.4.1.1, these morphological advantages appear insufficient to compensate
for the latter adverse effects. From a chemical standpoint, aragonite exhibits a slightly higher solubility
than calcite at 25 °C, resulting in a comparable COs*" release in the medium. However, this trend
reverses at higher temperatures and with pH variations. Consequently, aragonite may contribute equally,
or even more effectively, than calcite to the formation of carboaluminate phases [73,100]. In this
direction, aragonite is also metastable, with +1 kJ.mol"! compared to calcite; the former being then a

priori less stable in the mix.
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b) Effect of Natural Coarse Aggregates (NCA) and Recycled Coarse Aggregates (RCA)

Macro et al. [106] investigated how the moisture state of coarse aggregate affects the hydration
reactions of concrete. Their results demonstrated that (i) the moisture condition of NCA, either dry or
saturated, does not perturb the hydration kinetics due to the low water absorption of NCA; (ii) in contrast,
the moisture condition of RCA had a significant influence, where the authors reported that the mix
containing saturated RCA exhibits a lower temperature peak and prolonged hydration. Although the
original study did not aim to compare RCA with NCA directly, an additional observation emerged from
comparing the hydration behavior of the mixes containing each type of aggregate. The comparison
revealed that under dry conditions, the aggregate type does not significantly affect hydration, as both
mixes displayed similar temperature evolution profiles. However, under saturated conditions, the mix
with saturated NCA exhibits a higher and earlier temperature peak compared to its counterpart with
RCA. Similar results are highlighted in another study [107]. The two studies attributed the lowest heat
release and the extended reaction period of the saturated RCA mixes to the additional water introduced

by the saturation water, which increases the w/c ratio.

2.4.3 Hardened properties
a) Effect of limestone and scallop shell powders

When comparing two powders with similar chemical compositions, the subtle particularities of
each powder determine the extent to which they influence the fresh properties and hydration kinetics
and, consequently, the final hardened properties of the resulting concrete. Of course, the intrinsic
physical properties of the powders can influence the hardened properties of SCC; however, these effects
can be generalized to other SCMs of the same category, the case of LS and SSP, depending not on the
powder type itself but on their specific physical attributes. For instance, it was found that when LS
particles are finer than cement particles, the packing density improves, thereby enhancing the
compressive strength and durability of the concrete, which can include SCC [103,108]. In contrast, when
the LS particles are coarser than the cement particles, they increase the interparticle-trapped water. As a
result, the thickness of ITZ increases, leading to higher overall porosity and subsequently affecting other
hardened properties [87,103]. However, it is worth noting that a decrease in long-term compressive
strength was observed in concrete containing finer SCM, attributed to the dilution effect caused by the
finer particle size distribution. Therefore, if these changes are related to particle size, finer or coarser

SSP particles are expected to exhibit the same effects as LS.

Extending beyond the physical aspects, among all SCMs, LS and SSP exhibit the lowest
reactivity (if considered pozzolans). The higher the proportion of each powder participating in carbo-
aluminate phase formation, the greater the beneficial effect on hardening properties. The lower densities

of these phases Mc: 2.17g/cm® and Hc: 1.98 g/cm®, compared to cement hydrates C-S-H: 2.22-2.33
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g/em’, C-A-S-H:1.5-2.4 g/em?®, CH: 2.20 g/cm?®, and Ms: 2.02 g/cm’, led to improvements in
macroscopic properties: densification of the microstructure of the cement matrix, further reductions in
system porosity, and an increase in compressive strength [95]. Furthermore, when the LS sustains an
increase in hydration rate for up to 90 days [96], ensuring the compressive strength development, SSP
decreases the long-term compressive strength. The observed decrease was attributed to organic
impurities present in the SSP [105,109]. Although this effect may not significantly affect early-age
compressive strength, potentially due to the SSP physical characteristics, it may lead to Delayed

Ettringite Formation (DEF), resulting in expansion and microcracking at later ages [110—-113].
b) Effect of Natural Coarse Aggregates (NCA) and Recycled Coarse Aggregates (RCA)

Compared to NCA, RCA influence the hardened properties of SCC through their reactions with
cement hydration kinetics, their effects on fresh-state behavior, and their direct impact on the physical
and structural characteristics of the concrete. The alterations in hydration kinetics and fresh-state
performance of SCC, outlined in § 2.4.1and § 2.4.2, can be correlated with variations in compressive
strength. The RCA's high water absorption capacity, if not considered during mix design, reduces the
local effective w/c ratio. As is well known, the modifications in the w/c ratio directly impact the
compressive strength development of concrete [107]. However, the water compensation method
(adjusting the mixing water), when combined with adequate curing, is widely accepted as the most
practical and least intrusive solution to overcome this issue compared to other techniques [114]. The
considered property helped reduce the bleeding, thereby enhancing the homogeneity and stability of the

mix, which can contribute to improving mechanical performances [115].

Regarding RCA's direct effect on compressive strength, the surface roughness of RCA plays a
pronounced role when using them in a dry state, which improves mechanical interlocking and enhances
the adhesion between the aggregate and the fresh mortar. The so-called nailing effect can positively
influence compressive strength [76,80]. Furthermore, although it is hypothesized that residual mortar
on RCA might chemically bond with new mortar, microstructural analyses revealed a morphologically
different ITZ, typically characterized by increased porosity, weaker and less dense, due to their higher
porosity alongside their high water absorption capacity [81,116]. Additionally, the preponderance of
research pointed out the weaknesses of RCA, lower mechanical properties, and its consequences on the
internal stress distribution within the paste, potentially affecting the strength [107]. Nevertheless, in
SCC, the greater paste volume surrounding the RCA potentially strengthens them and enhances the weak
region of ITZ [115]. Figure I-5 shows that SCC mixes incorporating RCA exhibit lower compressive
strength compared to those made with NCA, with the extent of strength reduction varying from one

study to another.
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Figure I-5: 28-day compressive strength of SCC mixes with 100% RCA substitution [106,117-122].

Furthermore, the inclusion of RCA in SCC decreases the overall density while increasing the
porosity and water absorption. The sole cause of these modifications remains in the above-mentioned
characteristics of old mortar surrounding their surface. Additionally, RCA concrete features two distinct
ITZs: one between the old mortar and RCA and another between the aged NCA surface and the new
mortar. These zones create a heterogeneous area that increases porosity and consequently results in
greater water absorption and lower compressive strength [123]. Eventually, the hardened properties of
RCA SCC, like in other types of concrete, are strongly influenced by the intrinsic characteristics of the
RCA, including the porosity, density, and quality of its former adherent mortar [124,125]. This explains
the observed variability in the properties of concrete incorporating these aggregates, which is the key
reason why the use of RCA in concrete is still met with hesitation and limited trust, particularly for

structural purposes (Figure 1-6).
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Figure I-6: 28-day a) density [123,126,127], b) porosity [126,128,129], and c) water absorption of
SCC mixes with 100% RCA substitution [122,126,130,131].
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3  Carbone Capture Storage, and Utilisation (CCSU) technologies: Ex-situ

carbonation

3.1 Ex-Situ Carbonation pathways: Suitability for self-compacting concrete

3.1.1 Mineral carbonation

Mineral carbonation involves reacting CO» with natural or residual alkaline materials containing
calcium (Ca) or magnesium (Mg) within a reactor. The reaction results in the permanent conversion of
CO; into stable carbonates, either Ca or Mg carbonates (CaCO3/MgCQs), as in natural processes. The
process is primarily divided into direct and indirect carbonation, each of which can occur under dry or
aqueous conditions. The considered pathways begin with the initial grinding of the feedstock into a fine
powder. This powder is mixed with distilled water to form a slurry (aqueous carbonation) or kept in
solid form (dry carbonation). The slurry formed or the solid material is introduced into a reactor and
combined with CO, [132,133]. In indirect routes, an extraction agent, such as chloride hydroxide (HCI),
is necessary to accelerate the dissociation of ions from materials [134]. The effectiveness of these
pathways depends on the water availability for the dissolution of CO,, the high divalent cation materials
composition [135,136], the ions dissolution rate (strongly depends on acidic conditions (indirect route)
[137,138], and the fineness of the feedstock [139,140]. Otherwise, the amount of carbonate formed is

minimal, limiting their feasibility for large-scale industrial applications.

Consequently, neither the operating procedures of these pathways are suitable for CO, storage
in SCC, nor does the SCC constitute an appropriate feedstock, unlike other industrial wastes such as
steel slags [141-143] red mud [144], FA [145,146], and fine cement and concrete wastes [147,148]

which are commonly used in such pathways.

3.1.2 Accelerated carbonation

This category involves artificially increasing the carbonation reaction rate using CO; pressure
[149] during the mixing phase of concrete, known as carbonation mixing, or during the fresh and
hardened states of concrete, known as carbonation curing. Carbonation mixing involves the
incorporation of pressurized high-purity carbon dioxide at a specified flow rate directly into the concrete
mix during the mixing step [140,150]. The injected CO, then reacts with calcium silicate clinker,
forming amorphous or nanocrystalline CaCOj3; and C-S-H gel [151]. In contrast, carbonation curing is a
method in which freshly cast concrete is exposed at an early age, generally from 2 to 24 h, to a controlled
flow of pressurized, high-purity carbon dioxide within a sealed chamber. Nevertheless, the potential of

CO; uptake during carbonation mixing seems to be lower than during carbonation curing [152].
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3.2 Carbonation curing in laboratory settings

Among all the various ex-situ carbonation pathways discussed earlier, carbonation curing is the
most suitable for SCC and is particularly interesting to the precast concrete industry [153]. Carbonation
curing can be implemented by injecting a CO, gas flow or by curing the SCC in carbonated water
[154,155]. However, carbonation curing by injecting a CO, gas flow is the most frequently used
technique, the most suitable for precast concrete, and the most effective in terms of CO» uptake capacity
[156]. Although carbonation curing was initially proposed in the 1970s, it has only been widely adopted
in recent decades [153]. The process typically involves three steps: pre-conditioning, CO, exposure, and

post-conditioning [157].

3.2.1 Pre-conditioning monitoring

The preconditioning phase starts after casting, proceeds before the CO, exposure, and ensures
the carbonation reaction's effectiveness. During this phase, a controlled amount of free water should be
removed from the specimens before their exposure to CO; (Figure 1-7). The optimal degree of water
removal varies depending on the w/c ratio and concrete type and ranges between 40-45% or 58%-62%

[158,159].

Cement [ Water @ CaCOjcrystals B CaCO, layer ®g® CO,

(2 (b) ©

Figure 1I-7: CO, diffusion in the concrete’s pore network, adapted from [160].

Insufficient water removal limits CO, diffusion within the specimens, while excessive water
removal leads to water starvation and interrupts the subsequent hydration and carbonation reactions
[153,161]. Several studies [162,163] provide different approaches to managing water removal, such as
reducing the w/c ratio to eliminate the need for preconditioning, though this is particularly challenging
for SCC. Another consists of demolding the samples right after the initial setting for the high slump
concrete, including SCC, after 4 h to 18 h of in-mold curing, or immediately after casting for dry-mix

products, to maximize the surface area for moisture aeration [153,164,165].

Following demolding, preconditioning starts under different environmental conditions: at

temperatures ranging from 22 °C to 25 °C, at ambient relative humidity (RH) to 30% RH, 40% RH,
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50% RH, 60% RH, and 90% RH, for 3 h to 9 days [165-169]. However, other studies report that the
temperature reached 50 °C during the in-mold or out-mold curing to optimize the preconditioning

duration [170,171].

3.2.2 Carbonation or CO; exposure

In laboratory experiments, CO, exposure operates in a sealed chamber, where the samples are
exposed to a pure CO; high-pressure gas under controlled conditions for a specific period [172]. The
materials' CO, uptake is optimized by carefully monitoring the reaction conditions. CO; uptake increases

significantly with higher CO, concentrations and gas pressure.

The optimal temperature for carbonation remains under discussion. Controversial studies have
reached diverging results. Some researchers claim that high temperatures slow down the rate of
carbonation due to the evaporation of water required to dissolve CO; [149]. Other teams have identified
an optimal carbonation temperature of around 100 °C [173] but generally maintained between 20 and
25 °C to avoid excessive energy consumption. Contrary to usual ionic salt behaviors, for which more
dissolution in water occurs for higher temperatures, CaCQO3 precipitation is favored at temperatures
around 40 °C for water containing only Ca* and COs* ions [174]. It is consequently not surprising that
higher temperatures give rise to more CaCOs;. However, we could not find any study dealing with such

precipitations in cementitious media, particularly in the presence of silicates.

Moreover, to our knowledge, no study has clearly defined the optimal duration of carbonation
curing and the specific factors to consider in achieving this target without compromising the concrete’s
strength [175—177]. Additionally, no conclusive information is available on the ideal timing for initiating
carbonation to ensure optimal hydrate formation and maximum interaction of CO, with these phases.
Excessive precipitation of CaCOs in the outer layer of the sample could impede CO, diffusion. RH also
influences the CO, uptake of concrete. Yoon et al. [178] reported an optimal RH range of 50-70%, giving
rise to the highest carbonation depth. Moreover, the use of multi-component gases, such as NO, and
SO,, can influence the dissociation of CO, due to the considerable competition between these gases,

thus reducing the CO, uptake efficiency [179].

3.23 Post-conditioning

The earlier steps focus on boosting CO, uptake at the expense of the water content. Therefore,
subsequent hydration (water spraying or placing specimens in a moisture room in most cases [180])
follows to restore water levels, thereby promoting further hydration [158]. This step aims to improve
the microstructure and mechanical properties of the carbonated materials [181]. However, this step tends

not to be included in all research [182,183].
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3.24 The influential parameters of CO; uptake of carbonation-cured materials

As a continuation of the discussion in previous sections regarding the influence of experimental
settings on CO; uptake, it is crucial to recognize that the material composition also significantly affects
the efficiency of the accelerated process. Among these is the selection of SCMs. As confirmed by Yoon
et al. and Younsi et al. [178,184], the carbonation rate increases when SCMs, particularly high-calcium
FA, replace cement. Xuan et al. [182] associated the increase in carbonation degree to: (i) the rise in
porosity due to OSP incorporation, which enhances the diffusion coefficient of the samples; and (ii) the
preferential precipitation of carbonation products on OSP, which boosts its affinity for CO, and reduces

the interfacial energy required for the precipitation of carbonation products.

Moreover, LS provides preferred nucleation sites for CaCO; precipitation over portlandite,
Ca(OH),, and C-S-H phases [185,186]. The type of aggregate indicates that RCA promote CO> uptake
by decreasing pore saturation due to their high water absorption and enhancing CO, transport due to
their high porosity. The old mortar surrounding their surface can also serve as an additional calcium

source for the carbonation of the newly formed SCC [187].

Another critical factor to consider is the w/c ratio. A higher ratio benefits hardened cement-
based materials by providing greater porosity and improved CO> diffusion, as explained by Greve-
Dierfeld et al. [188]. These dynamics change in freshly cast cement-based materials. The degree of
carbonation remains notably low due to the slow penetration rate of CO, gas into water-saturated pores,

which is approximately 10,000 times lower than that in unsaturated pores, as reported by Liu ez al. [160].

Table I-3 summarizes the experimental CO, uptake data from various studies, focusing on
different experimental settings. These include material conception, pre-curing processes, and

carbonation curing parameters.
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Samples

Mortar

Mortar

Cement
paste
Cement, 20%
LP paste
Cement, 20%
GGBS paste
Cement, 20%
FA paste
30% HFA
Mortar
30% CHFA
Mortar

Concrete

OPC-
Concrete
FHOPC-
Concrete

w/c

0.3

0.35

0.4

0.4

0.4
0.3

0.4

Table I-3: CO, uptake under different experimental conditions.
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33 Carbonation chemistry of cement-based materials: CO2 uptake mechanism

In cement chemistry, the mechanism of CO, uptake by cement-based materials, including SCC,
is called carbonation. The carbonation of these materials involves complex and disproportionate
interactions between CO, (captured from the air and subsequently dissolved in the pore solution) and
various phases of the cementitious matrix, including Ca(OH),, C-S-H, ettringite, monosulfoaluminate

(3Ca0.Al,03.CaS04.12H,0), and anhydrous phases.

Accelerated carbonation differs from its natural counterpart primarily in the CO, concentration
to which concrete (or other cement-based materials) is exposed and the resulting phase transformations.
Castellote et al. [194] demonstrated that when concrete is exposed to 0.03 vol% of pure CO; flux,
simulating natural carbonation, C-S-H decomposes into Ca-modified silica gel and remains in the
samples. At the same time, Ca(OH); also remains but diminishes with a slight increase in CO> (3 vol%).
Ettringite and anhydrous phases remain stable under natural exposure conditions. The reactivity of these
phases can be limited by environmental conditions, particularly rainfall and moisture availability. For
instance, CO; is transported by water within concrete. If water cannot reach the anhydrous phases, CO,
cannot either. As confirmed by Boumaaza et al. [195], the carbonation of anhydrous materials was
minimal. A minimum of 33% RH is necessary to initiate their carbonation. Similar results were observed
for ettringite. However, Ca(OH), and C-S-H can carbonate even at lower RH levels. Whether the
carbonation process is natural or accelerated, the CaCOs particles formed from these reactions
precipitate rapidly and randomly in the solid matrix, with a particular preference for the smaller pores,

where water condenses more effectively [196].

3.3.1 Dissolution of CO; in the interstitial solution

During the dissolution phase, the dissolved CO; exists in different forms depending on the
medium’s pH. When the pH exceeds 4, a minority fraction of CO, molecules combines with water to

form carbonic acid (H>COs) at 25 °C (Eq. I-1) [197].
CO2(g) + H20) = HzC03(5g) Eq. I-1

The carbonic acid, in turn, dissociates and releases two protons, forming hydrogen carbonate

(HCOs ) and carbonate (CO5%) ions through the following reactions (Eq. I-2 and Eq. I-3) [197,198].

H,CO030aq) = HCO3(aq) + Hiaqy  PKay = 6.35 Eq. 12
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Consequently, COs>" ions are the dominant species in the medium at pH larger than 10.33 (at
25°C), as H,COs is completely dissociated. At intermediate pHs [6.3-10.3], HCOs;™ ions predominate
[199]. The overall process is summarized for large enough pH values (Eq. I-5) [197].

COz(g) + HZO(I) - H2C03(aq) - CO%(_aq) + ZHE-aQ) Eq. 14

3.3.2 Portlandite carbonation

The reaction between Ca(OH), and CO, follows the reaction (Eq. I-5) [190].

Ca(OH)Z(S) + COz(g) d Cac03(s) + HZO(I) Eq 1-5

Eq. 5 presents the overall reaction but doesn’t show the intermediate steps of the process, which
are important, from our perspective, for understanding the medium in which the carbonation reactions
occur. In contact with water, Ca(OH), dissolves, undergoing the two dissociations (Eq. I-6 and Eq. [-7)

[200].

Ca(OH), () © CaOH(q, + OHGq) Eq.1-6

2 -
CaOH?’aq) Ad Ca(;q) + OH(aq) Eq 1-7

Due to the low solubility of Ca(OH),, with a solubility product (Ksp) of 5.5x10° at 25°C [201],
it was reported that only a minimal fraction of Ca(OH), dissolves in the interstitial solution of concrete
or cement. Consequently, the COs*™ reacts directly with Ca(OH); crystals, leading some researchers to
suggest that the carbonation occurs via a solid-state reaction [202]. Others, in contrast, suppose that the
reaction occurs via a dissolution-precipitation state, which aligns with the claim that carbonation
requires water [203,204]. In other words, the Ca(OH) dissociates in the pore solution into three ionic

species: CaOH", Ca**, and OH", with no Ca(OH); crystals remaining.

Once the equations (Eq. I-6 and Eq. I-7) occur, Ca?" ions react with COs?™ ions to form CaCOs
(Eq. 1-8). This can only happen if OH™ ions are present in the medium to form COs*" ions via HCOs~
ions, also present in the medium, i.e., only at high pH values (Eq. 1-9). In cement-based materials, such
pH values are provided through the dissolution of Ca(OH), (Eq. I-6 and Eq. I-7). After CaCOs formation,
the progressive consumption of OH™ ions results in a pH drop, typically from 13.5 to 8.5 [28]. The
reduction in pH is also related to the release of H' resulting from HCO;™ dissociation to restore the
CO;*/HCOs™ equilibrium once the COs*" is consumed (further discussion can be found in § 3.3.6)

[201,205].

Cayq) + CO3Gq) — CaCOs Kep = 4.14 X 1075 Eq. 18
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HCO3(,q) + OHgy — cog(—aq) +H,0¢ Eq.1-9

333 Calcium silicate hydrate carbonation

Calcium silicate hydrates, C-S-H, are generated during the hydration of the two phases of
clinker, namely C3S and C,S [206]. These hydrates can undergo carbonation in the presence of CO; (Eq.
1-10) [207].

(CaO)X(SIO4)y(H20)Z(S) + XCOZ(g) d XcaCO3(S) + ySIOZ tHZO(S) + (Z - yt)Hzo(]) Eq 1-10

Where:

0.6<x/y<2;1<z<4andt<z

The previous reaction depends on the initial C-S-H 's Ca/Si ratio. However, the initial
stoichiometry of C-S-H phases and their carbonation reaction is unclear. In a nearly saturated C;S paste
(water content ~ 42%), the chemical composition of C-S-H is approximately 1.7Ca0.Si0,.4H,0O [208].
In equilibrated conditions, when the sample is not previously dried, crushed, and conserved under 11%
RH and 25 °C atmosphere, the C-S-H chemical composition tends to be 1.7Ca0.Si0,.2.1H,0 [208,209].
While subjecting C3S paste to D-drying (equilibrating the samples with ice at -79° C by continuous
evacuation using a rotary pump through a trap cooled in a CO>—ethanol mixture), with 20.4-22% of
water content remaining in the fully hydrated samples, the chemical reaction of C-S-H corresponds to
17Ca0.Si0;.1.3-1.5H>0 [209]. As a result of C-S-H carbonation, the Ca/Si ratio drops continuously
with the increase of the C-S-H decalcification [149,159]. Once completely decalcified, the acid-stable
gel maintains the original hydrate morphology [210]. The carbonation reaction is as follows (Eq. I-11)
[149].

(C30)3(SIO4)2(H20)2(S) + 3C02(g) 4 3C3C03(S) + SIOZ(S) + 3H20(1) Eq I-11

A recent study on C-S-H carbonation highlights that three periods exist during C-S-H
carbonation, including the dissolution period characterized by a rapid release of Ca*" ions from the
interlayer of C-S-H, the diffusion period dominated by calcium availability, and the slowly ongoing

reaction period due to thickening of carbonation products [211].

Furthermore, numerous studies report conflicting findings regarding the carbonation sequences
of Ca(OH), and C-S-H. In some research, both reactions occur concurrently [212], while in others,
Ca(OH); carbonation occurs before C-S-H decomposition [213]. Regardless of the reaction sequences,

both reactions depend on the types and quantities of Lewis bases, the redox status, and the pH of the
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medium [210]. Although carbonation rates are comparable, the degree of carbonation of Ca(OH)»

reaches a relatively advanced level when C-S-H gel carbonation is still in progress [214].

3.34 Carbonation of sulfoaluminate hydrates

To examine the sensitivity of ettringite and monosulfoaluminate phases to carbonation,

Nishikawa et al. [215] demonstrated that the synthetic ettringite samples decompose through

carbonation into gypsum, CaCOs3, and alumina gel according to Eq. I-12 and Eq. I-13. These findings

are consistent with [216-220]. Moreover, a recent study [221] confirms that carbonation affects these

phases and the monosulfoaluminate carbonates as soon as CO; is present, producing CaCOs, aluminum

hydroxide, gypsum, and water (Eq. [-14) [195].
3Ca0. Al,05.3CaS0,. 32H,0, + 3C0y — 3CaC0s) + 3CaS0y,. 2H,0(s) + Al 05.XH, 0, + (26 — x)H,0,
3Ca0.Al,05.3CaS0,. 12H,0(s) + 3C0y(g — 3CaCOs(s) + 3CaS0,. 2H,0) + Al,05.xH,05) + (10 — x)H, 0y

3CHO.A1203. CaSO4. 12HZO(S) + 3C02(g) d 3CHCO3(S) + AIZ(OH)3(S) + CaSO4. ZHZO(S) + 10 HZO(I)

3.3.5 Anhydrous phases carbonation

Eq. I-12

Eq.1-13

Eq.1-14

In the case of the anhydrous CsS, C,S, and Celite (3Ca0O-Al>O; (C3A)) carbonation, Boumaza

et al. [195] designed and validated an experimental setup to assess the CO; binding capacity of

cementitious materials, with particular emphasis on these phases. The outcomes show that no direct

carbonation of these phases is possible. They exhibit carbonation reactions only if they happen

concurrently with their hydration. The chemical reactions of the three anhydrous phases are given below

(Eq. I-15, Eq. I-16, and Eq. I-17).

3Ca0. SIOZ(S) + nHZO(l) + 3C02(g) 4 3C3CO3(S) + SIOZ(S) + nHZO(l) Eq I-15
2Ca0. SIOZ(S) + nHZO(l) + ZCOZ(g) d 2C3CO3(S) + SIOZ(S) + nHZO(l) Eq I-16
3C33.A1206(S) + 6H20(l) + 3C02(g) d 3C3CO3(S) + ZAIZ(OH)3,S) + 3H20(]) Eq I-17

3.3.6 pH-dependent stability of cement hydrates

Although only briefly referred to in § 3.3.3, the pH of the medium controls the stability of

cementitious hydrates by influencing their dissolution, the precipitation of secondary phases, and the

equilibrium of ionic species. The consumption of Ca(OH), reduces the amount of OH™ in the medium,

necessary to achieve a pH above 10.33 to dissolve HCOs into CO5*~ before any CaCOs; can form.
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Indeed, as soon as COs> forms, CaCOs; precipitates [222]. In other words, pH fluctuations in the pore
solution affect the equilibrium between carbonate species, HCOs;  and COs*", thereby affecting the
Ca*"/CO;* ratio in the medium [205,223]. The decrease in pH also affects the Ca/Si ratio of C-S-H,

which decreases with decreasing pH, lowering the C-S-H carbonation reaction rate (Table [-4).

Table I-4: Phase changes through the carbonation process [224] [225].

Contact concrete »  Carbonated concrete
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
pH>12.5 pH<12.5 pH<11.6 pH <10.5 pH <. 10

Ca(OH), - - - -
C-S-H, C-S-H, C-S-H, SH, some CaO,
Ca/Si> 1.5 Ca/Si>1.5 Ca/Si>0.5 Ca/Si>0.5
- CaCOs CaCOs3 CaCOs CaCOs
AFm AFm AFt/ Al(OH); Al(OH); Al(OH)3
AFt AFt AFt Fe(OH); Fe(OH);

Furthermore, Shi et al. [226] proposed a thermodynamic model (Figure 1-8), which was later
adopted by Greve-Dierfeld et al. [188], predicting the carbonation reaction sequence induced by pH

changes as follows:

e Destabilization of (monosulfate / Hc)-AFm phases into Mc-AFm, if available.

e Carbonation of the first major hydrate, Ca(OH),, with a pH around 12.5.

e Once the accessible Ca(OH); is completely consumed, C-S-H decalcification starts at a Ca/Si ratio
of around 1.3, with a marginal decrease in pH.

e Decomposition of Mc into stritlingite, accommodating the releases of aluminum and silicon from
the C-S-H. Simultaneously, C-S-H is continuously consumed, with the Ca/Si ratio remaining the
same.

e After the consumption of Mc, C-S-H decalcification and decomposition continue down to Ca/Si of
around 0.75, with a drop in pH to 11.

e Decomposition of stritlingite and ettringite at a pH of around 10, with continuous consumption of
C-S-H until the Ca/Si decreases to approximately 0.67.

e Decomposition of C-S-H into calcite and hydrated amorphous silica, with a rapid drop of pH from
10 to 8.5.

e Finally, hydrotalcite decomposes at this pH level.
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The mentioned sequence was observed in white Portland cement [188], calcium sulfoaluminate

cements [227], Portland cement blended with fly ash [228], and metakaolin and LS [226].

= r 2.0
high-Ca C-S-H portlandite
decalcified C-S-H 16
12 A
fass L12 I
/ monocarbonate T
T 10 1 ettringite | 8
a 7 :
~_/ strtingite - 0.8 3
8 -
—— pH - 04
— CalSi
T pH=10
° ' ' - . 0.0
50 40 30 20 10 ;

Amount of CO, ( g/100g cements)

Figure I-8: Changes of the hydrate phases as a result of carbonation for different blends predicted by
thermodynamic modeling [188,226].

34 Carbonation reaction products

34.1 Calcium carbonate polymorphs mineralogy

The six major minerals of interest that contain calcium carbonate in their composition are
crystalline calcite, aragonite, vaterite, calcium carbonate monohydrate (CaCOs3.H,0), ikaite
(CaC0;.6H,0), and amorphous CaCO;[229]. Calcite displays a rhombohedral habit, aragonite typically
appears as prisms or needle-like crystals, and vaterite tends to form polycrystalline spherulites. These
three polymorphs exhibit a wide range of crystalline habits depending on thermodynamic and chemical
conditions [174]. These three polymorphs are the most discussed in the literature and are usually
detectable while artificially increasing the rate of CO» [230]. As mentioned earlier, calcite, crystallizing
in a trigonal space group, is the most thermodynamically stable crystalline phase among the others.
Aragonite, with an orthorhombic crystal structure, is more soluble and denser than calcite under standard
temperature and pressure conditions (Table I-5). Vaterite is the least stable of the three polymorphs and
has long been described in a hexagonal crystal structure before being recently shown as a modulated
monoclinic [231]. Due to their metastable nature, both aragonite and vaterite usually revert to calcite
under normal conditions, except for biomineral aragonite, found in most mollusk shells, which is also

recycled in concretes.
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Table I-5: Solubility products [229] and density [232] of the three crystalline calcium carbonate

polymorphs.
Polymorph Structure -log ks at 25 °C Density (g/cm?)
Calcite Rhomboedral 8.48 2.71
Aragonite Orthorhombic 8.34 2.93
Vaterite Hexagonal 7.91 2.54

Carbonate minerals are typically stable in a hexagonal or rhombohedral crystal structure [233]
when the ionic radii of the divalent cation are less than 0.99A. On the contrary, orthorhombic minerals
are stable for ionic radii exceeding 0.99 A. The Ca?" cation radius in the structure is at 0.99 A, which
means, depending on the ambient conditions, either hexagonal or orthorhombic CaCOs3 can form. In
other words, Ca?" possesses an ideal size, making it versatile in terms of the crystalline carbonate
structures that can form compared to other cations. Calcite and aragonite can also differ in their tendency
to accept other divalent cations than Ca" in a solid solution. Cations such as Mg?*, whose ionic radii do
not exceed that of Ca>" (0.66 A), cannot fit into the aragonite structure, being too small to stabilize the
orthorhombic lattice. They therefore commonly crystallize in the hexagonal structure, like in dolomite.
Conversely, larger cations are more likely to be accommodated within the orthorhombic aragonite

structure (Figure 1-9) [234]. Mg*" cations also destabilize calcite in aqueous media [235,236].

a) Calcite b) Aragonite c) Vaterite d) Ionic Radii

0.58 A0 | Mn
2+
0660 | —2F
0.99 A° g
1.12A° s
Ba2+
1.34 A°

Hexagonal (Rhomboedric) Orthorhombic Hexagonal

Figure I-9: CaCOs crystalline polymorphs and structural unit cells [237-239].
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3.4.2 Calcite, aragonite, and vaterite precipitation

The precipitation of calcite, aragonite, and vaterite during the carbonation process can be
affected by kinetic and/or thermodynamic factors dominating the process. The increase in flow rate or
CO; content, carbonate ions concentration [COs* ], and temperature promotes the formation of vaterite
and aragonite. This phenomenon was attributed to the fact that these parameters slow down the
transformation of these two polymorphs to calcite [240]. Conversely, an increase in Ca content or
calcium cation concentration [Ca*"] promotes only the formation of rhombic calcite. The formation of
this polymorph was related to the excess of Ca*" in the medium, which speeds up the transformation of
vaterite to calcite [241]. Hu et al. [235] also reported that low supersaturation and higher temperatures
promote the formation of needle-like aragonite. The latter forms above 60 °C, while the vaterite forms
between 30 °C to 40 °C [242], depending on the conditions. Therefore, when the kinetic factors
predominate, controlled temperature, pH, saturation levels, and additives concentration, CaCOs3
precipitates as aragonite or vaterite. Conversely, when the thermodynamic factors dominate, the

precipitation of CaCOs as calcite is thermodynamically favored [243].

Table I-6 regroups the CaCO; polymorphs detectable during the carbonation curing of cement-

based materials, as reported in the literature.

Table I-6: CaCOs3 polymorphs detected after carbonation curing from different studies.

Samples Reaction medium CaCO; polymorphs Ref
Cement mortar 70°C Dominant aragonite
w/c =0.45 20% CO, Calciteg [244]
5% Mg(OH), 60% RH
24£2°C Aragonite
Mortar 544 £ 49 ppm CO, . . [245]
40% + 6 RH Vaterite (Early age of curing)
B-C28 and y-C2S 99.9 % pure CO,0.2 MPa CO, Calcite
compacted powder oh Vaterite [246]
wi/solid (s) = 0.15
23-55°C
Calcium silicate pastes 15-100 % CO» Calcite, aragonite [247]
94% RH
Calcite,
Concrete 4h CO; exposure Aragonite [180]
Vaterite (1 day)
20 °C
High-calcium lime pastes 100% CO> .
W/s = 037 pCO, = 1 atm Only calcite [248]
93 % RH
Cement paste Room temperature Calcite
wic=1 Rich CO; Aragonite [249]
Vaterite
Mortar Calcite (lower rate of heat and
Calcium silicate powder 1-55 atm CO, slower reaction) [250]

w/c (0.202-0.206-0.191)
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3.5 Assessment of carbonation efficiency: Measurement methods and approaches

3.5.1 Experimental carbonation potential of reactants

In most research studies on CO, storage via ex-situ carbonation, the experimental carbonation
efficiency of cement-based material was evaluated through the CO, uptake or the carbonation degree.

The most common experimental methods used are summarized below.
3.5.1.1 Mass gain method

This method is commonly used for calculating CO» uptake. It involves monitoring the mass gain
before and after the carbonation of the samples. Thus, the CO» uptake can be calculated using Eq. I-18.
+m,, —my

m
CO, uptake (%) = fm— x 100 Eq. I-18

C

With:

- m;: Sample mass before carbonation.
- my: Sample mass after carbonation.
- m,,: Water mass lost collected in the carbonation chamber.

- m¢: Dry cement mass.

The water is collected using absorbent paper and then weighed. However, the water mass loss

remains inaccurate [173,251].
3.5.1.2 Mass loss method

The mass loss method involves placing samples in an oven at 105°C for 24 hours, followed by
successive heating in a muffle furnace at 525°C and then at 950°C for 2 hours at each temperature. The
CO, uptake and carbonation degree (CD) are then determined using (Eq. [-19 and Eq. I-20), respectively,
provided by Xuan et al. [252].

Am — Ame,e_
Weop (Sample) = —=22——222=2%0 Eq. 1-19
950

Where:

- Amgg,: Carbonated sample mass loss between 525°C and 950°C.
- Amgys_g50: Mass loss of original sample constituents between 525°C and 950°C.
- Imgso: Carbonated sample mass after 950°C.

_ Weo, (sample)

DC Eq. 1-20

mc X ThCOZ
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Here:

- mg: Cement content (wt%) within the sample.
- Thc¢oy: Theoretical CO» sequestration capacity of the cement (0.511).
In the case of RCAs, Zhan et al. [253] calculated the carbonation degree as follows (Eq. I-21):

Am,
x 100
Am, Eq. I-21

&=

Where:

- Am,: Experimental mass gain of RCA before and after carbonation.
- Am; : Theoretical maximum CO; uptake by RCA-adherent cement mortar, which can
be calculated as follows (Eq. [-22):

_ mc X ThCOZ%maX
"~ (mc + mg + mg + 0.23 x m¢)(1 + Q)

Am, Eq.1-22

Here:

- m ms and mg: Mass proportions of cement, sand, and gravel in the initial concrete
mixture.

- Q: Moisture content of the RCA before carbonation.
3.5.1.3 Thermogravimetric Analysis (TGA)

The mass loss occurring between 550 and 1000 °C is attributed to the decomposition of calcium
carbonate, during which the carbon dioxide is released, so the CO; uptake is calculated using different

equations proposed by several studies:

To estimate the CO; uptake of RCA, Djerbi et al. [254] supposed that only the carbonation of
Ca(OH). produces water, and calculates the uptake using (Eq. [-23).

(mf - mi) + Meg

CO, uptake (%) = Eq. 1-23

i

Where m; and mg¢ are the sample dry masses before and after carbonation, respectively. Meg is

given as follows (Eq. 1-24).

My20

Meg = Mca(on)2-aTG X Eq. I-24

MCa(OH)Z

With:
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- Mgyom)2-aTG - Portlandite content determined by ATG between 400 °C and 600°C
before carbonation.
- My, 0 and Mc,(on),: Molar masses of water and portlandite respectively.
Wang et al. [173] calculated the carbonation degree of cement paste using TGA results,
assuming that all calcium is transformed to calcium carbonate at 100% of carbonation, so the absorbed
carbon dioxide is calculated per unit mass using the equation below (Eq. I-25):

— CO
e = ——x 100 Eq. I-25
¢ Cmax - CO

Here:

- C: CO; content of the carbonated sample calculated from the mass loss of C-S-H and
Ca(OH);.
- Co: CO; content of the noncarbonated sample.
- Cpax: Theoretical amount of CO> bound with all cement’s calcium ions. The calcium
ions bound with other components are deducted from Cpax.
The method assumes that the total calcium content is primarily from Ca(OH), and C-S-H.
Ca(OH); and CaCOs; are quantified from TGA mass losses, and the contribution of C-S-H to CaCOj is

determined by subtracting the non-carbonated state.

3.6 Concrete carbonation mechanism challenges: Contributing factors and

Limitations

The carbonation process in concrete is more complex than just the reaction of dissolved CO»
with divalent cations to form CaCOs. It is a diffusion-governed process. The CO; diffusion into the
concrete is ensured by a gradient of [CO»] between the outer layer of concrete and its zero-concentration
inner layer [255]. After diffusing through the connected pore network (gaseous phase), the CO; dissolves
within the pore solution. It is then transported by advection driven by the liquid pressure gradient of the
liquid in which CO; is dissolved (aqueous phase) (Figure I-10) [185,256]. Despite the dominance of
CO, transport, whether diffusive or advective, on the carbonation process, it depends on the carbonation
conditions outlined in § 3.2.4 and the coexistent reactions [257]. The coexistence of carbonation and
hydration reactions in concrete’s medium, besides their share of common reactants, makes the two
reactions competitive. However, the carbonation reaction is more effective in relatively high CO; surface
layers, thereby dominating the early-age reactions. The effectiveness of the carbonation reaction also
depends on the hydration rate, since the hydration products constitute the principal precursor for the
carbonation reaction [257]. The H,O formed by the carbonation reaction can either increase the water
availability, which promotes the hydration reaction, or increase the pore saturation degree, consequently

affecting CO» transport and CO- uptake [185]. Moreover, the precipitation of CaCO3 on the reacting
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surface of cement grains impedes the subsequent hydration reaction [258]. It typically surrounds the Ca-

containing minerals in narrow pores, inhibiting the mass transport of Ca®" and CO5* ions [258].

Nucleon sites

Solid phase

1-Gaseous phase 2-Aqueous phase 3-Solid phase >

Figure I-10: Concrete carbonation process, adopted from [185].

The major challenge encountered in estimating the CO, uptake of cement-based materials,
regardless of the method used (see § 3.5.1), is the complexity of the dissolution process of cement
phases, where their dissolution depends on the medium's pH values (Table I-5). The competitive
dissolution reactions complicate the understanding of each dissolution sequence in real accelerated
carbonation [225]. Hence, it complicates the quantification of the CaCOs formed from each phase and
the identification of the reaction coefficients for each carbonation. Moreover, contrasting findings about
C-S-H carbonation show that some studies [259,260] claim that the carbonation of C-S-H produces
water, while others state that only Ca(OH), carbonation produces water [214]. Contrary to the reactional
mechanism of Ca(OH), carbonation, which is well understood, the reactional carbonation mechanism
of C-S-H remains the most complex mechanism and is poorly understood due to its imprecise

stoichiometry [149].

3.7  Properties changes in cement-based materials induced by accelerated carbonation

The precipitation of CaCOj3; polymorphs, which form depending on the medium’s properties (§
3.4.2), and the cement matrix's microstructural alteration, modify carbonated materials' intrinsic

properties. These effects are particularly observable in the properties investigated in this study.

3.7.1 Mechanical properties

Carbonation curing usually improves compressive strength as compared to water-cured
samples. Early-age carbonation curing (up to one day) increases the strength by 106%. However, as time

progresses, the strength gap between carbonation-cured and water-cured samples narrows. By 28 days,
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carbonation curing results in only an 18% increase in strength [159]. Jiang et al. [261] reported that
carbonation curing improved compressive strength by 18.2% and 54.1% at 1 and 28 days, respectively,
compared to water-cured specimens. El-Hassan et al.[180] reported that one day of carbonation
increased the compressive strength by 13.4 £ 0.9%, with a further improvement of 29.5 +2.1% achieved
through water compensation, compared to non-sprayed carbonated concrete. By 28 days, the
compressive strength increased by 11.7+0.8% with water compensation, while the non-sprayed
carbonated concrete exhibited lower strength than the hydrated control. Xuan et al. [182] reported that
carbonation curing significantly increases compressive strength during the first 7 days, followed by a

gradual increase to 28 days.

90 70
—e—Jiang etal. (2023) (a) (b)

80 —&—El-Hassan et al. (2015)

El-Hassan et al. (2015) 60
—aA— Xuan et al. (2023)
—&— Xuan et al.(2023)
60 —@—Zuo et al (2024)

70

50

= =
[==] (=]
=) =)
= k=)

on on

§ 50 § 40
172} w

g 40 g 30 /./'\'
a f=9

g g 20
(=] (=}

O 20 O

—&— Wang etal. (2021)

0 ./. 10 —&— Chen et al.(2019)

Chen etal.(2019)

0 0
0 7 14 21 28 0 8 16 24 32 40 48 56 64 72
Carbonation curing age (days) Carbonation curing age (hours)
—— —e— —h— —h— - —— ——
Jiangetal. | El-Hassanet | El-Hassanet | Xuan etal Xuan et al. Zuo et al Wang et al. Chen et al. Chen et al.
(2023) al. (2015) al. (2015) (2023) (2023) (2024) (2021) (2019) (2019)
Specimens Mortar Concrete Concrete Cement Cement RCA- Cement Mortar Mortar
paste paste concrete paste
Portland Portland Portland 1~ cpnir 150, | CEMI30% Portland Portland
Cement cement (P-1 cement - cement - OSP OSP Cement-FA cement cement
42.5) 15% LS 15% LS
w/c 0.4 0,71 0,71 w/b=0.50 w/b =0.50 w/b=0.50 w/b =022 0.35 0.35
CO, (%) 202 % 0.7 bars 0.7 bars 10 10 20 20 20
Pre- . Applied- Applied- . . Applied-24h . .
conditioning Applied-24h 18h-air 18h-air Applied-24h | Applied-24h to 120h Applied-16h | Applied-24h
Post- } subsequent None } : } ) }
conditioning hydration

Figure I-11: Development of compressive strength under carbonation curing.

Moreover, the rate of strength gain decreases with higher proportions of oyster shell powder
substitution. A similar trend was observed in concrete containing RCA; however, carbonation was
insufficient to reach the strength of hydrated concrete containing NCA, as reported by Zuo et al. [187]
(Figure I-11a). In contrast to these trends (Figure I-1b), Wang et al. [175] and Chen et al. [190] reported
a decrease in compressive strength with prolonged carbonation. They observed the highest strength with

a combination of 16 hours of pre-curing followed by 16 hours of carbonation, and also when carbonation
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curing was initiated after 4 hours. These findings indicate that compressive strength is strongly

dependent on the carbonation protocol and the efficiency of the carbonation process.

The increase in compressive strength induced by carbonation curing, as discussed above, is
associated with calcite precipitation, which densifies the cement or concrete matrix and results in a more
cohesive microstructure [156,158,159,262]. Meanwhile, the initial increase followed by a subsequent
decrease in compressive strength during prolonged carbonation is attributed to excessive carbonation of
the outer surface, which increases the separation between the exterior and interior of the cementitious
material. This leads to the degradation of hydration products, ultimately reducing strength [177,190].
Regarding the precursors used in this study, LS and SSP contribute to carbonation-induced strength
enhancement mainly through their ability to act as nucleation sites for cement hydrate growth and CaCOs
precipitation. In contrast, RCA’s higher porosity facilitates increased CO, diffusion, which promotes
carbonation and potential strength gain; however, this benefit is offset by the weakening effect of the

increased porosity, resulting in an overall decrease in compressive strength.

Furthermore, the precipitation of the metastable polymorph, particularly aragonite, when present
in sufficiently large quantities, increases flexural strength rather than compressive strength due to its
needle-like shape. As mentioned earlier, the aragonite precipitation increases with the increase in Mg
content [263]. However, the increase in Mg content also increases the formation of brucite (Mg(OH)»)
and a range of hydrated magnesium carbonates in carbonated materials [264]. A controlled amount of
these phases contributes to pore structure refinement, thereby enhancing mechanical strength. However,

excessive formation of these phases can lead to expansion, thereby reducing mechanical strength.

3.7.2 Pore structure

The pore system in concrete comprises four types of pores. The first type is the gel pores, which
are micropores with a dimension ranging from 0.5 to 10 nm and occupied by C-S-H [265]. The gel
pores, 1.5 to 2.0 nm in size, are not detrimental to the concrete strength but are directly responsible for
its creep and shrinkage. The second type is the capillary pores. These pores are meso- to macropores
with an average radius of 5 to 5000 nm. The third type is the macropores generated by deliberately
entrained air, and the fourth type is the macropores resulting from inadequate concrete compaction.
Above these, the cracks present in the ITZ are also pores. The presence of mesopores, micropores, and

cracks within the solid matrix of concrete leads to modest mechanical properties [266].

Carbonation curing exerts a contracting influence on the solid matrix pore system of carbonated
cured cement-based materials. An increase in porosity is reported at an early age of intensive
carbonation. This phenomenon is associated with the decalcification of the C-S-H gels [267], which
leads to its volume reduction (carbonation shrinkage) [160]. As a result, the pore structure becomes

coarser, with greater pore diameter, or the development of large capillary pores, especially for w/c
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greater than 0.45 [268]. Any consumption of Ca(OH), by the SCMs accentuates carbonation-induced

shrinkage, depending on their latent and pozzolanic properties.

In contrast, with further carbonation, the deposition of CaCOj; clogs the pores, reduces their
diameter, and unifies their sizes, leading to a denser solid matrix and robust ITZ (Figure 1-12) [269].
Furthermore, it is also reported that calcite precipitation generates more nucleation sites, thereby
creating additional, smaller pores [160]. Additionally, the origin of the CaCOs also influences the type
of pores affected: precipitates from C-S-H reduce micropores, while those from Ca(OH), preferentially

fill macropores [270].
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Figure I-12: Pore structure of a carbonation-cured cement paste, measured by mercury intrusion
porosimetry (MIP) [159].

Furthermore, improvements in the I'TZ (Figure I-12b) and a reduction in capillary porosity due
to the pore-filling effect of CaCO; (Figure I-12d and f) lead to increased compressive strength and
concrete density (§ 3.7.1). Carbonation curing also significantly reduces permeability, effectively
slowing down chemical degradation, chloride ingress, and water absorption, thereby improving the

concrete's durability [267].
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Figure I-13: SEM images of (a, b) carbonated and hydrated RCA concrete [187], and (c—f) hydrated
and carbonated samples at 1 and 28 days [261].

3.8  Environmental assets of carbonation technologies

CO; sequestration in cement-based materials is considered a direct method, similar to mineral
carbonation. However, it has distinct advantages, such as achieving effective CO, capture at lower
temperatures (below 70 °C) and over shorter periods (less than 24 hours). These conditions demonstrate
the superior efficiency of cement-based materials for CO, sequestration compared to conventional

mineral carbonation processes [267].
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Given the diversity of pathways available for CO, sequestration, an Life Cycle Assessment
(LCA) conducted on seven direct and indirect mineral carbonation pathways, utilizing serpentine,
olivine, and steel slag as raw materials, and the resulting carbonated products serving as partial
replacements for cement in the final product, revealed that all seven processes effectively mitigated
climate impact compared to a traditional route (Portland, CEM, etc.) for concrete fabrication. The

outcomes showed reductions ranging from 0.44 to 1.17 tons CO»-eq per ton of CO, stored [271].

Furthermore, a meta-analysis of LCA encompassing 29 different studies on the pathways of
carbon CCSU technologies revealed that both direct and indirect mineral carbonation showed a positive
environmental impact, indicating a net reduction in CO, emissions. Direct aqueous carbonation,
carbonation mixing, and carbonation curing (the target pathway of the study) appear to be the most
promising (Figure 1-14). These three technologies demonstrated a positive impact on global warming
and the minerals and metals impact category, regardless of the scenario used in the study, while also

positively influencing other impact categories.
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Figure I-14: Global warming impact of ex-situ carbonation technologies [272].

Overall, the LCAs of CCSU technologies have demonstrated promising potential for
decarbonizing the concrete industry. However, if ex-situ carbonation technologies aim to neutralize the
CO; emissions from the construction industry, it would be more environmentally responsible to use the

released gas in its original form, without additional purification to avoid creating another source of CO,.
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None of these LCAs accounted for the CO» emissions related to the construction and operation of these

technologies [272].

4  Synthesis

To assess the CO, storage capacity potential of the target SCC mixes, our strategy started by
identifying the most effective protocol for CO, sequestration in SCC. Consequently, the literature search

first focused on exploring different ex-situ carbonation pathways and selecting the most compatible with
SCC.

The carbonation curing is the CO, storage protocol adopted in this research. Although
carbonation curing offers significant potential for CO, sequestration, the effectiveness of the adopted

protocol depends on several parameters, which need to be optimized for maximum CO; uptake.

Although well-documented and extensively studied, the carbonation mechanism in cement-
based materials remains a complex and multifaceted process. Thermodynamic modeling can provide
insights into the carbonation process; however, it does not perfectly reflect the reaction sequences
observed under real carbonation exposure conditions, as the sequencing of each reaction depends on the

intrinsic properties of cementitious materials.

Each existing method for estimating CO, uptake has advantages and limitations, leading to
under- or over-estimating the CO» content. Some of these methods, such as TGA and X-ray Diffraction
(XRD), might offer high precision but can be sensitive to experimental conditions (sample size (in mg),
sample homogeneity, overlapping of mineral phases ...). Other methods might be simple but often lack
the precision for accurate measurements. None of the mentioned methods correlates the loss of
chemically bound water with the amount of carbonate formed at the end of the carbonation process.
From our perspective, including this correlation would improve the reliability of CO; quantification and

provide insights into changes in mechanical strength.

Accounting for CCSU technologies is an optimistic move toward achieving CO; neutrality in
the construction sector. However, compared to other alternatives, these technologies offer a promising
solution. Their potential for CO; sequestration is evident, but implementing CCSU at an industrial scale,
particularly in cement plants, a major CO- source, will require significant innovation, especially in the
capturing and purification stages. Continued research and development in these areas will be crucial for
reducing the construction industry’s carbon footprint and fostering more sustainable building practices

in the future.

Based on the aspects discussed in the literature review in this chapter, we laid the groundwork

for our experimental research by identifying key concepts and findings that guided our investigations.

44



Chapter I. State of knowledge and bibliographic synthesis

The experimental study will expand on this knowledge to further develop and refine the research. The
experimental recommendations for optimizing CO, uptake have also been considered to enhance the

efficiency and effectiveness of the results.
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1 Introduction

This chapter is organized into two main sections to provide a clear overview of the experimental
framework adopted in this study. The first section presents a detailed description of the raw materials
used in SCC formulation, including their physical and mineralogical characteristics. The following
section outlines the experimental program used to assess the rheological behavior of SCC, its hydration
kinetics, and its hardened properties before and after carbonation curing. Additionally, the methods used

to quantify the SCC CO, uptake are presented.

In summary, the experimental program was designed to examine the properties of four SCC
mixes, each incorporating different types of SCMs and aggregates. The SCC specimens were initially
cured under standard conditions (water curing) for up to 90 days. This regime is generally considered
optimal for the concrete properties. Therefore, the properties of the standard-cured specimens served as
a baseline against which to evaluate the impact of the carbonation curing protocol explored in this study

on the same properties.

Subsequently, identical SCC specimens were prepared for carbonation curing, following a 24-
hour preconditioning step to promote CO, diffusion. Afterward, the carbonation-cured specimens
underwent a series of experimental characterizations, allowing quantification of CO, uptake and
evaluating whether the carbonation protocol can serve as a viable alternative to standard curing,
particularly in influencing relevant material properties. Under each curing regime, we systematically

evaluated the effects of SCM and aggregate type on SCC performance.

2 SCC Components: Key Characteristics

2.1 Binders

The study uses two binder systems: the first system consists of CEM II/A 52.5 N cement
combined with LS. The second system combines the same cement with SSP, provided in shell form as
separate valves, and then processed in the laboratory. More details on all raw materials are provided in

Appendix 1.

2.1.1 SSP preparation

The processing steps (Figure I1I-1) involved in preparing the SSP, cement substitute precursor,
begin with washing the shells with tap water and scrubbing them with a wire brush to remove salt
residues and any remaining biomass. The cleaned shells are then ground for 4 hours using a TM500

drum mill from RETSCH®©, with a rotation speed of 45 rpm and a ball/material mass ratio of 3:1. The
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grounded SSP is then sieved through a 120 um sieve to collect particles with a maximum size of 120
um, referred to as LS. Particles retained on the sieve are collected, re-ground in an additional milling

cycle, and re-sieved until all can pass through the 120 um sieve.

[

Grinding

Figure II-1: Process for converting SSP from shell form to powder in the laboratory.

2.1.2 Physical characteristics of binder precursors
2.1.2.1 Particle size distribution

Figure 11-2 illustrates the particle size distribution of cement, LS, and ground SSP, determined
using a laser diffraction particle size analyzer (Beckman Coulter, LS13 320). SSP has a larger fraction
of fine particles, with approximately 40% of its particle volume below 1 um (Figure 1I-2a), compared

to 20% for LS and 10% for cement.

However, both LS and SSP also exhibit coarser particles than cement (Figure 1I-2.b), with a
mean particle size of around 40 and 50 pum, respectively. A comparison of these particle size distributions
indicates that, overall, while particle sizes for CEMII are predominantly distributed in an intermediate
range from 2 to 40 pum, the size distribution of LS and SSP is bimodal, with a large volume fraction of

size either finer than 2 pm or larger than 40 pm for their major contributions.
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Figure II-2: Particle size distribution of the binder components.

The observed distributions result in mean sizes typically 10 and 4 times larger for cement than
for LS and SSP, respectively (Table II-1). The lower density of SSP is accompanied by a larger specific
surface of the grains, as seen from Blain and BET values, and correlated with the Rigden voids values.
The typical value of organics in mollusk shells is 1-2% in weight. In LS, depending on the calcareous

deposits and metamorphism, it is not surprising that a few%o still remain (LOI).
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Table II-1: Mean physical characteristics of binder components.

CEM II/A52.5N LS SSP
Density (g/cm?) 3.11 2.70 2.50
Blaine spemﬁcz: surface 4436 6110 6450
area (cm*/g)
Average grain size (um) 41.04 10.20 3.90
BET specific surface ) 16566 67565
area (cm?/g)
Loss On Ignition (LOI)
at 550 °C (%) - 0.50 1.60
Rigden voids (%) - 25 34

2.1.2.2 Particle morphology

SEM images of the LS and SSP particles (Figure 1I-3) illustrate some of their characteristic
features and morphology. The largest LS particles (Figure 11-3a) mostly exhibit plate-like shapes, with
smooth surfaces and rather well-defined edges. They appear compact with only a few surface steps that
signify the existence of subdivisions, either from first- or second-order lamellae, originating from
ancient shells (from Brachiopoda or Mollusca) and subsequently lithified through diagenetic processes
[273].

The ground LS powder shows fewer signs of fine-particle agglomeration than SSP. In contrast,
the SSP particles are more irregular and granular (Figure 11-3b). They exhibit rougher surfaces and more
porosity, with a noticeable aggregation of finer particles. At larger magnification, the SSP SEM images

reveal the original crossed lamellae system from P. maximus shells [72].
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Figure II-3: Backscattering SEM images of the a) LS and b) SSP powders with corresponding EDS spectra

shown in (c) and (d), respectively.

The reminiscence of substructural lamellae in the largest grains of LS is coherent with the still

significant LOI, though at least two times less than in SSP. Element analysis from EDS spectra (Figure

II-3¢ and d) shows that only Ca appears as a major element in the two precursors, with a trace of Mg,

Si, and Al. Although Na and S are detected only in SSP, we do not observe a significant difference in

composition between LS and SSP (as far as EDS is concerned), which is consistent with some of the

entrapped sodium chloride and biological molecules.
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2.1.2.3 Chemical properties
a) Thermogravimetric analysis

TGA weight losses (Figure 1I-4) for both precursor powders show a significant mass loss
occurring in the 726 °C-1000 °C temperature range. This mass loss corresponds to CaCOs;
decomposition, which releases CO, [274], a classically observed phenomenon for samples mainly
composed of CaCOs. However, the decomposition peak in the DTG curve of SSP appears at 905 °C, 20
°C lower than that of LS (925 °C).

The difference in decomposition temperature between the two samples might be a priori
associated with various factors, such as grain size, carbonate polymorphs, organic content, and
crystallinity. However, both CaCO; powders exhibit a calcite signature and similar grain size
distributions. SSP clearly contains intra- and inter-crystalline organic molecules, as usual in mollusk
shells, within a 1-2 wt% range. Such molecules, responsible for the shell growths into oriented patterns
and giving rise to unit-cell distortion of the mineral matrix, are much less able to resist high temperatures
[109]. Their decomposition occurs in the 200-400 °C range, explaining the quite different evolution of
the DTG curve below 500 °C, compared to that of the LS samples (zoom of the corresponding range in
Figure II-4). These observations align with the loss on ignition at 550 °C values for both SSP and LS
samples (Table II-1). Above 970 °C, the TGA curves show a 56% residual mass, in perfect agreement

with the departure of CO; from 100% from CaCO:s.
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Figure 1I-4: TGA and DTG curves for LS and SSP powders and zoom of the DTG curves below
700°C (top plots).
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b)  Crystalline mineralogical phases: X-ray Diffraction

The XRD patterns of LS (Figure II-5a) and SSP (Figure 11-5b) indicate that LS is composed
exclusively of calcite. In contrast, SSP is primarily composed of calcite, with a minor presence of
aragonite of approximately 1.1%. Moreover, we observed an enlargement of the unit cell parameters
from pure mineral calcite (Standard, Table I1I-2) to LS and SSP. Such a unit-cell distortion has already
been observed in biogenic aragonites from many shells [109,275,276], due to interactions between

organic molecules and the mineral matrix.

In biomineral calcites, Pokroy et al. [277] also observed such distortions, though relatively
smaller than in biological aragonites. Our values fit within the ranges of these authors. Although a
discussion of these in depth is beyond the scope of this work, we observed larger unit-cell distortions
for higher organic content (LOI Table II-1and TGA Figure 11-4) in our precursors, further confirming its
presence in the samples that will be elaborated throughout this work. One can also see that coherent
domains (crystallite sizes, Table II-2 and Figure II-5 inserts) appear, on average, smaller in SSP than in
LS, which agrees with a loss of organics in more mineralized calcite. This, together with grain shapes
(as visible in SEM images), points toward larger porosity in the latter, providing more diffusion paths

through the samples.
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Figure II-5: XRD patterns of a) LS and b) SSP powders.

Table I1-2: Crystallographic parameters of calcite and aragonite in standard, LS, and SSP. Numbers in
parentheses indicate the standard deviations as 16 on the last digits from the Rietveld refinement. Absence of
standard deviations means that the values were adjusted at best manually and could not be released during the

fits without instability of the refinement.

LS R.p=7.95% SSP
Standard sig =2.02 Rup=7.47%
cif Calcite Aragonite Calcite Calcite Aragonite
COD 1547348 2100187 - - -
wt (%) - 100 99(14) 1.1(2)
_ a=4.96183(13) a=4.961830(13)
Unit-cell = a=4.98614(1) a=4.98680(6) a=4.98849(6)
parameters b =7.96914(2) b=17,9776(25)
(A and °©)
c=17.04793) c¢=5.742852(15) c¢=17.0495(3)  c¢=17.0801(1) ¢ =5.7471(13)
Mean [300]: 2800(50) = [300]: 1380(5)
crystallite
size (A) ) [012]: 1190(50) = [012]: 1070(20)
along main
[hkI] [006]: 760(50)  [006]: 1050(20)
directions
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2.2 Aggregates

The aggregates used in the SCC mixes include a washed sand with a nominal size range of 0-4
mm as the fine aggregate, and two types of coarse aggregates: semi-crushed natural and coarse aggregate

NCA and RCA, both with a size fraction of 4/12.5 mm (see Appendix 1).

2.2.1 Physical characteristics

Figure II-6 reveals that RCA exhibits an absorption capacity approximately twice that of NCA,
nearly stable over time. The grain size distribution of the aggregates shows that NCA and RCA have
very similar profiles, with particle sizes approximately ten times larger than those of sand (Figure II-7,
Table II-3).
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Figure II-6: Water absorption kinetics in NCA and RCA.
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Figure II-7: Grain size distribution curves of aggregates.

Table II-3 presents other physical and mechanical properties of the used aggregates. A
significant difference can be observed in the resistance to abrasion and fragmentation between NCA and
RCA, the latter exhibiting relatively low mechanical properties in the corresponding tests. They also

exhibit a density approximately 10% lower than that of NCA.

Table II-3: Physical and mechanical properties of aggregates.

Aggregate LA (%) MDE (%) p (g/cm®) was (%)
Sand - - 2.61 0.40 +0.09
NCA 16 4 2.46 2.71+0.19
RCA 31.16 46.6 2.21 5.46+0.17

2.2.2 Surface texture of coarse aggregates

The NCA grain surfaces exhibit relatively low porosity (Figure 1I-8a), a denser texture, and no
residual material, compared to the rougher RCA grain surfaces (Figure 11-8b) due to the presence of
adhered old mortar. The main element atoms in NCA and RCA are Si, Ca, and Al, with RCA displaying
the expected aluminosilicate composition. Traces of S and Fe are present in both aggregates, while RCA

also contains minor Ti, Mg, K, and Cr (Figure II-8c and d). These trace elements may interact with the

matrix in subsequent formulations.
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Figure II-8: SEM backscattered images of the (b) NCA, and (b) RCA surfaces with corresponding
EDS spectra shown in (c) and (d), respectively.
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2.2.3 Characterization of the residual mortar in recycled aggregates
2.2.3.1 Thermogravimetric analysis

The TGA and DTG analyses indicate the presence of CaCO; and C-S-H phases within the
adherent mortar. At the same time, Ca(OH). is notably absent, suggesting its consumption during the
natural carbonation of RCA (Figure 11-9). However, TGA provides only an indirect indication of phase

presence, whereas XRD gives a more direct view.
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Figure II-9: TGA and DTG curves for the adhered old mortar in RCA.

2.2.3.2 X-ray Diffraction: Crystalline mineralogical phases

The adhered old mortar is composed of major mineral phases: quartz (69 wt%) and calcite (22
wt%), alongside minor constituents such as vaterite, albite low, muscovite, and chlorite, as well as trace
amounts of orthoclase and aragonite (wt%, Table I1-4). Such compositions are common in recycled
aggregates (Figure 11-10). Despite care being taken to exclude coarse aggregate (gravel) when preparing
the powder for XRD measurements, it is still possible that some grains contributed to the spectrum. This
could explain the minor presence of muscovite and albite, which are often found in rocks used for coarse

aggregates, along with quartz and calcite (e.g., granites, granitoids...).
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Figure I1I-10: XRD patterns showing the mineralogical composition of the adhered old mortar in
RCA.

Table II-4: Crystallographic parameters of the phases in RCA Adhered Mortar. Numbers in parentheses
indicate the standard deviations as 1G on the last digits from the Rietveld refinement. Absence of standard
deviations means that the values were adjusted at best manually and could not be released during the fits without

instability of the refinement.

Unit-cell parameters | h k1 - Crystallite
(A and ©) size

[100]=3525
a=4.91345(2)
Quartz 1011097 69(18) [003]=527

¢ = 5.40527(5)

cif COD wt (%)

Calcite 1547348 22(6) a=4.9873(0)
¢ =17.0634(7)
a=4.9618
Aragonite 2100187 0.5(6) b =7.9691
¢ =5.7428(7)
Muscovite-2M1 1011049 1.3(4) a=15.224(4)
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b =8.980(9)
¢ =20.02(2)
B=94.25(8)
a=4.12978(5)
Vaterite 9007475 2.4(6)
c=8.463(2)
a=8.545
b=12.992
c=7.221
o=116.00
a=28.141(2)
b=12.775(4)
c=7.158 (2)
o =94.28(5)
B =116.602)
v=287.80(4)
a=5.335
Chlorite 9000158 1.0(3) b =9.240
c=28.390

Orthoclase 9000304 0.8(3)

Albite low 2107372 2.3(6)

2.3 Admixture

Two types of admixtures were incorporated during the mixing phase of the SCC mixes: PCS

MasterGlenium ACE 550 and SA MasterSet AC 555 (see Appendix 1).

3  SCC mix designs and curing regimes

3.1 SCC mix designs

Four SCCs were cast at 15 °C to evaluate the influence of two main variables: binder
composition and coarse aggregate type. Their proportions were derived from a previous study in
collaboration with the CMEG company. The control mix consists of SCC containing only NCA and LS-
cement binder and was designed using the BétonlabPro software, with the following basic parameters:

C =320 kg/m® of SCC, consistency class SF2, and strength class C30/37.

The formulation was optimized to ensure the same consistency and paste volume across all
mixes by adjusting the w/b ratio and PCS dosage. The following recommendations were considered for

SCC formulation:
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- Acoarse aggregates/sand (G/S) ratio close to 1

- The paste volume is between 330 and 400 1/m* of SCC.

- The cement content generally ranges between 300 and 350 kg/m? of SCC.
- The fine particle content is between 120 and 200 kg/m? of SCC.

All aggregates were dried at 60 °C and cooled before mixing. The water compensation method
was applied to account for water loss due to RCA's high water absorption. The additional water was
determined empirically through preliminary trial mixes and was adjusted incrementally until the target
slump flow and workability of the SCC mix were achieved. Table II-5 presents the four SCC mix designs

under investigation.

Table II-5: SCC mix designs.

SCC
Constituents (kg/m?)
LS-NCA LS-RCA SSP-NCA SSP-RCA
Sand 847.77 847.77 842.11 842.11
NCA 719.14 - 714.34 -
RCA 4 - 646.06 - 641.75
CEM II-52.5N 320 320 320 320
LS 137.5 135.7 - -
SSP - - 137.5 137.5
Water (ot 219.6
PCS 4.58
SA 3.66

3.2 Mixing method and samples preparation

All SCC mixes were blended for 3 minutes in a laboratory mixer at 17 + 3 °C, including 30
seconds of dry mixing, 30 seconds of mixing with one-quarter of the total mixing water mixed with PCS
and SA, and 2 minutes with the remaining water. Triplicate batches were prepared for the evaluation of
fresh-state properties and hydration heat. Additional batches were cast into two types of specimens for
hardened-state testing. Table 1I-6 summarizes the quantities and dimensions of the specimens and

samples (fragmented or powdered) used for testing.

For tests requiring powdered samples, the matrices of SCC mixes were ground using a mortar
and pestle and sieved to <63 pum, taking care to minimize the inclusion of aggregates while avoiding

over-grinding, which could increase the sand content in the final powder. Specimens and samples not
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tested at the end of the curing period were immersed in acetone to stop cement hydration until the day

of analysis.

Table II-6: Specimens and samples: quantities, dimensions, and corresponding tests.

Test
Compressive strength
Bulk density
Porosity accessible to water
Water absorption
Mercury intrusion porosimetry (MIP)
Carbonation depth
Scanning electron analysis (SEM)
X-ray diffraction analysis (XRD)
Thermogravimetric analysis (TGA)
pH

Mass loss method

Water content ( pre-conditioning

Prepared specimens
Cubic 10 cmx 10 cm x 10 cm
Cubic 10 cmx 10 cm x 3 cm
Cubic 10 cmx 10 cm x 3 cm
Cubic 10 cmx 10 cm x 3 cm
Specimen fragment
Cubic 10 cmx 10 cm x 10 cm
Specimen fragment
Powder
Powder
Powder

Cylinders 4 cm x 10.4 cm

Cubic 10cmx 10 cm x 3 cm

Tested specimens/samples
6
9
9
9
1 fragment = 10 mm?
3
1 fragment = 5 mm?
1 sample = 100 mg
3 samples = 170 mg
3 samples 1.5 g

3

10

phase)

33 Curing regimes

In the carbonation curing regime, the specimens undergo an initial in-mold curing phase at 20
°C and 50% RH for 7h. After the initial curing period, the samples are removed from their molds and
pre-cured at 60 °C for 17 h to eliminate free water. Following this 24h step, the specimens are transferred

into a carbonation chamber for carbonation curing under controlled conditions.

Before finalizing this protocol, preliminary trials were conducted to evaluate the effectiveness
of the pre-curing phase. Initially, the pre-conditioning process did not include the 60 °C drying step.
Instead, the specimens were air-dried to eliminate free water. However, after 24h of carbonation curing,
no detectable carbonation front was observed. Hence, the air drying alone was insufficient to remove
adequate moisture from SSC specimens, potentially hindering CO, diffusion and subsequent
carbonation reactions. Consequently, elevating the temperature to 60 °C was needed to optimize
moisture removal and enhance CO, uptake. Humidity sensors were used during this step to monitor
internal moisture levels at depths of 1.5 cm and 3 cm. After 17h in the drying oven, measurements
revealed that the internal RH had stabilized at 65%. Therefore, it was decided to terminate the pre-

conditioning at 17h and proceed with carbonation curing to avoid water starvation.
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Moreover, during carbonation curing, the CO,-sealed chamber humidity was maintained at
70%, the maximum recommended level, to ensure sufficient moisture availability for cement hydration.

As a result, post-preconditioning was deemed unnecessary and excluded from the final protocol.

3.3.1 Comparative curing regimes

The two other curing regimes are sealed and water curing (called standard curing). In sealed
curing, the SCC specimens undergo the same pre-conditioning step as in carbonation curing. After 24h,
they are wrapped with aluminum adhesive tape and stored in a climatic chamber at 70% RH. Regarding
standard curing, after an in-mold curing of 24h, the specimens were immersed in high-purity water.

These curing regimes, with carbonation curing, remain in effect until the day of testing.

The employment of standards and sealed curing regimes primarily aims to prevent CO;
penetration, thus facilitating the accurate calculation of the quantity of CaCOs; formed during
carbonation curing. Additionally, the standard curing regime guarantees complete hydration of the
cement, allowing us to assess the impact of carbonation curing on the mechanical properties of SCC

mixes. Table II-7 outlines in detail the specifications of the curing regimes.

Table II-7: Curing regimes parameters.

Pre-curing (24 hours)
In-mold (7 hours) De-mold (17 hours)

Temperature (°C) Relative humidity (%) Temperature (°C) Relative humidity (%)

20 60 60 -

Carbonation curing

Temperature (°C) Relative humidity (%) CO; Duration (days)

25 70 20 1-7-28-90

Sealed curing
25 70 0 1-7-28-90
Standard curing

25 90 - 1-7-28-90
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4  Experimental procedures

4.1 Physical and mechanical characterization of raw materials

4.1.1 Particle density

The particle density of LS, SSP, and cement was measured using a Micromeritics AccuPyc 1330
helium pycnometer, according to NF EN 1097-7 [278]. This method allows the determination of the
absolute density of a solid with a known mass by measuring the true volume of its solid framework. The
volume is determined by the displacement of helium, which can penetrate even the smallest voids

between particles, providing an accurate measurement of the material’s particle density.

4.1.2 Blaine specific surface area

The Blaine specific surface area was determined using the air permeability method; according
to NF EN 196-6 [279]. This technique evaluates the fineness of a powdered sample by measuring the
time required for a fixed volume of air to pass through a compacted sample bed. Before measurement,

the samples, particularly LS and SSP, were dried and sieved to remove any particle agglomeration.

4.1.3 BET specific surface area

The BET specific surface area was measured using a Micromeritics 3Flex 3500 instrument,
according to ISO 9277 [280]. This technique determines the amount of nitrogen adsorbed onto the
particle surfaces, capable of penetrating all voids within the sample. By measuring the quantity of
nitrogen adsorbed and applying the ideal gas law, the specific surface areas of LS, SSP, and cement were

calculated according to the Brunauer—Emmett—Teller (BET) model.

4.14 Rigden voids

The Rigden Voids Test was employed to determine the packing capacity and void content of the
LS and SSP. The test was conducted in accordance with EN 1097-4 [281], which specifies methods for
evaluating the void volume of dry-compacted fine materials. The test aims to assess the maximum bulk
density of each precursor, achieved when it is compacted in a dry state within a cylindrical mold using
a compaction hammer. The bulk density is defined as the ratio of the dry mass of a compacted sample
to its bulk volume, which includes both the solid particle volume and the voids between particles. The
void content, expressed as a percentage of the total volume, is then calculated using Eq. II-1.

4.10%.m?

V=(————|%100 Eq. II-1
<1T.a2.pf.h> q

Where:
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- V:voids in percent.

- m: mass of the compacted filler in grams.

- o inner diameter of the dropping block cylinder in millimeters.
- pf: particle density of the filler in mega grams per cubic meter.

- h: height of the compressed samples in millimeters

4.1.5 Loss On Ignition (LOI)

The loss on ignition, employed to quantify the organic matter content in SSP and LS, was
conducted according to NF EN 1535-5 [280]. The precursor samples were placed in crucibles and heated
in a muffle furnace at 550 °C £25 °C for 3h. The LOI, expressed as a percentage of the dry sample,

represents the mass loss that occurs during heating and was calculated using Eq. II-2.

L 0L — me — My
(0] (/0) = m X 100 Eq. 1I-2

c a
Where:

- m¢: mass of the crucible with the dried sample.
- mg: mass of the crucible with the ignited sample.

- mg: mass of the empty crucible.

4.1.6 Laser Diffraction Particle Size Analysis

The particle size distribution of the binder constituents was determined using a Beckman
Coulter LS13320 laser diffraction granulometer, operating on the principle of light scattering according
to ISO 13320-1 [282]. For the <124 um SSP and LS particles, the powders were dispersed in water and
analyzed while kept in suspension with a stirred bath to avoid settling of coarse particles. For cement,

measurements were performed using a dry dispersion unit to prevent any premature hydration.

4.1.7 Water absorption Kinetics and density

The water absorption and density of the aggregates (NCA, RCA, and sand) were determined
using the pycnometer method according to NF EN 1097-6 [283]. The test sample was first immersed in
the pycnometer filled with water at 22 °C, ensuring that all trapped air was removed to avoid
measurement errors. Excess water was allowed to overflow, and the pycnometer lid was placed. The
exterior of the pycnometer was dried, and its mass was recorded (M>). The aggregates were then
removed and allowed to drain, after which the pycnometer was refilled with water and weighed (M3).
The drained aggregates were surface-dried (M;) and finally oven-dried at 110 °C to determine their

completely dry mass (M1). The density of water (pw ) was taken at 20 °C.
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To evaluate the water absorption kinetics of RCA and NCA, three samples of each were prepared
and tested at 15, 45, and 90 minutes. The water absorption (WA24) and density (ps) were subsequently
calculated using Eq. 1I-3 and Eq. II-4, respectively.

M; — M
WA24= ! 4

x 100 Eq. II-3
4

M,

—* %y Eq. [1-4
M, — (M, — M) '™ a

Pa =

4.1.8 Aggregates sieve analysis

Sieve analysis of the aggregate was carried out according to NF EN 933-1 [284].

4.1.9 Deval (MDE) test

The wear resistance of coarse aggregates was determined using the Micro-Deval test, in
accordance with NF EN 1097-1 [285]. Three samples of 500 g each, consisting of aggregates passing
the 12.5 mm sieve and retained on the 4 mm sieve, were placed in separate cylinders. Five kilograms of
steel balls and 2.5 L of water were added to each cylinder, and the lids were placed. The cylinders were
rotated at 100 =5 min' for 12,000 £ 10 revolutions. After the test, the aggregates and steel balls were
carefully collected, and the interior of the drums and lids were thoroughly rinsed. The material and all
wash water were then poured over a 1.6 mm sieve, protected by an 8 mm guard sieve, and washed under
a clean water stream. The Micro-Deval coefficient was calculated as the percentage of the original

sample reduced to a particle size smaller than 1.6 mm.

4.1.10 Los Angeles (LA) test

The LA test was conducted according to NF EN 1097-2 [286]. Three samples of 5000 g each,
consisting of aggregates passing the 12.5 mm sieve and retained on the 4 mm sieve, were placed in the
LA drum along with 12 standard steel balls. The drum was rotated at 31 £ 1 revolutions per minute for
500 revolutions. After completion of the test, the material was removed and sieved through a 1.6 mm
sieve. The mass of the material passing the sieve was recorded, and the LA abrasion value was calculated

as a percentage of the original sample reduced to particle sizes smaller than 1.6 mm.

4.2 Rheological characterization

4.2.1 Workability retention: Slump flow test

The slump flow test evaluates the flow capacity of SCC. It is a variation of the Abrams cone

slump test, which measures the SCC spread after a minute using standard equipment typically employed
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for the slump test. The final spread diameter is then determined as the average of two orthogonal
diameters. Additionally, the time required to achieve a spread diameter of 500 mm, denoted as tsoo, is

recorded. This value indicates the SCC’s viscosity.

Following NF EN 12350-8 [287], the two characteristics are assessed at four time intervals: t =
0, t=15 min, t =45 min, and t = 90 min. Nearly 50% of the applications had slump flow values ranging
from 650 to 700 mm, while almost 90% fell within the range of 600 to 750 mm [288]. The target flow
class at t = 0 was SF2, which corresponds to a slump-flow diameter ranging from 660 to 750 mm. The

formed SCC spreads were visually inspected at the end of the flow to determine the VSI.

4.2.2 Segregation resistance: Sieve stability test

As mentioned in the previous chapter, resistance to static segregation is the ability of SCC to
keep its particles suspended without the risk of particle settlement due to gravity or bleeding. Therefore,

the sieve stability test aims to assess the SCC in terms of the risk of segregation.

Following standard NF EN 12350-11 [289], the test involves pouring 10 liters of concrete
immediately after mixing it into a container, covering it to prevent drying, and allowing it to rest for 15
minutes. Then, 4.8 + 0.2 kg of concrete is poured onto the center of a Smm sieve from a height of 50
cm, and the SCC passing through the sieve is collected in a receiver. After 2 min of waiting, the weight

percentage of laitance is then calculated using Eq. II-5.

_ (mps — mp)x 100

me

SR Eq. II-5

Where:

- SR: segregation resistance in percent.
- My total mass of the material that passed through the sieve.
- mp: mass of the sieve receiver.

- m¢: initial mass of SCC placed onto the sieve.

4.3 Hydration kinetics

The heat of hydration of the SCC mixes is measured according to NF EN 196-9 [45], using a
semi-adiabatic method (Langavant type) over 72 h. After 3 minutes of mixing, the SCC was poured into
the cylindrical metal container and placed inside the insulated calorimeter. The heat of hydration (Q) is
measured using Eq. II-6. The test aims to assess the effect of precursors on the heat released during

cement hydration, thereby providing insights into their potential effects on the CO, uptake of concrete.
(]/)—Ce+1jt X 0, X dt Eq. 11-6
QU/9)= m, T m, . a t q. -
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Where:

4.4

c: total thermal capacity of the calorimeter, in J K!

m.: mass of cement contained in the test sample, in g.

t: hydration time, in h.

a: coefficient of heat loss of the calorimeter in J h™ K.

O difference in the temperature of the test calorimeter compared with that of the reference

calorimeter at time t, in K.

Mechanical characterization

The hardening properties of the SCC are determined by performing a compression strength test

according to NF EN 12390-3 [290]. The six specimens are trimmed and tested in compression using

a 3 RO compression machine with a capacity of 4000 KN and a loading rate of 0.6 MPa/s.

4.5

Bulk density, porosity accessible to water, and water absorption

The water-accessible porosity, water absorption, and bulk density of the hardened SCC are

evaluated according to NF P 18-459 [291]. The test involves placing the specimens under vacuum at 25

mbar for the first 4 hours, followed by 44 hours in water, with the pressure remaining constant. The bulk

density (pu), expressed in kg/m?®, the porosity accessible to water (g), expressed as a volumetric

percentage, and the water absorption (w) are then calculated using (Eq. 1I-7, Eq. 1I-8, and Eq. 1I-9),

respectively.
Mair Eq. I1-7
py=——2C %100 q. II-

¢ Mair - Mwater

- Mdr
(%) = —— Y% 100 Eq. I1-8

Malr Mwater
W(%) water dry % 100
Mary Eq. 11-9
Where:

- M.ir mass of the sample in air.
- Myt mass of the specimen submerged in water.
- Muy: mass of the dried specimen at 105 °C, or at 60 °C for SCC containing RCA, until

constant weight is reached.
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4.6 Pores analysis: Mercury intrusion porosimetry (MIP) test

The total porosity and pore size distribution measurements were conducted using the MIP
method, in accordance with ISO 15901-1 [292], using a Micromeritics AutoPore V 9600 porosimeter.
The instrument performs low-pressure measurements ranging from 0 to 345 kPa, corresponding to pore
sizes between 360 um and 3.6 um. It also conducts high-pressure measurements from atmospheric

pressure up to 228 MPa, covering pore sizes from 6 pum down to 0.005 pm.

4.7  Microstructural analysis

4.7.1 Thermogravimetric analysis

TGA/DTG analysis involves continuously recording mass variations of the powdered SCC
sample as its temperature increases from 25 °C to 1200 °C, with a heating rate of 10 °C/min in nitrogen,
using a thermo-gravimetric analyzer Jupiter STA 449 F5. The analysis aims to quantify the hydrates,
primarily C-S-H and Ca(OH),, within the temperature range corresponding to their dehydration.

The CO, uptake of SCC mixes is not estimated by quantifying CaCO; within the temperature
range of its decomposition in TGA/DTG curves to avoid confusion with the CaCOs3 contributed by the
SCC precursors. However, the TGA method is not entirely accurate as it is based on several assumptions.
The method assumes that only C-S-H and Ca(OH), participate in carbonation, excluding the carbonation

of other hydrates.

The method assumes: (i) during the C-S-H carbonation, the reaction leads to its complete
decalcification and produces water; (ii) the mass loss occurring between 740-920 °C corresponds only
to CO; release. The small amount of TGA samples and their possible inhomogeneity represent sources
of error in estimating the initial amount of CaCO3 before carbonation. The DTG curves may not clearly

show the decomposition peaks of the metastable polymorphs, especially if their content is too small.

The TGA/DTG analysis was also conducted to evaluate the thermal behavior of LS, SSP, and
the adhered old mortar in RCA.

4.7.2 X-ray diffraction analysis (XRD)

In perfectly crystalline samples, XRD allows the quantitative determination of many sample

characteristics:

- The phase fractions corresponding to the various phases (hydrates, CaCOz polymorphs
...), which can be formed or decomposed during the various processes (from the raw
precursors to concretes and their carbonation curing, aging ...). Indeed, each crystalline
phase exhibits diffracted intensities specific to its crystal structure, texture, microstructural

state ...
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- The structure of each phase (atomic arrangement, atomic displacements, unit-cells ...)

- The crystallographic texture (preferred orientation of its crystallites) of each phase. This
can be important, specifically in clay-containing samples

- The mean crystallite sizes (diffracting coherent domains), their shape, and distribution

- The residual stresses of the crystallites

However, in concretes, samples are mixtures of crystalline and more or less amorphous phases,
which makes their quantitative determination a bit more complex. In such materials, simple peak
identifications (as mostly practiced in the literature) from positions are strongly subject to mistakes, and
cannot be certain for quantifications. Only Rietveld analysis (§ 4.8.3.2) can pretend a proper
determination in the majority of cases. Even using Rietveld analysis, some assumptions have to be made
concerning the C-S-H gels, for which proper initial models must be chosen for the starting crystal phases
(i.e., CsS, C5S, C-S-H, C4AH ...). We used the Le Bail approach [293] to represent these gels in the

diffraction diagrams.

The measurements were performed using two different instrumental setups. A first setup
consisted of a usual laboratory instrument, an X-Pert Pro Panalytical diffractometer operating with a Fe-
filtered Co Kou/Ka, radiation (MKa; = 1.789010 A and AKa,= 1.792900 A) and equipped with an
Xcelerator linear detector, in the 06-20 reflection mode. Using only filtered radiation allows reasonably
quantitative estimates for not too complex diagrams. For instance, for a single phase (e.g., Figure 1I-10a),
most of the sample characteristics can be obtained. However, one can be observed from this figure that
the remaining Kf3 radiation is still present (the filter removes approx. 98% of'it) and that the filter creates
an absorption edge (near 26=30°). Such signatures would prevent any quantitative determination for

complex samples, and we decided to operate the measurements on more resolved instruments.

We got the opportunity to benefit from synchrotron radiation at the ESRF facility under the
Momentum Transfer program of the 4-year EU project OSCARS [293]. We could measure 15 powder
samples, including carbonated samples, at the ID31 beamline in transmission mode, using high-energy
X-rays (~75 keV). The detector used on this instrument is composed of 48 detecting elements in a Pilatus
CdTe 2M flat panel, placed at 1.5 m from the sample (Figure 11-10.b). Such measurements ensure the

largest possible resolution and overall conditions for precise determinations.
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Figure II-11: Example of a Debye-Scherrer experiment at ID31 for a) The LaB6 660b NIST powder used to
calibrate the instrument contribution and b) the LS-RCA 1-day carbonated sample.

Once the detector image is acquired, an integration over the rings is operated in order to
reconstruct a 20 diagram for the Rietveld analysis. We will only show such a 1D-integrated diagram and

the corresponding fits in the next chapters.

The entire profile refinements were carried out following the Rietveld method as implemented
in the MAUD (Materials Analysis Using Diffraction) [294]. MAUD uses an extended Rietveld code
able to model and fit all characteristics (structure, texture, phase fractions, stresses ...) together [295].
In our samples, when necessary, standard function models were used to account for texture presence for
some phases. In all samples, the crystallite sizes and microstrains of the main crystalline phases (i.e.,
quartz and calcite) had to be modeled. In some samples, we also had to practice this on some minor
phases. We used either an isotropic or an anisotropic size and microstrain model to achieve this, using

the Popa approach [296].

4.7.3 Scanning Electron Microscopy (SEM)

SEM analysis allows examination of particle morphology of SSP and LS particles, the surface
characteristics of NCA and RCA, the ITZ structure and packing density of SCC cured under all curing
regimes. For SCC, it provides insights into hydration progression and phase transformations, including
CaCOs formation and hydrate alterations, only if the corresponding phases can be identifiable from their

crystal and/or grain shapes, since SEM does not probe crystal planes. The sample’s microstructure was
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examined through a Carl ZEISS SUPRA 55 microscope in secondary electrons mode, using an applied
voltage of 3kV, a 60 um diaphragm aperture, and a working distance of 3-5 mm to avoid charging as
much as possible. The observations were performed on non-coated bulk samples glued with carbon

conductive tape on the pad and surrounded with silver lacquer.

4.8 Carbonation characterization

4.8.1 Pre-conditioning step monitoring

The pre-cured specimens are evaluated based on their water content, constituting an input for
the carbonation mechanism. The water content (w) of SCCs is determined according to NF EN 1097-5
[297]. Subsequently, the mass loss of the samples is recorded hourly during the drying phase at 60 °C,
and the corresponding w (%) is calculated using Eq. II-10.
M;— M¢

w (%) = — Eq. 1I-10
i

Where:

M:;: mass of the fresh SCC sample.
Mzt mass of the sample after drying at 105 °C, or at 60 °C for SCC containing RCA.

4.8.2 Carbonation depth: Phenolphthalein spray test

The phenolphthalein solution is typically used as a pH indicator to assess the alkalinity of the
concrete that has undergone carbonation. The phenolphthalein solution is colorless, turns purple when
the pH ranges between 9 and 13, and remains colorless when the pH is below 9. The carbonation depth
is assessed unidirectionally by exposing one surface to CO, or generalized by exposing all the surfaces
to CO». Generally, 4 to 5 readings are taken on each surface, spaced 1 cm or 2 cm apart, depending on

the sample's shape, and collected at different ages of curing [298,299].

The carbonation depth of SCC mixes is assessed according to NF EN 12390-12 [300]. The test
considers both unidirectional (one surface exposed) (Figure II-12a) and generalized (all surfaces
exposed) carbonation (Figure 1I-12b). Therefore, the carbonation-cured SCC specimens were broken
into two pieces. The cross-sections of fractured specimens were sprayed with a phenolphthalein solution,
and carbonation depth was measured using a digital caliper, averaging 20 readings for generalized

carbonation and 8 readings for unidirectional exposure, taken at 2 cm intervals (Figure 1I-12).
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Figure II-12: Schematic illustration of carbonation depth measurement: (a) unidirectional and (b)

generalized CO; exposure.

4.8.3 CO; uptake assessment
4.8.3.1 Thermogravimetric analysis

The CO, uptake of SCC mixes prepared for this study is estimated through three steps. (i)
calculating the initial mass of the C-S-H gel and Ca(OH),, the mass of the hydrate participating in the
carbonation reaction, by subtracting their amount in sealed cured samples from their carbonated-cured
samples (Eq. II-11 to Eq. II-16). (ii) calculating the mass of CaCOs resulting from their carbonation (Eq.
II-17 to Eq. 11-22). (iii) calculating the total CaCOs resulting from each carbonation reaction. The total
obtained is used to calculate the CO, uptake (Eq. 1I-24) of the four mixes (Eq. 1I-23). Table II-8

summarizes the steps to estimate the CO, uptake.
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Table II-8: CO, uptake calculations, with CC referring to CaCO:s.

Step 1: Hydrate content participation in carbonations

M c_s—Hini = M c-S—H sealed — M c-S—Hcarbonated Eq 1I-11

Reaction mechanism of C-S-H

1.7Ca0. Si0,. 4H,0 — 1.7CaO0.Si0,.1.3H,0 + 2.7H,0 Eq. II-12
_ Amyspec-gzs°c XMcos-n Eq. 1I-13
Me sy = M
H,0
mCa(OH)zini =m Ca(OH), sealed — m Ca(OH);, carbonated Eq. 11-14

Reaction mechanism of Ca(OH),

Ca(OH), —» Ca0O + H,0 Eq. II-15
_ AMyysoc-s530°c X Mcacom, Eq. I1I-16
Mcaon), = My o
2

Step 2: CaCOs3 content from C-S-H and Ca(OH), carbonation

Reaction mechanism of C-S-H

1.7Ca0. Si0,. 4H,0 + 1.7C0, — 1.7CaC0; + Si0,3H,0 + 0.7H,0 Eq. 11-17
m CCC—S—H = N¢c_s-H x 1.7 Eq 11-18
Nc_s-p = Mc s—fini/Mc-s-u Eq. II-19

Reaction mechanism of Ca(OH),

Ca(OH), + CO, - CaCO5 + H,0 Eq. 1120
mCCcacon), = Ncacon), X Mcaco, Eq. 121
Ncy = Mca(oH),ini/ Mca(on), Eq. II-22

Step 3: Total carbonation (total CaCOs3)
m CaCo03 ot = CaCO3C_S_H + CaCO3Ca(0H)2 Eq 11-23

Mco, = M cacos o X Mco,/Mcacos, Eq. 11-24

4.8.3.2 X-ray diffraction: Semi-quantitative analysis of CO, uptake

To support a more quantitative interpretation, Rietveld refinement was conducted on the
diffractograms, enabling the estimation of the relative weight fractions of the crystalline carbonation
phases. This method provides a semi-quantitative perspective on CO, uptake, connecting the extent of

carbonation to measurable changes in phase composition.
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e Rietveld method

The Rietveld method is a powerful least-squares fitting technique developed in the late 1960s
[301]. Its development was originally motivated by the need to analyze neutron powder diffraction data
using monochromatic beams, and it was later adapted for X-ray diffraction. In this method, least-squares
refinement (mathematical approach) is performed to find the best fit between the entire observed powder
diffraction pattern taken as a whole and the corresponding calculated pattern, by minimizing the squared
differences between the observed and calculated intensities. In simpler terms, the Rietveld method
involves adjusting the model parameters so that the calculated pattern closely matches the experimental

data.

In practice, the calculated intensity y.;at each data point i in the diffraction pattern (at position
26;) is obtained by summing the contributions of all reflections k from all phases ¢ present in the sample
x. These calculated values are then compared with the measured intensities y;, and the refinement
proceeds. The quantity minimized in the least-squares refinement is the residuals, Sy (Eq. II-25), and the

sum is over all measured points [302].
Sy = Z wi (¥i = Yei)? Eq. 1125
i

Where:

- wi= 1y
- yi=observed intensity at the i th step.
- ye«= calculated intensity at the i th step.

With MAUD [302-305], in particular, the residual function is referred to as the Weighted Sum
of Squares (WSS). The calculated intensity incorporates the calculated contribution from neighboring
Bragg reflections plus the continuous background of the diffraction pattern (Eq. I1-26).

Ng K

fo
Yic = Yip + Sg Z ) Z JokLpiPor |For|* Qo1 (26, — 26,) Agyi Eq. II-26
=1 9 k=x,

Where:

- Syt scale factor, proportional to the volume fraction of each phase in the sample.

- Jgk: Lorentz-polarization factor at point i. This parameter is linked to the instrumental
geometry and the incident light polarization.

- Py : component of the pole figure of the phase @. This parameter takes account of the
preferred orientations of the crystallites, if any.

- Fpy: structure factor of phase @ for the k™ reflection.
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- £y diffraction peak profile.
- Aggi: sample absorption factor. For non-isotropic sample shapes, both probed volumes
and absorption paths through the sample vary and have to be corrected for during the

measuring scan

In powder diffraction, the observed diffraction peaks are superimposed on a smooth background
signal, which must be accurately modeled to extract reliable peak intensities. Therefore, the continuous
background function, y;, must account for (i) the instrument's contribution, including electronic noise,
detector noise, air scattering, parasitic wavelengths, and fluorescence, (ii) the sample environment,
including possible scattering or diffraction, and (iii), if significant, cosmic radiation. The sample itself
also often constitutes a major part of the background, due to effects such as Compton scattering and

fluorescence. A simple way to model y; is as a polynomial in 26 of degree N,, s (Eq. 11-27).

Np
Yip = Z a,(26)" Eq. 11-27
n=0
Where a,, are the coefficients of the polynomial used to model the continuous background, this
formulation allows effective simulation of the background when it varies smoothly, without abrupt
changes such as spurious peaks. In practice, increasing the polynomial degree beyond 5 typically does

not result in a significant improvement in background fitting.

The refinement simultaneously accounts for crystal structure, diffraction optics effects,
instrumental factors, and specimen characteristics. Parameters refined include overall pattern intensity
(scale factors), peak profile (width and shape), peak positions (unit cell parameters and zero-point
correction), background contributions (polynomial terms), and atomic thermal factors. A key feature of
the refinement is the feedback during the iterative process, where improved knowledge of the structure

simultaneously enhances the allocation of observed intensity to partially overlapping Bragg reflections.

A reliable refinement is built not only on correct modeling but also on meticulous experimental

practice at every step. The practical aspects of a typical Rietveld refinement include:

Data collection. Before data collection, it is crucial to ensure that the instrument is properly
aligned and calibrated, using the most suitable radiation, the wavelength, appropriate sample preparation
and thickness, slit sizes, and necessary counting time. The choice of radiation source (laboratory X-rays,
synchrotron X-rays, or neutrons) strongly affects data quality, with each having specific advantages and
limitations. Smoothing or over-processing of raw data must be avoided. Raw data should not be

smoothed or over-processed, as this can introduce errors.

Background contribution. The background can be treated basically by two approaches, either

by subtraction or refinement. The former is typically performed by linear interpolation between selected
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points between peaks and then subtracted. This approach is straightforward when the peaks are well
separated, but it becomes challenging for overlapping peaks and may require repeated adjustments. The
latter is based on empirical or semi-empirical functions that allow simultaneous optimization with
structural parameters. However, the accuracy of this approach depends on the function’s ability to

represent the true background. A combined approach often yields the most reliable results.

Peak-shapes function. The peak shapes reflect both sample characteristics (size, strain, defects)
and instrumental effects (radiation and geometry). Therefore, accurately describing them is critical for
a successful Rietveld refinement. The analytical pseudo-Voigt approximation of the Voigt function is
widely used to describe peak shapes in Rietveld refinement. However, regardless of the selected peak-
shape function, peak ranges must extend sufficiently beyond the full width at half maximum (typically
1020 x FWHM) to capture the tails, especially for Lorentzian-dominated peaks, as underestimating

this range can lead to significant intensity errors.

Profile parameters. When only a partial structural model is available, a structure-free approach,
typically a Le Bail refinement, is recommended for initial profile fitting to align calculated and observed
peak intensities; otherwise, the calculated intensities may deviate significantly from the observed ones.
Peak positions should first be corrected by refining the unit-cell parameters and 20 offsets, using internal
or external standards as needed. Once aligned, the other profile parameters, Full Width at Half Maximum

(FWHM), peak asymmetry, and instrumental broadening can be refined.

Completing the structural model. The refinement of the structural parameter starts once the
structural model is complete; if not, difference Fourier maps can be used to locate the missing atoms of
the current model. Overlapping reflection intensities can be estimated from the partial model to create a
pseudo single-crystal dataset and an approximate electron-density map. By subtracting the model-
derived electron density from that obtained from the observed intensities, a difference map reveals
regions not yet represented in the model. Maximum-entropy methods can further reduce noise and
clarify missing features. Correct scaling of the calculated pattern to the observed data is crucial; high-
angle reflections are typically used to determine the scale factor until the model is complete, after which
the map can guide the addition of missing atomic positions. In our case, we started using a well-defined
tabulated structure from the Crystallography Open Database [306] and did not modify the atomic

positions of the structure. Only unit-cell parameters were fitted.

Refining the Structure. After the structural model is complete and other parameters are set,
Rietveld refinement begins, with the number of cycles increasing as the structure’s complexity increases.
The process starts with heavier atoms, followed by lighter ones, and then all atomic positions are refined
together. Thermal and occupancy parameters are sensitive and may require constraints or additional data
for accuracy. Refinement continues until shifts are minimal, and all structural and profile parameters are

refined together for reliable results.
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Restraints. Powder diffraction data, being a one-dimensional projection, lose some three-
dimensional structural information. To compensate for this loss, geometric data from similar structures,
such as typical bond lengths and angles, can be incorporated into Rietveld refinement. These geometric
restraints can either increase the number of observations or reduce the number of parameters. Overall, a
restraint is a rule applied during refinement to ensure the structure remains chemically and physically

reasonable.

Number of observations. In powder diffraction, each point measured in the profile is
considered an observation. However, not every point provides unique information about the structure.
Only the integrated intensities of individual reflections are truly independent for refining structural
parameters. Overlapping peaks reduce the number of unique observations. If a refinement attempts to
include more parameters than the data can support, the results become unreliable, which is reflected in

very large standard deviations

Estimated standard deviations (e.s.d.’s). These numbers, which appear in parentheses after a
value, reflect the precision of refined parameters in Rietveld refinement, but not necessarily their
accuracy. Their calculation varies among refinement programs, most of which assume that counting
statistics are the sole source of error, thereby neglecting systematic contributions such as background
misestimation, peak-shape inadequacies, or deficiencies in the structural model. Consequently, e.s.d.’s
often underestimate the true uncertainties associated with the refined parameters. For this reason, it is
essential to specify the method used to calculate e.s.d.’s when reporting results, and to ensure that
derived quantities (e.g., interatomic distances and bond angles) are evaluated using the full correlation

matrix rather than only its diagonal elements.

R values. To distinguish a good refinement from a poor one, several discrepancy indices are
employed in Rietveld analysis, including the goodness-of-fit (¥?) and various R factors (agreement

indices). Among these, the most widely used is the weighted-profile R value (R,;,), defined as (Eq. I1-28).

1/2
Rup = {Z w; [y:(0bs) — y;(calc))? / 2wl (obs)]Z] Eq. 1128

Where y;(obs) represents the observed intensity at step i, y;(calc) the calculated intensity from
the model, and the w; statistical weight. R,,, measures the degree of agreement between the experimental
diffraction pattern and that calculated from the refined structural model. However, it can be misleading
because it is affected by the background level. Therefore, many programs also report R,, without the

background contribution.

In the ideal case of a perfect model, the squared differences between the calculated and observed
intensities, (y;(obs) — y;(calc))?, are statistically consistent with the measurement uncertainties,

c2(y;(obs)). When are weighted by w;= 1/52 (y;(0obs)), their average becomes 1, meaning that R,,
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reaches its theoretical lower bound for the dataset, which is referred to as the expected R-factor R.., (Eq.

11-29).The ratio between these two quantities defines the goodness-of-fit indicator (y*) (Eq. 11-30).

1/2

N
(N - P)/Z w;Y; (obs)z] Eq. I1-29

Rexp =

Where N and P are the number of observations and the number of parameters
X2 = (pr/Rexp)z Eq I1-30

During the refinement process, y* starts large when the model is poor and decreases as the model

produces better agreement with the data (Table 11-9).

Table I1-9: Interpretation of ¥ values in Rietveld refinement [302].

¥* value Interpretation

Impossible in theory

In practice, it can happen when proper statistics have
been lost during image integration
Unfortunately, this happened in our case on the
diffraction data

P*<«1

Refinement is statistically consistent

Data quality limits discrimination between different
models if close to 1. Usually, values below 2 give
acceptable results
Does not guarantee the model is unique or correct.
Fitted parameters require inspection of physical
reality

r=1

Underestimated uncertainties

Systematic errors not included (background, peak-

1 shape issues)

Incomplete or incorrect structural model

Very high precision data: minor misfits amplified

Given these R values, Brian [304] stated, “ In my experience, the most important way to
determine the quality of a Rietveld fit is by viewing the observed and calculated patterns graphically

and to ensure that the model is chemically plausible.”
4.8.3.3 Mass loss method

The specimens were initially dried in an oven at 105 °C for 24h to remove moisture. Following
this drying stage, the specimens were subjected to a controlled thermal treatment in a muffle furnace.
The furnace temperature increased from 25 °C to 525 °C at a controlled heating rate, reaching the target

temperature within 49 minutes, after which it was held at 525 °C for 2h. Subsequently, the temperature
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was further raised from 525 °C to 1000 °C at a controlled heating rate, attaining the set temperature
within 49 minutes, and maintained at 1000 °C for an additional 2h (Figure 1I-13). Afterward, their CO»
uptake is determined using Eq. II-31 [252].

co %) = AmMs;50c-1000°C carb — AMs25°c-1000 °C NCarb
Zuptacke( 0) =

x 100 Eq. 1131
My g0 °C

Where:

- Am sp5ec-1000°Cearb: Mass loss between 525 °C and 1000 °C of carbonated and noncarbonated

samples.

- Mioooec : sample mass after 1000 °C.

1200
Segment 4: 2h
1000 °C
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g
E/ Segment 2: 2h
g 600 525°C
2
g
& 400

200

0
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Time (h)
Figure II-13: Temperature segments corresponding to the mass loss process.
4.8.4 pH

As carbonation leads to a drop in pH, pH is measured at each stage of carbonation curing. The
pH of each mix is measured at three regions of the specimen’s face: (1) colorless region (carbonized
surface); (2) pale pink colored region (partially carbonized surface); and pink colored region
(uncarbonized surface). The ex-situ leaching method is used to determine pH. This method involves
mixing powdered SCC with a solvent. The samples are extracted from the specified regions, manually
ground, and sieved through a 60 pm sieve. The passing powder is blended with distilled water with an
L/S ratio of 1. The liquid suspension is agitated for 3 minutes. Afterward, the liquid is filtered, and the

pH is immediately measured using a digital pH meter.
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1 Introduction

This chapter analyzes the properties of the four SCC mixes studied under standard curing
conditions. The discussion begins with evaluating the hydration kinetics of each SCC mix, providing
insight into their early-age reactivity. The focus then shifts to the examination of key fresh-state
properties. The chapter further evaluates the development of the mechanical and physical performance
of hardened SCC specimens. Finally, it examines the microstructural characteristics of each mix,

providing a deeper understanding of the internal changes that occur during hydration.

To recenter the reader’s attention, the experimental program focuses on SCC mixes cured under
optimal conditions, i.e., water curing (referred to as standard curing), which serves as a baseline for
assessing the influence of carbonation curing on hardened properties. Figure III-1 presents a schematic
summary of the analyses performed, illustrating the sequential approach adopted in this study, starting
from hydration kinetics and rheological characterization to mechanical, physical, and microstructural
investigations using X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Scanning Electron
Microscopy (SEM), and Mercury Intrusion Porosimetry (MIP).

Standard-cured SCC
caracterization
v v
—{ Fresh properties —{ Hardened properties
—— Hydration heat: Semi-adiabatic calorimetry — Compressive strength
— Wet density — Bulk density
» Rheology — Porosity accessible to water

——> Stability: Sieve segregation — Water absorption

—— Viscosity: Slump flow > Microstructural analysis

—— Workability: Slump flow —  X-ray diffraction (XRD)

Scanning Electron
Microscopy (SEM) analysis

Thermogravimetric
(TGA/DTG) analysis

Pore structure analysis: MIP
testing

Figure III-1: Overview of the experimental program for the characterization of SCC under standard

curing.
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2  Hydration heat of fresh self-compacting concrete: Semi-adiabatic

calorimetry

Figure I1I-2 illustrates the heat of hydration of the four SCC mixes under consideration. Across
all mixes, the hydration process occurs in five stages: (i) pre-induction (rapid dissolution of Cs3S), (ii)
induction (dormant period), (iii) acceleration (rapid growth of C-S-H), (iv) deceleration, and (v) slow

reaction [101].

During the pre-induction or dissolution period, CsS rapidly dissolves upon wetting within
seconds, but the dissolution rate quickly slows down. Two hypotheses explain the rapid decay of this
dissolution rate: (i) the metastable barrier hypothesis, which suggests that a continuous but thin
metastable layer forms around the CsS particles, passivating their surface and thus restricting their access
to water or limiting the diffusion of detaching ions away from the surface; or (ii) slow dissolution step
hypothesis, where the reaction slowing down is explained by the observed roles of crystallographic

defects in the early hydration processes [307,308].

The induction “dormant” period follows the initial dissolution of the C3;S phase and is
characterized by low chemical activity [309]. The length of the induction period may indicate how long
the cement-based material remains workable. The extent to which the induction period is extended or
shortened is linked to several factors [310,311]. The prolonged induction period observed in the LS-
NCA mix may be a consequence of its rheological instability. In other words, the bleeding and aggregate
settlement observed in this mix may increase the local water availability, which dilutes the ion

concentration, and thereby delays the hydration in these areas [312].
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Figure I1I-2: Heat of hydration of SCC mixes with a zoom on the induction period.
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Furthermore, during the acceleration stage, C3S and a small amount of (B-)dicalcium silicate (-
C>S) dissolution accelerate, thereby increasing the rate of C-S-H growth. Concurrently, the Ca>" and
OH™ ions’ concentration steadily rises within the water solution until the Ca(OH). precipitation begins
[313]. The LS-RCA, SSP-NCA, and SSP-RCA mixes exhibit nearly the same hydration heat. These
mixes exhibit the highest exothermic peak, peaking at approximately 49 J.g'.h!, 51 J.g'.h'!, and 43 J.g"
Lh!, respectively (Figure II1-3), which aligns with trends previously reported in comparable systems
[101,106,107,182,264,314]. The corresponding peaks, which correspond to the exothermic hydration of
CsS and C,S, are narrow and occur within a similar time range, around 5 hours. In contrast, LS-NCA
shows the lowest exothermic peak, approximately 25 J-g~'-h~!, and the appearance of this exothermic
peak shifts to 10 hours. This suggests that LS-NCA has the lowest C-S-H growth among the mixes,

likely due to its rheological properties, as will be discussed further in § 3.

The comparison of heat evolution rates between SSP-NCA and SSP-RCA suggests that the
higher water absorption of RCA during hydration reduces the water availability to hydrate C;S;
therefore, the growth of cement hydrates is slightly reduced. Moreover, the difference between LS-RCA
and SSP-RCA may rely on the distinct filler effect of LS and SSP. The difference remains in surface
area contribution and surface properties of the employed fillers. The additional surface area of SSP
compared to LS is expected to offer additional nucleation sites for the heterogeneous formation and

growth of early-age hydration products [315].

Nevertheless, the presence of organic matter in SSP may partially block these sites, thereby
impeding the cement hydration reactions [105]. The intracrystalline organic matrix of SSP consists of
polysaccharides, such as chitin, proteins, and glycoproteins, all of which are rich in amino acids with
carboxyl (-COOH) functional groups [316-318]. In the alkaline pore solution, these organics
progressively decompose, releasing oxygenated functional groups that create negatively charged sites
with a strong affinity for Ca?* (C;S) and AI** (C3A) [319,320]. The chelation of Ca** and binding of AI**
reduce their availability in the reaction medium, thereby disturbing early hydration reactions, including
ettringite formation, and slowing the nucleation rate of C-S-H [110]. Moreover, complexation through
these active oxygenated groups can lead to adsorption onto reactive surfaces, blocking active sites for

the nucleation and growth of hydration products [321].
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Figure I11-3: (a) Rate of hydration evolution and (b) total hydration heat.

During the decelerating stage, none of the mixes exhibited a discernible shoulder peak within
the 18-42h. The observed peak typically indicates the conversion of ettringite into monosulfate. The
absence of this peak is linked to the stabilizing effect of calcite on ettringite and the subsequent formation
of Hc and Mc (AFm phases) (Figure 111-3a) [99]. However, the semi-adiabatic test is not sensitive
enough to confirm whether these transformations are occurring, particularly when ettringite

decomposition is limited.

Regarding the total hydration heat release (Figure III-3b), LS-NCA exhibits a sensibly

comparable cumulative heat release to the other mixes by the end of 75h, with values ranging from 229
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J-g''t0 241 J-g!. This may indicate that despite its delayed and lower peak heat release rate, it eventually

reaches a comparable degree of hydration.

3 Analysis of the Fresh Properties of SCC under Standard Curing

3.1 Workability retention: Slump flow test

Workability retention (indicated by slump flow and tsoo values) was measured for up to 90 min
after the mixing step (Figure I1I-4), revealing a consistent trend across all mixes. Regarding only the
NCA mixes (Figure I1I-4a and b), both show similar spread values, which tend to decrease over time but
remain close to the SF2 range after 90 min of mixing (65 cm for LS-NCA and 62 cm for SSP-NCA).
The two mixes exit the SF2 class approximately 80 min and 70 min, respectively, reflecting the longer

induction period of LS-NCA (Figure 111-4).

The difference in behavior between these mixes is more pronounced when considering tsoo
values. LS-NCA starts at 0.75 s, while SSP-NCA starts higher, at 1.19 s (VS1 class), yet tsoo increases
much more rapidly in the LS-NCA. The initial higher tsoo value of SSP-NCA relative to LS-NCA,
potentially due to the specific physical characteristics of SSP particles and their organic content, which
is often porous and hydrophilic (-COO~ groups in the organic matrix forming hydrogen bonds with
water) [98], both of which increase water absorption. Over time, the higher content of ultrafine particles
in SSP fills most of the voids and redistributes excess water (dilution effect), resulting in lower viscosity

[322,323].

For RCA-based mixes, LS-RCA and SSP-RCA exhibit comparable initial spread, 78 cm and 76
cm, respectively, with minimal divergence until 90 minutes, when LS-RCA experiences a more
pronounced loss in slump. Both mixes are initially classified within the VS1 category and transition to
VS2 after 45 minutes. By 90 minutes, SSP-RCA retains measurable flowability, whereas LS-RCA
becomes markedly stiffer. These differences closely mirror those observed in the NCA-based mixes,

although to a different extent due to the presence of RCA.
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Figure III-4: Slump flow and Tsoo values of (a) LS-based SCC mixes and (b) SSP-based SCC mixes.

Substituting NCA with RCA reduces both flowability and the workability retention period to
approximately 45 minutes, due to an increase in viscosity. After 90 minutes, LS-RCA loses around 44%
of its initial spread flow, about 11% more than LS-NCA. Similarly, SSP-RCA loses around 35%,
approximately 12% more than SSP-NCA.

The reduced workability in RCA-based mixes is further influenced by the porous surface, high
water absorption, and dry state of RCA, which modify the rheology of SCC. As can be seen from
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(Chapter II, Table 11-3), at 24h, RCA exhibit a water absorption coefficient of around 5 %, which is two
times larger than that of NCA. Within 15 min of water immersion, around 82% of the 24h absorption
value is reached for RCA.

Despite the accentuated loss in the flowability of the LS-RCA, which also did not reach the tsoo
value by 90 min, the roughness of the old cementitious matrix surrounding the RCA might
counterbalance some of the increased viscosity and the yield stress by ensuring that the aggregates are
well coated with the cementitious paste and less likely to settle [81]. As a result, the homogeneity and
the thixotropic behavior of RCA-based mixes are improved. Similar effects were observed with air-dried
RCA combined with a water compensation technique, which improved flowability and cumulative

bleeding, as will be discussed in the following section [77,79,324].

Based on these results, it can be suggested that by 45 min, the polycarboxylate superplasticizer
(PCS) begins to lose effectiveness, as differences between the mixes become more evident [325]. It is
reported that SP initially gives a good dispersion effect, typically from 20—-30 min, before slump loss

persists, due to its adsorption onto cement and filler surfaces [326,327].

3.2 Segregation resistance

3.2.1 Visual Stability Index (VSI)

Visualizing the four fresh mixes, the LS-NCA exhibits the largest VSI (Table III-1). As the mix
reaches its final spread, the aggregates settle rapidly, forming a top layer richer in paste and creating a
slight mortar halo in the slump flow patty. During standing periods between successive tests, LS-NCA
behaves differently from the RCA-based mixes, showing stronger thixotropic behavior and more

pronounced bleeding. These visual observations are consistent with the slump flow and tseo results.

The low cohesion between aggregates and mortar limits proper flow, which explains why LS-
NCA takes longer to reach its final spread (Figure I11-4), although this effect is less pronounced in LS-
RCA. In contrast, the SSP-based mixes exhibit lower VSI values, falling within the stable to highly
stable categories, with SSP-RCA demonstrating the best resistance to segregation. Moreover, the use of
RCA in combination with SSP not only enhances the cohesiveness and stability of fresh SCC but also
simplifies the preparation of specimens, making handling and casting easier. Overall, these observations
highlight that combining RCA with SSP improves both fresh-state performance and practical
workability.
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Table III-1: VSI of the four SCC fresh mixes.

SCC VSI operator 1 VSI operator 2 VSI average SCC stability
Stable (S) to
LS-NCA 2 2 2 unstable (US)
LS-RCA 1 1.3 1.15 S
S to highly
SSP-NCA 1 0.7 0.85 stable (HS)
SSP-RCA 0.5 0 0.25 HS

3.2.2 Sieve segregation

Building on the VSI observations, the sieve segregation tests (Figure I1I-5) indicate that both
LS and SSP mixes fall between the two reference limits, SR1 (upper limit) and SR2 (lower limit). As
expected, the LS-NCA mix, which exhibited noticeable bleeding and higher VSI values, also showed
poor segregation resistance (SR). Its SR value is approximately 4% larger than that of SSP-NCA.

The improved performance of SSP mixes can be attributed to the irregular and porous nature of
seashell powder particles, which increases internal friction and interlocking within the paste, enhancing
aggregate stability and reducing segregation consistent with VSI values. More importantly, these tests
further reveal that the presence of RCA in SCC tends to improve resistance to segregation. The observed
behavior is consistent with findings previously reported [328,329].
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Figure III-5: Sieve segregation index of SCC mixes.
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33 Wet density

Regarding the SCC mixes' wet densities (Figure I1I-6a), the LS-NCA mix exhibits the highest
density, at 2303 kg/m>. This latter decreases to 2289 kg/m* when substituting NCA with RCA. SSP-
NCA demonstrates a further reduction to 2280 kg/m?, and the lowest value, 2249 kg/m?, is recorded for
SSP-RCA. The decreasing trend in density is mainly due to the lowest density of RCA (2.21 g/cm?)
compared to NCA (4.46 g/cm?). This trend aligns with previously observed trends showing a linear
decrease in density as the substitution rate of RCA increases, with an average loss of approximately 5%
at 100% of the substitution rate [79]. Moreover, SSP-based mixes consistently exhibit lower densities
than LS-based mixes, which is attributed to SSP's lower density (2.50 g/cm®) compared to LS (2.70
g/em’).

Furthermore, the LS-NCA mix with the highest wet density already exhibited the highest SR,
suggesting that SCC segregation is primarily driven by density differences. In other words, in the highest
SR mix, the bottom layer of the specimens contains a higher concentration of coarse aggregates, which
are denser than the cement paste layer formed at the surface [330,331]. This correlated behavior is shown
in Figure I11-6.
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Figure I11-6: (a) wet density of SCC mixes and (b) relationship between SR and wet density.

4  Analysis of the hardened properties under standard curing

4.1 Compressive strength

The time evolution of the compressive strength for the cubic specimens of SCC mixes is given
in Figure III-7. Despite the delayed hydration rate and high SR of LS-NCA, it exhibits around 8% larger
compressive strength than SSP-NCA on the first day of water curing. The higher compressive strength
of LS-NCA may be attributed to standard curing conditions, which likely compensate for excessive
water evaporation caused by higher bleeding during in-mold curing. The water curing compensates for
this moisture loss and supports the mix’s strength development. Additionally, the crystalline structure of
LS and its surface properties positively influence the early-age compressive strength of concrete with
no significant effect at later stages compared to SSP, consistent with the semi-adiabatic calorimetry

results (Figure I11-3).

After 7 days, the development of compressive strength is more significant in SSP-NCA, with
an increase of around 34%, 13% higher than that observed for LS-NCA. This difference in gain can be
attributed to the distinct particle characteristics of SSP (Chapter 112.1.2). The particles’ rougher surfaces,
porous grains, and higher packing density enhance interparticle cohesion and facilitate better mechanical
interlocking [332-334]. In addition, the continuous refinement of the pore structure by Hc/Mc phases
may further improve the ITZ.
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After 28 days, both mixes reach the same compressive strength of 40 MPa. As reported in [335],
the 28-day compressive strengths of SCC are mainly dominated by the binder composition rather than
the w/b ratio, as in conventional workability concrete. However, after 28 days, the LS mixes continue
to gain compressive strength, whereas the SSP mixes exhibit a moderate decline in compressive strength,

which is not a typical trend reported in other studies [336,337].
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Figure III-7: Compressive strength development of SCC specimens over different curing ages.

Two factors can be the main cause of the observed decrease in compressive strength: (i) the
dilution effect of SSP [103,338], and (ii) the organic impurities in the SSP, which cause it to react
chemically differently from purely mineral CaCOs, as previously discussed in § 2. While this latter effect
may not be particularly detrimental during the first 28 days of curing, it becomes more evident at later
ages (90 days). The perturbation of the hydration process by organic matter may lead to delayed
ettringite formation (DEF) and even late-stage C-S-H growth within the microstructure, generating
internal stresses and promoting the extension of microcracks [339-341], consistent with MIP results,

ultimately reducing the long-term compressive strength of the concrete [110,112,113].

Nevertheless, the RCA mixes exhibit lower compressive strength than their NCA counterparts.
The compressive strengths of LS-RCA and SSP-RCA converge throughout the curing ages and follow
the same increasing trend until the 28" day of curing. At this age, LS-RCA and SSP-RCA showed
moderate reductions of approximately 8% and 11%, respectively, relative to their NCA counterparts.
These results are consistent with those reported in the literature [342,343] and significantly lower
strength loss (i.e., higher strength) compared to values reported in other studies [344,345]. The slight

compressive strength loss is mainly due to the RCA's higher water absorption capacity and lower
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mechanical properties (Figure 1I-6, Table II-3). However, the limited compressive strength loss can be
attributed to the surface roughness of RCA, the high fine content, the dried state of RCA, and the water
compensation method used in the SCC formulation [115,346]. After 90 days of curing (Figure 111-7),
while the compressive strength gap between LS-RCA and LS-NCA remains approximately the same, it
increases to around 14% between SSP-RCA and SSP-NCA.

Furthermore, despite the differences in SR observed across all SCC mixes, compressive strength
remains unaffected. This effect is particularly noteworthy in the LS-NCA mix, which exhibits the highest
segregation resistance and compressive strength at early ages. Overall, the compressive strength
development across all curing ages proceeds without being influenced by variations in SR (Figure 111-8)
[347]. Even if SR were to exert some influence, the values observed in the studied SCC mixes,

particularly LS-NCA, do not reach critical levels that could compromise compressive strength [348].
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Figure III-8: Relationship between compressive strength and sieve segregation index.

4.2 Bulk density

The overall bulk density evolution of the specimens (Figure 111-9) follows the same trend as that
observed for compressive strength. As the hydration process proceeds, the formation and accumulation
of hydration products enhance the packing density of the SCC, improving the bond between the
cementitious matrix and aggregates. In particular, LS-based specimens exhibit a continuous increase in
bulk density throughout the 90 days of curing (Figure I1I-9a), highlighting this trend. As indicated by
Wu et al. [349], an optimal amount of LS maximizes the packing, leading to tighter spacing and more

densely packed C-S-H gel within the ITZ. In contrast, the SSP-based specimens exhibit a comparable
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density to their LS-based counterparts and follow a similar increasing trend up to 28 days. Beyond this

age, their density decreases up to 90 days of curing (Figure I11-9b).

The higher density of LS specimens, whether with NCA or RCA, compared to SSP-based
specimens, is probably due to the LS density being slightly higher than that of SSP (Table II-1). The
density reduction observed in SSP-based specimens may indicate potential microstructural changes, as
will be discussed in § 5.4. One possible explanation may be related to the alteration in the molecular
binders between calcite crystals of the shell fragments. Additionally, regardless of the SCM used, RCA-
based specimens demonstrate a lower density than their NCA counterparts, partly explaining their lower
compressive strengths. The lower density, therefore, is attributed to the lower bulk-specific density of

RCA [83]. These findings are consistent with [350-352].
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Figure III-9: Density evolution of (a) LS-based SCC and (b) SSP-based SCC specimens over curing ages.
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Figure III-10 illustrates this correlated behavior, where regression analysis confirms a strong
linear relationship (R? > 0.91) between the compressive strength development and bulk density across
all specimens. Notably, in LS-based specimens, a small increase in bulk density results in a larger gain

in compressive strength than in SSP-based specimens.
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Figure I1I-10: Relationship between compressive strength and bulk density of (a) LS-based SCC
and (b) SSP-based SCC specimens.
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4.3 Water-accessible porosity

Among the NCA mixes, the LS-based specimens exhibit a slightly higher porosity than their
SSP-based counterparts up to 28 days (Figure I1I-11). The difference noticed during this period may be
attributed to the combined effect of the finer particle size distribution of SSP, the intrinsically lower
specific density of SSP compared to LS (Figure II-2, Table II-1), and the rheological properties of the

fresh LS-based SSC that may favor the formation of voids that remain as open porosity after hardening
(§3.2).

Moreover, while the SSP-based specimens (Figure I1I-11b) show a slight reduction in porosity
after 28 days, the LS-based specimens (Figure III-11a) continue to exhibit a gradual decrease until 90
days of curing. This contrast draws attention to the fact that several studies [112,353,354] have reported
that SSP leads to a highly porous ITZ and introduces a large volume of macropores, primarily caused
by air entrapped by proteins of the organic matrix, which in turn increases porosity and water absorption,
as will be discussed in the following section. In addition, in the highly alkaline pore solution of concrete,
the organics are prone to dissolution or denaturation, similarly contributing to the alteration of these
properties [355]. Considering this, it is reasonable to assume that if the LS-based specimens, particularly
LS-NCA specimens, were rheologically more stable, they would likely exhibit significantly lower

porosity than their SSP-based counterparts.
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Figure I1I-11: Evolution of water-accessible porosity within (a) LS-based SCC mixes and (b) SSP-

based SCC mixes over curing ages.

4.4 Water absorption

The variation in water-accessible porosity in a specific mix directly affects its water absorption
by either providing or restricting pathways for water infiltration into the concrete matrix [356,357]. For
all specimens (Figure I1I-12), changes in water absorption reflect the changes in porosity over time. Up
to 28 days, LS-based specimens show similar water absorption to SSP-based specimens. After 28 days,
water absorption in LS-based specimens gradually decreases, while SSP-based specimens show only

minor change, reflecting the gradual closure of accessible pores during curing.
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Figure III-12: Variation in water absorption capacity of (a) LS-based SCC mixes and (b) SSP-based

SCC mixes over the curing ages.

Regarding RCA-based specimens, the evolution of water absorption in LS-RCA and SSP-RCA
follows the same overall trend observed in NCA-based specimens. The observed changes in water
absorption can once again be linked to the same factors that influenced accessible porosity, showing that
the two properties are closely related. Under the studied conditions, a strong linear correlation is

observed between water absorption and accessible porosity (Figure I11-13).
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Figure III-13: Relationship between water absorption and porosity accessible to water of (a) LS-
based SCC and (b) SSP-based SCC specimens.

5  Microstructural analysis

5.1 X-ray diffraction (XRD) analysis: Phase identification

At this part of the research, XRD provides essential information on the mineralogical
composition of the SCC matrix, allowing the identification of phases originating from both the
precursors and the hydration process. More importantly, it reveals the reactivity of SSP and LS with the
aluminate phases through the formation of Hc/Mc and the extent to which they are present in the

specimens at 28 days of curing.

The XRD patterns (Figure I1I-14) of the SCC specimens indicate a similar mineralogy for all
specimens. Quartz and calcite are the dominant crystalline phases across all matrices. Quartz
consistently exhibits the most intense diffraction peak, followed by the second most intense peak of
calcite (Figure IlI-14a-d). These phases originate from the sand and the LS and SSP precursors. For the
hydration products, secondary peaks corresponding to Ca(OH); and Hc are identified, along with low-
intensity reflections of ettringite and gypsum. Peaks of C3;S and C,S are also detected, together with

minor reflections of aragonite and vaterite.
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Figure I1I-14: XRD patterns of (a) LS-NCA, (b) LS-RCA, (¢) SSP-NCA, and (d) SSP-RCA after 28

days of curing.

101



Chapter III. Analysis of the properties of SCC under standard curing

Rietveld quantification revealed that all specimens exhibit advanced hydration, with unreacted
CsS remaining negligible, only about 0.7%. Comparing Hc content, SSP-NCA specimens reach 4%,
which is double that found in LS-NCA (Figure I1I-15). In contrast, for RCA-based specimens, LS-RCA
contains more Hc (3.6%) than SSP-RCA (2.1%), reversing the trend seen in NCA-based mixes (Table
III-2). This variability makes it difficult to definitively determine which precursor reacts more with
aluminates, although all specimens show moderate reactivity. Mc is not measurable in any of the
systems, as it typically forms only after the complete consumption of gypsum during ettringite

formation.

Ettringite content is lowest in LS-NCA (0.9%), while the other specimens exhibit comparable
levels (LS-RCA 3.6%; SSP-NCA 3.3%; SSP-RCA 2.7%). Therefore, the presumed DEF, which could
explain the observed effects on compressive strength and pore structure in SSP-based specimens, cannot
be confirmed by XRD at a single curing age. This mechanism may result from increased sulfate sorption
by C-S-H at elevated temperatures, leading to ettringite destabilization and monosulfoaluminate
formation. The latter then subsequently transforms back to ettringite due to the slow desorption of
sulphate from C-S-H at ambient temperatures [358]. A more comprehensive assessment of multiple

curing ages would be necessary to clarify its evolution.
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Figure I1I-15: Quantitative phase analysis based on XRD results of SCC specimens at 28 days of

curing.
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Table ITI-2: Numeric phase percentages and reliability assessment of SCC specimens at 28 days.

Numbers in parentheses indicate the standard deviations as 16 on the last digits from the Rietveld refinement.

cif coD L?IS@A ngfl(;& sgvpt-g/oc)A S;Vl:-(RO/gA
Quartz 1011097 54(0.4) #(7) 35.5(6) 42.5(0.3)
Calcite 1547348 25(0.3) 3105) 33.5(5) 32(0.2)
Ettringite 9011576 0.9(0.1) 3.6(1) 3.3(0.1) 2.7(0.2)
Alite-C38 9016125 0.7(0.1) 100.2) 1.1(0.3) 0.001(0.04)
Larnite-C2S 9017424 6.5(0.2) 5.7(1) 6.8(1.1) 8.3(0.3)
Portlandite 1001768 6(0.1) 7.4(1) 7.8(1.2) 5.5(0.1)
CAH (He) 1000459 2.8(0.1) 3.6(1) 40.7) 2.1(0.2)
Albite low 2107372 0.4(0.1) 1.4(0.3) 1.8(0.4) 0.4(0.03)
Muscovite 1011049 0.1(0.1) 1.2(0.3) 2.1(0.5)
Aragonite 2100187 1.6(0.2) 2.4(0.5) 0.04(0.3)
Chlorite 9000158 0.13(0.1) 0.7(0.1)
Orthoclase 9000304 0.3(0.1) 0.7(0.2) 0.6(0.2) 0.8(0.1)
Vaterite 9007475 0.3(0.2) 0.9 0.9(0.2)
Gypsum 1010981 0.2(0.3) 0.2(0.2) 4.8(0.4)

5.2 Thermogravimetric analysis

Figure I11-16 presents the TGA/DTG curves, illustrating the hydration progress of the SCC
mixes. Three main mass loss events can be observed across all SCC mixes' TGA curves: C-S-H
dehydration, Ca(OH), dehydration within the temperature ranges mentioned earlier (Chapter 112.1.2.3),
and the decarbonation of CaCO; occurring between 700 °C and 900 °C. These curves exhibit a

characteristic profile consistent with those documented in previous studies [182,359].
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Figure I1I-16: TGA/DTG curves of (a) and (b) LS-based SCC mixes, and (c) and (d) SSP-based SCC mixes

over different curing ages.

The CaCOj; content primarily originates from the LS and SSP in the SCC mixes rather than from
natural carbonation. Moreover, examination of the DTG curves reveals a small peak within the C-S-H
dehydration domain, occurring between 170 °C and 180 °C in our samples. This peak indicates Hc/Mc
decomposition, supporting the claim that including SSP and LS in the SCC mixes promotes the
formation of these phases [360]. However, it is difficult to detect this reaction in the TGA curves, as

they show only a subtle slope change.

Furthermore, the evolution of hydrate content in SCC mixes across curing ages was evaluated
by integrating the DTG curves into the C-S-H and Ca(OH); ranges ( Figure 111-17). It is well known that
hydration products fill the pores, densify the cementitious matrix microstructure, and ensure inter-

particle binding, with C-S-H being the primary hydrate responsible for the concrete strength.
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Figure I1I-17: C-S-H (black symbols) and Ca(OH), (red) contents in the mixes as integrated from
TGA/DTG curves.

Comparing the C-S-H content in LS-NCA and SSP-NCA, both mixes exhibit similar levels
during 28 days of curing, with slightly higher content observed in SSP-NCA, particularly at 7 days. This
suggests that the hydration of LS-NCA may be slightly delayed at early ages, possibly due to its

rheological properties. Larger porosity in SSP can also contribute to this behavior.

At 90 days, while LS-NCA shows stable C-S-H formation, SSP-NCA continues to develop more
C-S-H compared to what was observed at 28 days. Nevertheless, this increase does not translate into
improved mechanical performance. As will be discussed later, SEM observations reveal poorly hydrated
C-S-H within the SSP-NCA matrix. The poorly formed C-S-H compromises matrix densification and
weakens the intrinsic cohesive capacity of the phase [361]. Moreover, it is more susceptible to the
initiation of microcracks at its interfaces, further contributing to the observed reduction in compressive

strength [362,363].

Comparing the mixes with RCA, LS-RCA exhibits the highest C-S-H content among all mixes,
including SSP-RCA specimens. These later exhibit the lowest C-S-H content across all ages of water
curing, in agreement with the pore refinement trends observed in MIP testing. It is worth mentioning
that it is difficult to attribute the measured C-S-H content in these mixes entirely to ongoing hydration,
as the old mortar adhering to the RCA surface already contains pre-existing C-S-H. This may lead to an

overestimation of the actual extent of hydration.
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In parallel, the evolution of the Ca(OH), content follows a distinct trend within SCC specimens.
LS-NCA specimens exhibit an increase in Ca(OH)> content up to 28 days, followed by a slight decrease
at 90 days. This trend reflects progressive hydration at early ages, reaching a steady state after 28 days.
In contrast, the Ca(OH), content in SSP-NCA fluctuates moderately across curing ages, indicating less
uniform hydration. For RCA-based specimens, LS-RCA specimens show rapid early growth of Ca(OH)
that tends to stabilize at later ages, whereas SP-RCA specimens consistently exhibit the lowest Ca(OH)»

content, suggesting overall lower hydration.

Overall, the TGA/DTG analysis indicates that LS-based mixes exhibit more consistent and
higher hydrate formation than SSP-based mixes, regardless of aggregate type, suggesting a more

efficient hydration process occurring within these mixes.

5.3 Microstructural observations

5.3.1 Interfacial Transition Zone evolution

The SEM images of the ITZ in the four mix specimens allowed observation of its evolution at
1, 28, and 90 days of curing, although the observed details vary depending on the examined region of

the ITZ.

The SEM images after 1 day of curing reveal that ITZ in LS-NCA (Figure I11-18a) is relatively
thin and surrounded by a compact matrix, consistent with its higher early compressive strength. In SSP-
NCA (Figure I1I-18c¢), the ITZ appears even narrower, although small pores are observed in the adjacent
matrix, suggesting slightly less uniformity. For the RCA-based specimens (Figure 11I-18b), LS-NCA
exhibits two distinct ITZs (old and new), reflecting the influence of recycled aggregates and showing a
less uniform structure with minor porosity. In contrast, in SSP-RCA (Figure I11-18d), the ITZ boundaries
and structure are difficult to discern, while the surrounding matrix contains large pores. Overall, the

aggregates are already well-embedded in the mortar matrix, though to different extents.
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Figure III-18: SEM images on top of ITZ of (a-b) LS-based specimens and (c-d) SSP-based

specimens after 1 day of curing.

The SEM images of the different mixes after 28 days of curing (Figure I11-19) reveal further
changes in the ITZ and the adjacent matrix. In LS-NCA, the ITZ, approximately 5 um in length, appears
rougher, with visible crystal growth in the surrounding matrix (Figure III-19a). In SSP-NCA, the ITZ
appears more refined, although microcracks are visible within the matrix, possibly due to stress
concentrations from intense crystal growth (Figure I1I-19c). In LS-RCA, the ITZ is difficult to discern
as the matrix appears to envelop the aggregates, with the adjacent matrix exhibiting features similar to
those of the NCA counterpart (Figure III-19b). In SSP-RCA, measuring the ITZ also remains difficult,
although it appears thicker than in LS-RCA, with a more refined surrounding matrix (Figure I11-19d). It
should be noted that differences in SEM magnification between the images make it challenging to

directly compare ITZ development from 1 to 28 days.
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Figure III-19: SEM images on top of ITZ of (a-b) LS-based specimens and (c-d) SSP-based

specimens after 28 days of curing.

After 90 days of curing (Figure I11-20), the ITZ in LS-NCA appears thicker in the observed area,
with further crystal development in the adjacent matrix (Figure I1I-20a). In SSP-NCA, the ITZ appears
thinner, approximately 2 um in width, with persistent microcracks in the surrounding matrix (Figure
[1I-20c). For RCA-based specimens, although visualizing the ITZ remains challenging, LS-RCA shows
a more porous matrix than its NCA counterpart, but with smaller pores than SSP-NCA (Figure I11-20b).

The matrix microstructure in the latter exhibits larger pores and microcracks (Figure I11-20d).

Although some difficulties were encountered while capturing the SEM images, particularly in
identifying the ITZ in RCA-based specimens, the observations indicate that NCA-based mixes generally
develop a more compact ITZ over time. LS-NCA exhibits a thicker ITZ with uniformly developed
crystals, whereas SSP-NCA shows a thinner ITZ with microcracks. RCA-based mixes are more porous

and irregular, and the two ITZs are not always clearly distinguishable.
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Figure III-20: SEM images on top of ITZ of (a-b) LS-based specimens and (c-d) SSP-based

specimens after 28 days of curing.

Beyond the above differences, the measured ITZ thickness (approximately 5 pm in LS-NCA,
and around 2 um in SSP-NCA at 90 days) is significantly lower than that typically observed in normal
concrete, where 1TZ thickness ranges from 9 pm to 51 um [364,365]. This reduction may be attributed
to the absence of vibration during SCC casting, which limits water accumulation around the aggregates

and, consequently, decreases ITZ thickness [366].

5.3.2 Mortar matrix evolution

The tracking of mortar matrix evolution was carried out through the identification of hydration
products, which was guided by the morphological characteristics reported in previous studies [367—

369].

After 1 day of curing, the mortar matrix in LS-NCA shows early formation of hydration
products, with fibrillar C-S-H intercalated with other hydrates, contributing to an already relatively
dense matrix (Figure III-21a). In SSP-NCA, fibrillar C-S-H is also observed, along with visible Hc

phases, but small pores and microcracks are present (Figure I11-21c).
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In RCA-based mixes, hydration is less uniform. In LS-RCA, C-S-H exhibits a foil-like
morphology, commonly associated with matrices containing high SCM content, along with pores and
microcracks (Figure III-21b). In SSP-RCA, the mortar matrix shows poorly developed hydration

products, with a noticeable presence of anhydrous cement grains (Figure I11-21d).
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Figure III-21: SEM images of the mortar matrix evolution of (a-b) LS-based specimens and (c-d)

SSP-based specimens after 1 day of curing.

After 28 days of curing, the mortar matrix in LS-NCA, LS-RCA, and SSP-RCA does not reveal
substantial differences, although a slight difference in densification is observed, with LS-NCA appearing
denser (Figure III-22a, b, and d). Notably, in SSP-NCA (Figure III-22¢), ettringite growth appears
irregular, randomly distributed, and interspersed among other hydration products. Such development
may indicate delayed ettringite formation, potentially leading to expansion and, consequently,

microcracking within the matrix.
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Figure III-22: SEM images of the mortar matrix evolution of (a-b) LS-based specimens and (c-d)

SSP-based specimens after 1 day of curing.

Overall, SEM observations of the mortar matrix indicate that NCA-based specimens develop
denser, well-structured C-S-H and uniform ettringite. On the other hand, SSP-based specimens show
poorly hydrated C-S-H, irregular ettringite, and persistent pores. This further explains their lower

compressive strength.

5.4  Pore structure analysis: MIP testing

The results of mercury intrusion porosimetry (MIP) analyses at curing times of 1, 7, and 28 days
(Table III-3) reveal a consistent reduction in total porosity across all SCC mixtures with increasing

curing time.

After 1 day, the LS-based specimens exhibit a less porous microstructure than the SSP-based
specimens, with LS-NCA showing the lowest porosity overall. As curing progresses, total porosity
continues to decrease in all specimens. By 28 days, the LS-based specimens display a more pronounced
refinement of the pore system, whereas in the SSP-based specimens, the reduction in porosity appears

to slow down. It is worth noting that these results are considerably lower than those obtained by water-
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accessible porosity § 4.3, with the largest differences observed in the LS-based specimens. We assume
that this difference is linked to their lower rheological stability. This might result in more connected

capillary pores at the macro-scale, which remain accessible to water but not to mercury during intrusion.

Table III-3: Total porosity of the SCC mix specimens.

SCC mix 1 day 7 days 28 days
LS-NCA 12.04 8.83 5.07
LS-RCA 13.07 11.85 8.90
SSP-NCA 15.21 9.06 7.70
SSP-RCA 16.34 10.41 9.77

A closer examination of the pore network structure in the specimens (Figure 111-23) reveals key
differences. After 1 day (Figure I1I-23a), among the NCA-based specimens, LS-NCA’s pore network
structure is characterized by a sharp, well-defined intrusion peak at 32 nm. In contrast, SSP-NCA
specimens exhibit a more varied network with a broader peak at the same diameter, indicating increased
heterogeneity. RCA-based specimens show a different pore structure: LS-RCA displays a network
dominated by larger pores, approximately 226 nm in size, with a sharp intrusion peak, while SSP-RCA
features a dominant peak at 26 nm, accompanied by a secondary one near 180 nm, indicating a more
continuous and interconnected system spanning both fine and coarse pores. These findings indicate a
clear divergence in early-age pore structure between LS and SSP, particularly when combined with

RCA.

After 7 days of curing (Figure I1I-23b), all specimens exhibit a more refined pore structure due
to the progressive formation of hydrates, as their dominant peaks shift toward smaller diameters
compared to 1 day. In LS-NCA, the peak shifts from 32 nm to 26 nm, with a decrease in intensity. SSP-
NCA also shifts to 26 nm but forms a broader, lower-intensity peak, reflecting increased heterogeneity.
In LS-RCA, the dominant peak shifts from 226 nm to 26 nm, overlapping with a secondary feature near
77 nm, reflecting a network composed of both fine and coarser pores. SSP-RCA shows the greatest

refinement, shifting further to 21 nm with a narrow, high-intensity peak.

The trend toward refinement continues across all mixes until 28 days (Figure I11-23c), with a
continuous shift of the dominant intrusion peak. In LS-NCA, the peak shifts from 26 nm to 21 nm with
remarkably low intensity. SSP-NCA shifts to 17 nm with slightly lower intensity. LS-RCA shows a
sharper, well-defined peak at 21 nm. Finally, SSP-RCA shifts further to 13 nm, where the dominant

intrusion peak becomes more intense.
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Figure III-23: Pore network structure of SCC specimens after (a) 1 day, (b) 28 days, and (c) 90 days of

curing.

Overall, the results indicate a progressive refinement of the pore network across all mixes, with
LS-based concretes developing denser structures, while SSP-based mixes retain higher heterogeneity

and porosity. This evolution is consistent with the compressive strength observed at 28 days.

MIP testing also provides pore categories proportion dominating the pore network structure of
the SCC specimens. As mentioned earlier (Chapter 13.7.2), the concrete pore system comprises four
categories according to the pore diameter and their potential impact on performance: harmless (<20 nm),

less harmful (20-50 nm), harmful (50—-200 nm), and more harmful (>200 nm) [370].

Considering these general considerations, the pore size distribution after a day of curing (Figure
II1-24a) indicates the pore system of LS-NCA comprises approximately 60% of pores with diameters
larger than 200 nm, in contrast to 20% in LS-RCA, 46% in SSP-NCA, and 53% in SSP-RCA. Notably,
LS-based specimens exhibit a higher proportion of pore sizes smaller than 20 nm. Within this pore size

range, pores of 0.5—10 nm are occupied with C-S-H [265], indicating a better early hydration of these

specimens.
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Figure I11I-24: Pore size distribution of SCC specimens after (a) 1 day, (b) 7 days, and (c) 28 days of

curing.

After 7 days of curing (Figure I11-24b), the gel pore diameter (<10 nm, shown in pink) increases
across all specimens, with a slightly higher proportion in LS-based specimens compared to their SSP-
based counterparts. Notably, in LS-NCA, the main change in pore size distribution occurs in pores
smaller than 50 nm, whereas in the other specimens, the main changes remain in pores larger than 500
nm, resulting in a coarser structure with an increased proportion of large pores. The limited improvement
in pores larger than 200 nm in LS-NCA specimens can explain their slightly lower compressive strength
compared to their SSP-NCA counterparts. Particularly when pores with a diameter below 20 nm are

directly responsible for creep and shrinkage, rather than being harmful to concrete strength [370].

This trend continues at 28 days (Figure I111-24c), where a more pronounced refinement in the
pore structure is observed in LS-NCA and LS-RCA mixes, characterized by a significant increase in
harmless pores and a corresponding decrease in harmful pores, consistent with previously observed

trends [359]. This observation suggests a more refined pore structure in these mixes, attributed to
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enhanced hydration kinetics. In contrast, SSP-NCA and SSP-RCA exhibit a notable development of

harmful pores (> 500 nm) at 28 days, a phenomenon previously reported in the literature [371],

It was not surprising that the pore system of SSP-based specimens coarsens over time, as
previously indicated by their higher water absorption, lower bulk density, and SEM images. This
evolution is likely due to the presence of the organic matrix in the SSP precursor, which both traps air
through proteins and perturbs the growth of hydration products. The resulting perturbation can increase

internal stress and lead to expansion due to the delayed formation of hydrates [110,128,129].

6  Synthesis

This chapter investigated the effects of binder and aggregate type on hydration kinetics, the fresh
and hardened properties over 90 days of standard curing. Data analysis has allowed us to draw the

following key conclusions:

o Rheological properties: Evaluating the fresh properties of the four SCC mixes reveals distinct
behaviors between SSP and LS. SSP proves to be more beneficial for the rheological properties
of SCC in terms of segregation resistance and plastic viscosity, despite a slight reduction in
slump flow. Regarding the use of RCA, its high absorption capacity, although not favorable for
long-term workability retention, resulted in slump flow values comparable to those of NCA
during the first 15 min, due to the drying and water compensation. Nevertheless, RCA enhanced
SCC cohesion, reduced bleeding, and improved resistance to both static and dynamic
segregation.

e Hydration kinetics: The semi-adiabatic calorimetry results revealed a delayed onset of
hydration in the LS-NCA mix during the initial stage, but the other mixes exhibited similar
hydration kinetics.

o Compressive strength: The incorporation of RCA resulted in moderate reductions in strength
of approximately 8% (for LS-RCA) and 11% (for SSP-RCA), respectively, compared to
mixtures containing NCA. SSP specimens demonstrated higher compressive strength
development at mid ages, but this trend reversed beyond 28 days, with a slight reduction in
strength at 90 days. These trends were observed in water accessibility and bulk density and are
potentially due to the organic content of natural biominerals of the SSP, which interfered with
hydration reactions and consequently affected pore distribution.

e Microstructure properties: The MIP results at 28 days revealed that the pore system of SSP
mixes developed a higher proportion of harmful pores (> 500nm) than LS mixes, explaining the
differences in the measured compressive strength. The pore refinement of each mix correlates

with hydrate formation, as evidenced by TGA results, and with microstructural development
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observed by SEM. XRD analysis indicates moderate chemical reactivity for both SSP and LS,

but the data are insufficient to ascertain which precursor exhibits greater reactivity.

These findings underscore a critical factor that may significantly influence the CO; uptake of
SCC, either by enhancing or inhibiting the process, primarily through alterations in hydration kinetics
or the rheological behavior of the mixes. Furthermore, our results support the use of SSP and RCA as
sustainable alternatives to LS and NCA, providing valuable insights into their effects on both the fresh
and hardened properties of SCC to ensure consistent and reliable performance. They also emphasize the
importance of further research on their long-term performance, particularly the slight decline observed

in SSP-based mixes

This concludes the current chapter and sets the stage for the next Chapter IV, which focuses on
analyzing the CO» uptake capacity of the four SCC mixtures and estimating the CO, stored within the

matrix of each SCC, advancing more environmentally friendly concrete solutions
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Analysis and quantification of CO; uptake
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1 Introduction

This chapter provides an analysis of the CO, uptake capacity of the four SCC mixes subjected
to carbonation curing. The primary goal is to evaluate the potential of the considered mixes to
permanently store the absorbed CO, by examining both the carbonation depth and the amount of CaCO3

precipitated within their matrix.

The assessment begins with an evaluation of the remaining water content during the pre-
conditioning step of the carbonation curing protocol, specifically tailored for this study. Accordingly,
the residual water content during the drying step of each SCC is measured to establish baseline internal

moisture profiles.

Afterwards, CO, diffusion within the mixes is assessed by measuring carbonation depth and the
carbonated surface area. These measurements indicate the progression of the carbonation front and help
determine whether the observed depth truly reflects the extent of the reaction zone or the actual amount
of CO; stored. To complement this, the chapter also quantifies the CO, absorbed and retained within

each SCC mix using TGA, mass loss, and XRD.

2 Pre-conditioning step monitoring

The water content remaining in the SCC specimens at a measurement point reflects their
behavior during the drying step, particularly at 60 °C (Figure IV-1). The initial water content values
before the pre-conditioning step divide the SCC specimens into two groups. The first group includes the
NCA-based specimens with the lowest initial water content values. The second group consists of RCA-

based specimens, showing the highest initial water content.

For the NCA-based specimens, LS-NCA (Figure IV-1a) and SSP-NCA (Figure ['V-1b) initially
(in-mold) exhibit similar water contents of 8.80 £ 0.01% and 8.83 + 0.01%, respectively. During drying,
the water content sharply decreases across all specimens between 7 and 10 h, followed by a gradual
slowdown. At 24 h, LS-NCA reaches a water content of 2.2 + 0.1%, which is not only lower than that

of SSP-NCA (3.0 + 0.2%) but also the lowest residual water content among all four specimens.

The finer particle size distribution of SSP, together with the hydrophilic nature of its organic
constituents, increases the retention of both physically and chemically bound water, thereby reducing
the fraction of free water available for evaporation. In contrast, the water content in LS-NCA is
influenced by the distinct properties of LS compared to SSP, as well as the relatively higher instability
(higher bleeding) of the fresh mix, which increases the free water available for evaporation, resulting in

the lowest residual water content.
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Figure I'V-1: Internal water content evolution during the pre-conditioning step: (a) LS-based and (b)

SSP-based specimens.

For RCA-based specimens, LS-RCA (Figure IV-1a) and SSP-RCA (Figure ['V-1b) both initially
(in-mold) exhibit similar water contents of 9.43 + 0.01% and 9.41 £ 0.02%, respectively. During drying,
their water decreases gradually, ultimately reaching comparable final values of 3.11 + 0.02% and 3.42
+0.01% at 24 h, following the same trend observed in NCA-based specimens, albeit with slightly higher

residual water content.

The differences observed between RCA- and NCA-based specimens concerning water retention
are primarily linked to the characteristics of the coarse aggregates. The porous surface of RCA, as

previously noted, enables specimens to retain more water, both as free water within the pores and as

119



Chapter I'V. Analysis of the properties of SCC under standard curing

bound water in the old mortar, which is harder to remove during drying. In comparison, NCA are denser

and less porous, resulting in lower water retention.

Overall, the drying behavior of SCC specimens is mainly influenced by aggregate porosity and
the cement’s precursors (LS or SSP). Therefore, the initial water content before carbonation curing of
the specimens in increasing order is: 2.2 + 0.1% (LS-NCA) < 3.0 = 0.2% (SSP-NCA) < 3.11 + 0.02%
(SSP-RCA) <3.42 +0.02% (LS-RCA).

3  Carbonation depth assessment: phenolphthalein spray test

3.1 Carbonation depth under one-dimensional diffusion (Digital caliper)
e Early carbonation (1-7 days)

In Figure V-2, the progression of carbonation depth in SCC specimens is illustrated as a
function of the square root of time, with measurements taken over curing ages. In all specimens, the
carbonation depth increases over time following similar non-linear kinetics, deviating from the classical

solid-state diffusion v/t-low (Fickian diffusion) [188].

A comparison between specimens shows that, after 1 day, LS-NCA specimens (Figure 1V-2a)
exhibit moderately higher carbonation depths (17.36 £ 0.09 mm) than SSP-NCA specimens (14.75 +
0.60 mm) (Figure 1V-2b). Both NCA-based specimens display greater carbonation depths than their
RCA-based counterparts. Meanwhile, the LS-RCA and SSP-RCA specimens exhibit similar depths of
14.75 £ 0.52 mm and 13.75 £ 1.24 mm, respectively.

After 7 days, the difference between LS-NCA and SSP-NCA specimens becomes more
pronounced, with LS-NCA exhibiting a greater carbonation depth of 33.50 + 1.48 mm (compared to
25.97 £ 1.65 mm for SSP-NCA). Meanwhile, the carbonation depths of LS-RCA (Figure 1V-2a) and
SSP-RCA (Figure IV-2b) specimens remain lower than those of their NCA counterparts, 23.24 + 0.32

mm and 21.29 + 0.94 mm, respectively.

To understand these observations, it is important to note that it is well established that, at an
early age (particularly pronounced at 1 day), carbonation is a diffusion-controlled process, meaning that
CO, diffusion is primarily governed by how easily it can move through the specimen’s pore network
[372]. Porosity, in turn, depends on the cement precursor (SSP or LS), the characteristics of the coarse

aggregates, and the internal water content.

Regarding the cement precursor, as previously shown (Chapter 1115.4), SSP generates more
pores in the specimen’s matrix compared to LS. However, despite this higher porosity, SSP-based

specimens exhibit lower carbonation depths, as one can see from the t = 0 values of the 2™ order
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polynomial fits (Figure IV-2a). This suggests that the influence of cement’s precursor porosity is less
significant than that of the capillary pores available after the pre-conditioning step. The higher water
retention of SSP leads to greater pore saturation, which restricts CO, diffusion and limits early
carbonation. Therefore, the connectivity and saturation state of the pores are more relevant to

carbonation than total porosity alone.
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Figure I'V-2: One-dimensional carbonation depth of (a) LS-based and (b) SSP-based specimens over

time.

The strong correlation between initial water content and the early carbonation (Figure IV-3)
supports the above assumption. The highest carbonation depths were observed in specimens with the
lowest internal water, with carbonation depth decreasing as water content increased. This trend reflects

the drying behavior of the specimens: those with more water retained less accessible pore space for CO»
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diffusion, resulting in lower carbonation depths, while those with lower water content had more
available pore space and sufficient moisture to transport the dissolved CO», leading to higher carbonation

depths.
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Figure IV-3: Relationship between carbonation depth and the water content of the specimens before

carbonation curing.

Furthermore, the intrinsic characteristics of RCA do not appear to promote CO; diffusion, at
least during the early stages of carbonation curing. According to Mi et al. [373], CO; diffuses through
five kinds of typical diffusion paths within RCA concrete, including natural mortar (NM), old mortar
(OM), original aggregate (OA)-NM-ITZ, OA-OM ITZ, and NM-OM ITZ. The complexity and
heterogeneity of these diffusion paths may slow down the early progression of carbonation into the

deeper layers of the concrete.

In summary, early-age CO> diffusion, indicated by the carbonation front, is strongly influenced
by specimen water content and, to a lesser extent, by coarse aggregate characteristics. This front is stable

for some days, with no major differences between specimens.
e Later-age carbonation (28-90 days)

After 28 days, carbonation depth increases across all specimens, with LS-NCA (Figure [V-2a)
and SSP-NCA (Figure IV-2b) ultimately reaching comparable values. However, the evolution of

carbonation depth between 7 and 28 days reveals distinct behaviors.

In LS-NCA specimens (Figure [V-2a), the carbonation front at 7 days was well-defined at 33.50
+ 1.48 mm as mentioned above, with an intermediate zone of about 1 mm containing uncarbonated spots

across the section. This suggests that carbonation advances rapidly during the initial stage but is not
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fully complete within this intermediate zone. As a result, carbonation, particularly within these
specimens, remains concentrated in this zone rather than progressing deeper (Figure IV-5, 7 days),
reflecting saturation or stagnation in overall depth until the 28" day. On the other hand, SSP-NCA
specimens (Figure IV-2b) exhibit a continuous increase in depth, indicating progressive carbonation
throughout the curing period. The carbonation front eventually reaches the center of both specimens by

90 days.

Regarding RCA-based specimens, the carbonation depth in LS-RCA and SSP-RCA specimens
(Figure IV-2a and b) reaches similar values, which are moderately higher than their NCA counterparts
at 28 days, which may be attributed to the higher porosity of RCA. By 90 days, these specimens are also
fully carbonated.

These observations indicate that, at early ages, CO» diffusion is initially dominated by the mix
design porosity, through which CO, diffuses, and the water content, where the CO, dissolves and
transports, before becoming diffusion-controlled by the coexisting carbonation and hydration reactions
and the microstructural changes they induce [257,258]. These factors will be discussed further in the
following section. While these findings describe how carbonation depths evolve within each SCC

specimen, it is also important to examine how carbonation spreads across all specimen surfaces.

3.2 Carbonation Depth under Generalized Conditions

3.2.1 Measurements using a digital caliper

Exposing all surfaces of the specimens to carbonation provides an overall view of how
carbonation progresses within the material and allows for the evaluation of its influence on the

specimens’ overall properties, as will be addressed in the next chapter.

When the entire specimens are subjected to generalized carbonation, two additional outcomes
emerge. In SSP-based and LS-RCA specimens, carbonation progresses heterogeneously over time
across all specimen surfaces (Figure IV-4a and b). LS-NCA specimens (Figure IV-4a) represent a
particular case, exhibiting higher carbonation depths at 7 days, consistent with one-dimensional
exposure due to the presence of the previously noted intermediate, partially carbonated zone. These
observations are based on carbonation depths measured under generalized exposure, calculated as an
average of 20 points across all exposed surfaces, which are lower than those measured under one-
dimensional carbonation. This difference arises from non-uniform development across different
surfaces, caused by variations in surface porosity, local moisture content, aggregate distribution, and
microcracks formed during demolding. Consequently, leading to a heterogeneous distribution of CO»,
with the greatest heterogeneity observed in LS-NCA specimens, particularly at early ages, and in LS-
RCA at 28 days (Table IV-1).
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Figure IV-4: Generalized carbonation depth of (a) LS-based and (b) SSP-based specimens over time.

Table IV-1: Relative reduction (%) of carbonation depths under generalized carbonation compared to

one-dimensional carbonation at different ages.

Specimen 1 day 7 days 28 days 90 days
LS-NCA 22 % 29 % 18 % -
LS-RCA 13% 15 % 41 % -
SSP-NCA 5% 3% 21 % -
SSP-RCA 12 % 8 % 21 % -
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3.2.2 Carbonated area using MATLAB-based image analysis

The total carbonated area was calculated using MATLAB-based image analysis, enabling
automated segmentation and area computation. Carbonation fronts imaging over time (Figure IV-5)
shows that carbonation initially spreads uniformly, roughly following the initial shape of the specimens.

Such progression begins with CO, diffusion through the tortuous pore networks of the exposed surfaces.

Over time, the carbonation front becomes increasingly heterogeneous, with faster progression
at corners and edges. It evolves radially, as the effective diameter of the uncarbonated core gradually

decreases until it vanishes, at which point the specimens are fully carbonated.

28 Days 90 Days

(b) 28 Days

LS-RCA

90 Days

SSP-NCA

(d) 28 Days 90 Days

SSP-RCA

Figure I'V-5: Carbonated area development over time as observed through MATLAB image analysis of:
(a-b) LS-based and (c-d) SSP-based specimens.
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Quantitative analysis using surface integration of Figure IV-5 reveals that the SSP-based
specimens exhibit slightly lower carbonated areas than their LS-based counterparts after 1 day of
carbonation curing (Figure IV-6a). No notable variation in carbonated area is observed between NCA
and RCA-based specimens at this age. These differences become more pronounced after 7 days of curing
(Figure IV-6b). Moreover, the LS-NCA specimens exhibit a notably higher carbonated area compared
to the others. By 28 days of carbonation curing (Figure IV-6¢), all specimens show comparable
carbonated areas, with slightly higher values observed in NCA-based specimens. At 90 days (Figure
IV-6d), all specimens reached approximately 99% carbonation, broadly supporting the one-dimensional

measurements obtained using a digital caliper, despite slight differences.
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Figure IV-6:Carbonated area results of specimens after (a) 1 day, (b) 7 days, (c) 28 days, and (d) 90

days of carbonation curing, based on MATLAB image analysis.
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It should be noted that some inconsistencies were encountered during the measurements. For
the digital caliper, readings were straightforward when the carbonation front was a shape-like specimen,
but became more difficult when the carbonation front became circular. Similarly, in the MATLAB
analysis, some coarse aggregates disturbed the calculations, potentially affecting the accuracy of the

carbonated area measurements.

Overall, despite these measurement uncertainties, the combined results from caliper and
MATLAB analyses consistently demonstrate a nonlinear CO, diffusion across all specimens, with LS-
NCA exhibiting faster early diffusion (up to 28 days) and greater heterogeneity. It then appears an
intermediate regime, i.e., typically 4-30 days, during which carbonation front development is modulated
by the various constituting materials in the specimens, these being smoothed out for longer reaction
times, up to complete carbonation. Whether reaction dynamics at intermediate times can influence the

material resistance must be characterized.

4  Estimation of CO; uptake

4.1 Thermogravimetric analysis

4.1.1 Analysis of TGA/DTG Curves

The TGA/DTG measurements of the carbonated- and sealed-cured specimens were carried out
on powdered samples collected from the depths reached by carbonation at each curing age, as
determined by the phenolphthalein spray test (§ 3). For consistency, samples from the sealed-cured

specimens were extracted at the corresponding depths (Figure [V-7).
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Figure IV-7: TGA/DTG curves of sealed- and carbonation-cured specimens over time: (a, b) LS-based mixes; (c, d) SSP-based mixes.
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The analysis of the DTG curves indicates that the peaks around 100 °C for the sealed-cured
specimens have the lowest intensity in the LS-based samples, particularly after one day of curing (Figure
IV-7a and b), compared to SSP-based samples (Figure IV-7c and d), indicating that the hydration
reactions were somewhat inhibited within these specimens. The different hydration rates can be related
to the water content remaining within the SCC matrix after the pre-conditioning step, where the SCC

specimens exhibited different water content before carbonation [374], as previously described in (§ 2).

Moreover, the DTG peaks around 170 °C, corresponding mainly to the thermal decomposition
of the Hc/Mc phase, are slightly more intense in SSP-based samples, particularly from 7 days onward
(Figure IV-7c and d), compared to LS-based samples (Figure [V-7a and b). This may indicate a slightly
higher reactivity of SSP, although confirmation of this trend would require complementary XRD
analysis. In addition, the increase in mass loss observed up to 180 °C in carbonation-cured specimens
compared to their sealed-cured counterparts indicates that the carbonation reaction releases physically
bound water, thereby promoting hydration. However, it remains challenging to determine whether the

additional physical water originates from Ca(OH), or C-S-H carbonation using TGA.

The TGA curves further indicate that the mass loss from 150 °C up to 425 °C, attributed to C-
S-H dehydration, varies among the carbonation-cured specimens, suggesting that C-S-H carbonation
occurs differently within each specimen (Figure IV-7, TGA curves). Liu ef al. [211] identified three
distinct stages in the carbonation of C-S-H: a dissolution period characterized by a rapid release of
calcium ions from the interlayer of C-S-H; a diffusion period dominated by the availability of calcium,;
and a slowly ongoing reaction period due to the thickening of carbonation products. The progression
through these stages may be influenced by the internal moisture content of the carbonation-cured
specimens [375]. Moreover, according to Liu et al. [376], and in agreement with Borges et al. [374],
carbonation curing can simultaneously promote hydrate formation alongside carbonation, decreasing

the gap in C-S-H dehydration mass loss between sealed and carbonation-cured specimens.

However, no mass loss was observed between 425 °C and 530 °C within any carbonation-cured
specimens, regardless of curing age. The absence of thermal decomposition within this temperature
range indicates a rapid conversion of Ca(OH), into CaCO; [260] (Figure IV-7, DTG curves). Lu et al.
[377] interpreted this behavior as evidence of a fast carbonation reaction that favored the CaCOs3
formation before any accumulation of Ca(OH),. Therefore, the absence of Ca(OH), crystals before
CaCO:s precipitation, along with the pH decrease to be discussed later, confirms that the carbonation of
Ca(OH); proceeds via a dissolution—precipitation mechanism rather than solid-state transformation. This
provides evidence that contributes to resolving the ongoing debate regarding the mechanism of Ca(OH).

carbonation.

Furthermore, the thermal decomposition of CaCO; between 550 °C and 1000 °C in carbonation-

cured specimens involves two distinct zones, as indicated by a series of characteristic peaks [378]. The
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peaks observed between 550 °C and 680 °C, which are slightly more intense in SSP-based samples
(Figure IV-7c and d), are attributed to the newly formed amorphous CaCOj3 in all specimens. Hay ef al.
[264] reported that the nucleation effect of SSP and LS promotes the formation of amorphous CaCOj3
phases. However, this may be contradicted by the fact that the aragonite present in SSP has a lower
tendency to act as a nucleation site for amorphous CaCO; growth, unless destabilized by the local drop
in pH. In contrast, the peaks around 719 °C and 738 °C, more pronounced in the SSP-based samples and
absent in the sealed-cured specimens, particularly at later ages, suggest the presence of vaterite or
aragonite. However, a portion of the aragonite originates from the SSP rather than being formed during
carbonation, although this is unlikely to significantly affect the DTG results due to its low content (a
few percent). The thermal decomposition of calcite typically occurs within the temperature range of
740 °C to 990 °C [259]. During the carbonation curing, calcite's decomposition temperature shifts
towards higher or lower values. This phenomenon suggests that the crystallinity of CaCOs is closely

related to the local CO, concentration in specimens rather than the carbonation duration [190].

In summary, the TGA/DTG curves indicate rapid carbonation of Ca(OH),, specimen-dependent
differences in C-S-H carbonation, formation of multiple CaCO; polymorphs influenced by CO,

concentration, and release of physically bound water that promotes further hydration.

4.1.2 Ca(OH); and C-S-H carbonation

The extent of carbonation was evaluated primarily by the contents of Ca(OH), and C-S-H, the

main phases involved in the reaction over time (Figure I'V-8).

After 1 day of carbonation curing, the LS-RCA and SSP-RCA samples (Figure [V-8b and d)
exhibited the lowest Ca(OH), and C-S-H undergoing carbonation contents, compared to their
counterparts with NCA (Figure IV-8a and c). This may be attributed to slower CO; diffusion within
these specimens, potentially due to the factors previously discussed in § 3.1. Among the NCA-based
specimens, the SSP-NCA exhibited the highest carbonated Ca(OH). content, resulting in a greater C-S-
H carbonation extent. According to Borges et al. [374], in agreement with Lu et al. [379], when Ca(OH),
carbonation increases, the buffering ability of the pore solution is impaired (a pH drop), consequently
causing a rapid decalcification of C-S-H. At this stage, carbonation is likely governed by the availability
of early-formed hydrates in the outer layer. This availability is potentially higher in SSP-NCA than in
LS-NCA, as indicated by calorimetry results (Chapter 1112) showing delayed early hydration and lower
heat evolution in LS-NCA.

As carbonation progresses, the Ca(OH), and C-S-H contents undergoing carbonation exhibit a
non-monotonic trend across all specimens (Figure IV-8). These non-monotonic trends may be attributed
not only to variations in CO; diffusion rate, which are strongly influenced by changes in open porosity

within the specimens, but also to the alternating dominance between hydration-driven phase formation
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and carbonation-induced passivation at different depths within each specimen. At certain ages,
continued hydration can produce additional Ca(OH), and C-S-H, which subsequently become available
for carbonation, explaining the observed increases in hydrate contents undergoing carbonation.
Meanwhile, the reduction in carbonation may be linked to the formation of a layer of CaCOs3

microcrystals on the surfaces of Ca(OH), and C-S-H, which inhibits their further carbonation [183,374].
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Figure IV-8: Ca(OH), (CH) and C-S-H content undergoing carbonation over time: (a-b) LS-based
mixtures; (c-d) SSP-based mixtures.

However, the parameters underlying these tendencies cannot be fully elucidated by TGA alone,
particularly given that the C-S-H carbonation does not always directly correlate with the simultaneous
consumption of Ca(OH),. For example, at 90 days, all specimens exhibit a greater content of C-S-H
undergoing carbonation than Ca(OH),, due to the cumulative effects of hydration, passivation, and
diffusion-related factors mentioned earlier. A more comprehensive interpretation will be achieved by

integrating the complementary evidence provided in the XRD results section.
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4.1.3 Estimation of the CO; uptake

The non-monotonic trends observed in the Ca(OH), and C-S-H results indicate uneven total

CaCO; precipitation, independent of sampling depth (Figure IV-9).

After 1 day of carbonation curing, SSP-NCA samples exhibit higher CaCO; precipitation and,
consequently, greater CO; uptake than their LS-NCA counterparts, reflecting the higher early
carbonation (Figure IV-9a and c). Meanwhile, the RCA-based samples exhibit lower CaCOs
precipitation and lower CO» uptake than their NCA counterparts (Figure IV-9b and d), consistent with

the slower carbonation trends identified earlier.

After 7 days, CaCOj precipitation increases in the LS-based samples but decreases in the SSP-
based samples. By day 28, CaCOs precipitation decreases in the LS-based samples, while it recovers in
the SSP-based specimens. By 90 days, all samples exhibit comparable CaCOs precipitation levels,
except for the SSP-RCA samples (Figure IV-9d). These results suggest that SSP particles may facilitate
faster initial CO, uptake in NCA-based specimens, followed by a reduction over time. In contrast, LS
particles promote slower but more sustained CO, uptake. Once again, however, the mechanisms

governing these behaviors remain unclear at this stage.

The inclusion of RCA generally leads to slower and more limited CO- uptake throughout the
curing period. Saikia et al. [380] also reported that carbonation curing of concrete results in uneven CO,
uptake across the depth of the specimens. They attributed this behavior to the fact that initially, CO»
uptake is controlled by heterogeneous surface reaction kinetics, which later shifts to a liquid-state

diffusion-controlled process. The same tendency is also observed in our carbonation depth assessment
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Figure IV-9: Total amount of CaCOj3 formed by Ca(OH), and C-S-H over time: (a-b) LS-based mixtures;
(c-d) SSP-based mixtures.

Overall, the TGA/DTG results suggest that SSP-based specimens may exhibit higher CO»
uptake compared to their corresponding LS-based specimens. It is worth noting that the higher porosity
of SSP also contributes to the rapid initial CO, uptake, while the uptake after 90 days is relatively
identical. In contrast, the porosity of RCA does not appear to significantly accelerate CO» uptake, as
RCA-based specimens exhibit lower uptake values than NCA-based specimens, according to TGA
analysis. The observed fluctuations in the data highlight the inherent variability of the carbonation

process, which may be influenced by sampling depth.

4.2 Mass loss method

4.2.1 Mass evolution during carbonation curing

In this method, cylindrical specimens (@ 4 cm X H 10.4 cm) were used instead of powdered
samples, allowing a more accurate estimation of CO; uptake. Before heating the specimens for the mass
loss method, the mass of each specimen was recorded after each carbonation curing age and plotted

accordingly (Figure IV-10).

In several studies [157,381,382], the CO, uptake of cement-based materials is expressed in
terms of the carbonation-induced mass gain. However, in our case, the measured masses do not account
for the amount of water loss resulting from the exothermic reaction occurring during carbonation curing.
Nonetheless, evaluating the mass gain of the specimens provides a meaningful indicator for the

comparative assessments of carbonation performance across different curing durations.
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Figure IV-10: Mass gain of the specimens over carbonation curing ages.

All specimens exhibit a steep increase in mass gain during the early ages of carbonation curing,
within the first 7 days, followed by a steady state at later ages (Figure 1V-10). After one day, the
carbonation-cured LS-NCA specimens exhibit the lowest mass gain, whereas the other specimens
exhibit comparably higher values. The observed differences remained consistent up to 7 days, after
which slight differences in mass gain began to emerge among the specimens from the 28" day of
carbonation curing. By 90 days, these differences are more pronounced, with mass gain following the
order: SSP-RCA > SSP-NCA > LS-RCA > LS-NCA. At this age, all specimens are considered largely
carbonated, and the final mass gains primarily reflect CO, uptake. However, they may also include
contributions from continued hydration, as total CO, consumption in the carbonation chamber was not

controlled.

4.2.2 Estimation of the CO; uptake

The estimation of CO; uptake was primarily based on subtracting the mass loss occurring

between 525 °C and 1000 °C of both carbonation-cured and sealed-cured specimens at each curing age.

Analyzing the CO, uptake trend (Figure IV-11), the estimated CO, uptake across all specimens
increases and stabilizes over time. This trend aligns with those reported in previous studies
[158,182,381]. However, the magnitude and pattern of change vary among the specimens: LS-NCA
specimens, which exhibited the highest carbonation depth (§ 3), remarkably demonstrate the lowest CO;
uptake compared to SSP-NCA and their RCA-based counterpart, particularly from the 7" day of

carbonation curing onwards. Yuan et al. [383] predicted that higher porosity facilitates deeper
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carbonation but may reduce the overall CO» uptake, a behavior that aligns with the characteristics of the
LS-NCA specimens. Moreover, although LS is poorly porous, it can allow for significant inter-granular
porosity in the SCC, which would require intra-granular porosity from SSP or even RCA; thus, the

penetration depth can be greater, but the total uptake can be lower.
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Figure IV-11: CO: uptake of carbonation-cured specimens at different ages.

Consequently, the carbonation depths qualitatively reflect the amount of Ca(OH); involved in
carbonation (Figure I'V-8,7 days), rather than the total CO, uptake of the specimens. This divergence
between carbonation depth and CO; uptake is further evidenced in Figure IV-12, which shows that
specimens with similar carbonation depths can exhibit remarkably different CO, uptake. We attribute

this behavior to inter-grains and intra-grains porosities. The former favors the total CO, uptake, while
the latter facilitates a deeper penetration of CO; species.

In contrast, RCA-based specimens, despite slower CO; diffusion, exhibit the highest CO;
uptake, likely due to the additional C-S-H present in the adherent old mortar [384]. Therefore, the mass
loss method suggests that CO, uptake is most effective in RCA-based specimens, followed by SSP-
NCA, and least effective in LS-NCA, independent of their corresponding carbonation depths.
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Figure IV-12: Relationship between CO; uptake and carbonation depth.

So far, the results indicate that SSP-NCA specimens store more CO» than LS-NCA specimens,
as observed by both TGA and the mass loss method. LS-RCA and SSP-RCA specimens store comparable
amounts of CO,. However, the extent of CO uptake in RCA-based versus NCA-based specimens
appears inconsistent between TGA and mass loss measurements. Additionally, carbonation depth does
not necessarily reflect the total CO, uptake. Further insights into these observations are provided by the

XRD results presented in the following section.

4.3 X-ray diffraction: Semi-quantitative analysis

Similar to the other quantification methods, the calculation relies on the relative increase in
CaCOs content compared to the reference specimens cured under sealed conditions. The exception here
is that only the 1-day sealed-cured specimens were used for this comparison, as they represent the initial
hydration stage unaffected by carbonation. Therefore, the additional CaCOj3 corresponds to the amount

exceeding this initial content.
4.3.1 Mineralogical phases analysis

4.3.1.1 Sealed cured specimens

Before proceeding with the quantification, it is essential to briefly underscore which phases are
visible in the XRD patterns (Figure IV-13). Ca(OH); is the dominant crystalline product in all samples,
exhibiting among the most intense diffraction peaks in LS-NCA and SSP-NCA (Figure IV-13a and c)
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compared to their RCA counterparts (Figure IV-13b and d). Ettringite is identified by low-intensity peaks
across all samples. The Hc phase is detected only through a few weak reflections in LS-NCA (Figure
IV-13a), and through a single weak peak in LS-RCA, SSP-NCA, and SSP-RCA (Figure IV-13b to d).
No peaks corresponding to Mc are observed in any of the samples. The primary clinker phases, C>S and
CsS, are present in all samples, with C3S exhibiting higher peak intensity than C,S. Quartz shows strong
reflections as the major crystalline phase, with calcite displaying the second most intense peaks, except
in SSP-NCA, where the intensities of both phases are similar (Figure IV-13c). The differences observed
in the relative intensities of these two phases across the samples may be related to sampling
heterogeneity. Other phases, albite, muscovite, chlorite, orthoclase, gypsum, aragonite, and vaterite, do
not produce distinct individual peaks, but their contributions are accounted for in the Rietveld

refinement.

However, it is important to note that these qualitative observations, based solely on phase
identification from peak position, are insufficient for a detailed discussion and can severely bias the
interpretation. Indeed, peak intensities must be considered to accurately assign phases, deconvolve
superposed peaks, and finally calculate the phase amount in the samples. This is what is done using

Rietveld refinement, the results of which are detailed in the following.
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Figure IV-13: XRD patterns of one-day sealed-cured SCC specimens.

Building on the qualitative observations from the diffraction patterns, the phase assembly varies
among the samples (Table [V-2). Calcite and quartz contents range from approximately 34.80 to 51.50
wt% and 14.26 to 38.16 wt%, respectively. These differences primarily reflect sampling heterogeneity
rather than chemical reactions, as their unit-cell parameters remain essentially unchanged compared to
the pure minerals. However, in LS-NCA, the calcite a-parameter (a = 4.856 A) is contracted relative to

pure calcite (a = 4.986 A), likely due to composition variations toward magnesio-calcite.

Ca(OH); is higher in NCA-based samples (= 7.80 wt% in LS-NCA and = 6.85 wt% in SSP-
NCA) than in RCA-based ones (= 3.40 wt% in LS-RCA and = 2.60 wt% in SSP-RCA), reflecting higher
early hydration in NCA-based samples. The relative differences in ettringite content (= 3.32 wt% in LS-
NCA and SSP-NCA; = 2.02 wt% and ~ 1.41 wt% in LS-RCA and SSP-RCA, respectively) match those
of Hc. This suggests that higher Hc levels are associated with greater stabilization of ettringite.
Additionally, the comparable Hc content in all samples indicates that SSP and LS contribute similarly

to hydration under 1 day of sealed curing.

Among the clinker phases, LS-NCA exhibits the lowest C3S content (= 2.85 wt%) and the
highest C,S content (= 19.10 wt%) compared to the other samples, consistent with rapid early hydration

and potential for further hydration development. The unit-cell parameters (cell length c) of the two
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phases show an enlargement across all samples. Other detected minor phases are present only in trace

amounts.

Table I'V-2: Quantitative phase composition and corresponding unit-cell parameters of samples after 1

day of sealed curing. Numbers in parentheses indicate the standard deviations as 1c on the last digits from the

Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually and

cif

Quartz

Calcite

Portlandite

Ettringite

Alite
(G3S)

Larnite-
(C29)

could not be released during the fits without instability of the refinement.

COD

1011097

1547348

1001768

9011576

9016125

9017424

2105251

Standard
Unit-cell
parameters

(A and °)

a=4913
c=5.404

a=4.98614(1)
¢ =17.0479(3)

a=3.589(8)
c=4.911(14)

a=11.23
c=10.72

a=11.6389
b=14.1716
c=13.6434
a=104.982
B =94.622
y=90.107

a=>5.5051
b=6.7551
c=9.3108
o=90°
B=90.59°
v =90°

LS-NCA

wt (%)

Unit-cell
parameters

(A and °)
27.08(1.2)

a=4.91380(5)
¢ =5.4055(1)
39(2)

a = 4.85660(8)
¢ =17.0477(3)
7.8(0.3)
a=3.59265(9)
c=4.9134(2)
2.3(0.1)
a=11.215(3)
¢ =10.601(8)
2.8(0.2)
a=12.223(2)
b=7.069(1)
¢ =9.295(1)

B=116.13°(3)
1.9(1)
a=5.514(4)
b=6.767(2)
c=9.336(2)
B =193.60°(2)

0.28(0.04)
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LS-RCA

wt (%)

Unit-cell
parameters

(A and °)
34.2(0.2)

a=4.91380(5)
¢ =5.4055(1)
36.9(0.2)
a=4.9856(7)
¢ =17.0477(3)
3.4(0.05)

a = 3.59265(9)
c=4.9134(2)
2.02(0.1)
a=11.219(3)
¢ =10.605(8)
4.9(0.1)
a=12.234(1)
b=7.0701(7)
¢ =9.2919(8)

B=116.19°(9)
16.11(0.3)
a=5515(1)
b=6.7632(2)
c=9.373(2)

B=93.6(2)

0.26(0.4)

SSP-NCA

wt (%)

Unit-cell
parameters

(A and °)
14.26(0.1)

a=4.91380(5)
¢ =5.4055(1)
51.5(3)

a = 4.98566(8)
¢ =17.0477(3)
6.8(0.1)

a =3.59265(9)
¢ =4.91345(2)
2.31(0.2)
a=11.215(3)
¢ =10.601(8)
4(0.1)
a=12.248(1)
b =7.0620(8)
¢ =9.300(1)

B=116.2°(1)
15.5(0.4)
a=5.514(2)
b= 6.766(2)
¢ =9.370(3)

B=93.7°(3)

0.24(0.06)

SSP-RCA

wt (%)

Unit-cell
parameters

(A and °)
38.16(0.3)
a=4.91380(5)
¢ =5.40(1)
34.84(0.3)
a=4.98566(8)
¢ = 17.0477(3)
2.60(0.06)
a=3.59265(9)
¢ =4.9134(2)
1.41(0.1)
a=11.21503)
¢ =10.601(8)
6.30(0.1)
a=12.2334(10)
b =7.0706(5)
¢ =9.2919(7)

B=116.17°(1)
14.06(0.4)
a=5511(2)
b=6.770(2)
¢=9.369(3)

B=93.6°(3)

0.2(0.05)
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Albite low

Muscovite

Aragonite

Chlorite

Orthoclase

Vaterite

Gypsum

2107372

1011049

2100187

9000158

9000304

9007475

1010981

a =
5.75340(10)
C =
46.3890(10)

a=8.138
b=12.789
c=7.156
o =94.22°
B=116.67°
y =87.65°

a=5.18
b=9.02

¢ =20.03999
a=90°
B=095.5°
y=90°

a=4.961830
(13)

b =7.96914(2)

c=

5.742852(15)

a=5.335

b=19.240
c=28.735
a, B,y =90°

a=8.545
b=12.967
c=7.201
@=90°
B=116°
y=90°

a=4.13
c=28.49

a=10.47
b=15.15

a=5.76
c=44
0.20(0.05)
a=28.14
b=12.77
c=7.15
a=94.3°
B=116.65°
vy =87.8°
0.013(0.03)
a=5.22
b=2_8.98
¢=20.03999

B=094.25°

0.7(0.1)
a=4.96
b=7.97
c=5.74

0.1(0.2)
a=5.33
b=9.24
c=284
a, B,y =90°
0.4(0.1)
a=28.545
b=12.99
c=722

B=116°

0.13(0.9)

a=4.130513

¢ = 8.490557
0.1(0.1)
a=10.52
b=15.1
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a=15.76
c=44
0.2(0.04)
a=28.14
b=12.77
c=7.15
o =94.3°
B=116.65°
vy =87.8°
0.02(0.1)
a=5.22
b=28.98
¢=20.03999

B=94.25°

0.7(0.1)
a=4.96
b=17.97)
c=5.74

0.02(0.05)
a=5.33
a=9.24
c=284

a, B,y =90°

0.5(0.1)
a=23854
b=12.99
c=722

B=116°

0.25(0.1)

a=4.130513

¢ = 8.460557
0.1(0.1)
a=10.52
b=15.1

a=5.76
c=44
0.21(0.06)
a=28.14
b=12.77
c=7.15
o =94.3°
B=116.65°
y=87.8°
0.05(0.03)
a=5.22
b=9.98
¢=20.03999

B=94.25°

1.31(0.1)

a=4.961830
(13)

b =7.96914(2)

o=
5.742852(15)
0.23(0.2)

a=>5.33
a=5.24
c=284
a, B, y=90°
0.21(0.2)
a=23854
b=12.99
c=722

B=116°

0.02(0.2)

a=4.130513

¢ = 8.460557
0.22(0.12)
a=10.52
b=15.1

a=15.76
c=44
0.14(0.04)
a=2g8.14
b=12.77
c=7.15
a=94.3°
B=116.65°
y=87.8°
0.08(0.08)
a=5.22
b=9.98
¢=20.03999

B=94.25°

1.09(0.014)

a=4.961830
(13)
b =7.96914(2)

o=
5.742852(15)
0.26(0.2)

a=5.33
a=5.24
c=284
a, B,y =90°
0.52(0.2)
a=238.54
b=12.99
c=722

B=116°

0.27(0.1)

a=4.130513

¢ = 8.460557
0.03(0.09)
a=10.52
b=15.1
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c=6.51 c=6.52996 c=6.52996 ¢ =6.52996 c=6.52996
o=90°

B=151.52° B=151.52° B=151.52° B=151.52° B=151.52°
v =90°

The tendency of these phases to undergo carbonation or further hydration will be investigated
through XRD of the carbonated samples. The three CaCO3 polymorphs (calcite, aragonite, and vaterite)
will be cumulatively considered for subsequent quantification. Minor trace phases will be excluded from

further analysis, as discussed in the following section.
4.3.1.2 Carbonation-cured specimens
e One day of carbonation curing

After 1 day of carbonation curing, XRD patterns show that calcite exhibits stronger reflections
in all carbonation-cured samples compared to their 1-day sealed-cured counterparts. The contributions
of vaterite and aragonite to the peak intensities also increase slightly (Figure IV-14, Table IV-3). Peaks
corresponding to C,S and C;S decrease in intensity, with C>S no longer detectable in the LS-NCA
samples. No individual Bragg peaks corresponding to Ca(OH), are observed in the NCA-based samples
(Figure IV-14a and b).

Rietveld quantification confirms an overall increase in CaCOs content, with calcite as the
primary polymorph (Table IV-3). The relative content of the metastable polymorphs, aragonite and
vaterite, also slightly increases [385]. These polymorphs typically form at early ages of carbonation,
before or along with calcite precipitation, before eventually reverting into calcite at later ages (Chapter
I) [248,386-388]. Notably, the carbonated LS-based samples exhibit higher contents of vaterite and,
more prominently, aragonite compared to their SSP-based counterparts (Table IV-3). As reported [389],
the polymorphism of CaCO3; may vary in similar mineral systems, which are dominated by physico-
chemical conditions such as temperature, pH, and water content, as well as the chemistry of the pore
solution. The observed variation in these samples may result from the pre-conditioning step, which left
the LS-based specimens, particularly the LS-NCA samples, with a lower water content, thereby limiting

the availability of water for polymorph transformation [242].

All hydrated phases undergo carbonation simultaneously upon CO, exposure [219,390], with
only trace amounts of ettringite and Hc remaining in all specimens. The minor residual Ca(OH),, present
only in RCA-based samples, is not sufficient to maintain the pore solution alkalinity, indicating a general
pH drop across all samples and thereby triggering the decalcification of C-S-H. The depletion of C,S
and C;S, along with Ca*" leaching from the above-mentioned calcium-bearing phases and its
combination with COs*" ions, leading to increased CaCOs; formation, confirms the concurrent

progression of hydration and carbonation mechanisms.
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Figure I'V-14: XRD patterns of 1-day carbonation-cured SCC specimens.
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Moreover, after this carbonation period, the phases exhibit changes in their unit-cell parameters
(Table I'V-3). Calcite, in particular, shows a slight enlargement in the c-parameter (knowing that calcite
is elastically anisotropic and more flexible along the c-axis than the a-axis [391]). During carbonation,
early calcite nucleation occurs in a supersaturated solution dominated by Ca?" and OH™ released from
Ca(OH),. Under these conditions, OH  ions resulting from dihydroxylation of Ca(OH), favor their
incorporation into the growing calcite crystals, which have not yet fully relaxed into their most stable
structure, explaining the observed distortion in the calcite structure [392,393]. The presence of
impurities originating from minor phases in the reaction medium may also contribute to the distortion

of the calcite lattice.

Table I'V-3: Quantitative phase composition and corresponding unit-cell parameters of samples after 1
day of carbonation curing. Numbers in parentheses indicate the standard deviations as 16 on the last digits from
the Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually

and could not be released during the fits without instability of the refinement.

LS-NCA LS-RCA SSP-NCA SSP-RCA
Standard
cif Unit-cell wt (%) wt (%) wt (%) wt (%)
nga;?lz[igs Unit-cell Unit-cell Unit-cell Unit-cell
parameters parameters parameters parameters
(A and °) (A and ©) (A and ©) (A and °)
41(1) 52(0.4) 55(1) 54(1)
Calcite a=4.98614 (1) a=4.9843(3) a=4.98376(9) a=4.9850(2) a=4.9847(1)
c=17.0479(3) c=17.083(2) c=17.0822(6) c=17.105(1) | c=17.10352(5)
2.06 2.8(0.1) 1.33(0.2) 1.75(0.1)
' a=4(.1936)1830 a=4.9618 a=4.9618 a=4.9618 a=4.9618
Aragonite
b=7.96914(2) b=7.9691 b=7.9691 b=7.9691 b=7.9691
= 5('17;‘)2852 ¢ =5.7428 ¢ =5.7428 ¢ =5.7428 ¢ =5.7428
0.96 1.3(0.1) 0.6(0.2) 0.78(0.07)
Vaterite a=4.13 a=4.1305 a=4.1305 a=4.1305 a=4.1305
c=28.49 c =8.460557 c =8.460557 c =8.460557 c =8.460557
- 0.2(0.03) - 0.15(0.03)
Portlandite a=3.589 (8) a=3.5929735 a=3.5929735 a=3.5929735 a=3.5929735
c=40911 (14) c=4.9130287 c=4.9130287 c=4.9130287 c=4.9130287
0.2(0.6) 0.2(0.1) 0.2(0.9) 0.2(0.1)
Ettringite a=11.23 a=11.1943245 a=11.1943245 a=11.1943245 | a=11.1943245
c=10.72 c=10.622973 c=10.622973 c=10.622973 ¢ =10.622973
1.9(0.3) 1.5(0.1) 2.4(0.2) 2.5(0.1)
Alite-C3S a=11.6389 a=33.079163 a=33.079163 a=33.079163 a=33.079163
b=14.1716 b =7.069867 b=7.0198674 b =7.069867 b=7.0198674
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Larnite-C,S

Orthoclase

Gypsum

Quartz

Albite low

c=13.6434
a=104.982°
B =94.622°
y=90.107°

a=5.5051
b =6.7551
¢=93108
a=90°
B =90.59°
vy =90°

a=8.545
b=12.967
c=7.201
a=90°
B=116°
¥y =90°

a=1047
b=15.15
c=6.51
a=90°

B=151.52°
vy =90°

a=4913
c=5.404

a=8.138
b=12.789
c=7.156
a=90°
B=151.52°
y=90°

a=5.75340
(10)

¢ =46.3890
(10)

c=13.6434

B =94.137°

B =94.59°

0.94
a=_8.545
b=12.992
c=7.221

B=116°

0.81
a=10.518893
b=15.103821

c=06.474143

B=115.55°

50(1)
a=4.1368(1)
c=15.4053(2)

2.2(0.8)
a=8.138
b=12.789
c=7.156
a=94.33°
B=116.57°
y =87.65°

c=18.5111

B=94.137°

2.7(0.1)

a=5.514809
b = 6.7655945
¢ =9.347539

B=94.59°

0.4(0.1)
a=28.545

b=12.992
c=7.221

B=116°

0.5(0.1)
a=10.518893

b=15.103821
c=6.474143

B=115.55°

37(0.3)
a=4.91371(4)
¢ =5.40520(7)

1.3(0.1)

a=8.138
b=12.789
c=7.156
a=9433°
B=116.57°
y =87.65°
0.002(0.035)

a=5.7687006

¢ =45.44003

147

c=18.5411

B=94.137°

1.8(0.3)

a=5.514809
b =6.7655945
¢ =9.347539

B =94.59°

B=116°

0.1(0.2)
a=10.518893

b=15.103821
c=6.474143

B=115.55°

38(0.5)
a=4.9137509)
c=5.4056(1)
1.44(0.4)
a=8.138
b=12.789
c=7.156
a=9433°
B=116.57°
y =87.65°
0.7(0.1)

a=5.7687006

¢ =43.73003

c=18.5211

B=94.137°

2.58(0.1)
a=5.514809
b = 6.7655945
¢ =9.347539

B=94.59°

0.53(0.1)

a=8.545
b=12.992

c=7221

B=116°

0.36(0.7)
a=10.518893

b=15.103821
c=6.474143

B=115.55°

34.7(0.2)
a=4.91368(4)
¢ =5.40557(7)
1.6 (0.1)
a=8.138
b=12.789
c=7.156
a=94.33°
B=116.57°
y =87.65°
0.007(0.04)

a=5.7687006

¢ =43.73003
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- 0.0005(0.1) - 0.02 (0.1)
a=>5.18 a=>5.18 a=5.18
Muscovite b=9.02 b=28.96 b=28.96
¢ =20.03999 c=20.1 c=20.1
B=95.66° B =95.66° B =95.66° B =95.66°
- 0.3(0.2) - 0.4 (0.1)
a=5.335 a=5.335 a=5.335
Chlorite b=9.240 b=9.240 b=9.240
c=28.735 c=28.390179 ¢ =28.390179

a, B,y =90° a, B,y =90° a, B,y =90° a, B,y =90° a, B,y =90°

e Seven days of carbonation curing

As the 7-day curing period progresses, the XRD patterns of the second carbonated layer (core)
samples undergo notable changes, with particular emphasis on the most significant differences (Figure
IV-15). Calcite peaks intensify in LS-RCA, SSP-NCA, and SSP-RCA (Figure ['V-15b, c, and d), whereas
in LS-NCA, the diffraction peaks of Ca(OH), and ettringite show more pronounced intensification
(Figure IV-15a). Vaterite and aragonite phases remain detectable in LS-NCA, LS-RCA, and SSP-RCA,
but their corresponding peak intensities are negligible in SSP-NCA.

Rietveld quantification confirms ongoing calcite formation in LS-RCA, SSP-NCA, and SSP-
RCA, reflected by higher calcite contents (Table 1V-4). In contrast, LS-NCA samples exhibit a
significant decrease in calcite content (from =~ 49.93 wt% to = 29.22 wt%). Notably, it is even lower than
in the sealed-cured counterpart (36.8%). This decrease reflects the partial dissolution of pre-existing
limestone calcite, which is highly pH-dependent and sensitive to pore solution chemistry during the
carbonation process. Normally, such dissolution would eventually revert to a re-growth process once the
pH rises and sufficient Ca®" and COs*" ions are present [394]. However, in LS-NCA, reprecipitation is
limited, as the dissolved Ca?" is quickly consumed by hydration reactions, evidenced by the increased
Ca(OH); and ettringite contents, and eventually C-S-H formation [382]. On the other hand, vaterite and
aragonite contents are approximately 1.25 wt% and 0.42 wt% in LS-NCA, 3.09 wt% and 2.47 wt% in
LS-RCA, and 1.91 wt% and 1.14 wt% in SSP-RCA, while being negligible in SSP-NCA, indicating

their nearly complete conversion to calcite in this sample (Table IV-4).
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Figure I'V-15: XRD patterns of 7-day carbonation-cured SCC specimens.
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Table I'V-4: Quantitative phase composition and corresponding unit-cell parameters of samples after 7
days of carbonation curing. Numbers in parentheses indicate the standard deviations as 1o on the last digits from
the Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually

and could not be released during the fits without instability of the refinement.

LS-NCA LS-RCA SSP-NCA SSP-RCA
Standard
cif Unit-cell wt (%) wt (%) wt (%) wt (%)
p(aga;llztigs Unit-cell Unit-cell Unit-cell Unit-cell
parameters parameters parameters parameters
(A and °) (A and °) (A and °) (A and °)
29.2(0.1) 65(0.4) 57.5(0.3) 65.6(0.2)
Calcite a=498614(1) a=4.98517(6) a=4.98296(8) a=4.98494(8) =4.9852(1)
c=17.04793) | ¢=17.0438(3) c¢=17.0811(5) @ c¢=17.1003(5) = c=17.1034(8)
1.25(0.1) 3.1(0.1) 0.1(0.1) 1.9(0.2)
Aragonite a=4.961830(13) a=4.9618 a=4.9618 a=4.9618 a=4.9618
b=7.96914(2) b=7.9691 b=7.9691 b=7.9691 b=7.9691
¢ =5.742852(15) c=5.7428 c=5.7428 c=15.7428 c=15.7428
0.4(0.1) 2.5(0.1) 0.01(0.06) 1.1(0.1)
Vaterite a=4.13 a=4.130513 a=4.130513 a=4.130513 a=4.130513
c=8.49 ¢ =8.460557 ¢ = 8.460557 ¢ =8.460557 ¢ = 8.460557
9.6(0.1) 0.17(0.03) 0.004 (0.03) 0.01(0.07)
Portlandite a=3.589(8) a=3.5929735 = a=3.5929735 a=3.5929735 @ a=3.5929735
c=4911(14) c=4.9130287 @ ¢=4.9130287 @ c¢=4.9130287 @ c¢=4.9130287
4.1(0.1) 0.04(0.08) 0.003(0.064) 0.001(0.041)
Ettringite a=11.23 a=11.1943245 a=11.1943245 a=11.1943245 a=11.1943245
c=10.72 c¢=10.622973 = ¢=10.622973 c=10.622973 = ¢=10.622973
1.6(0.1) 0.6(0.1) 0.02(0.08) 0.01(0.08)
a=11.6389 a=33.079163 = a=33.079163 a=33.079163 = a=33.079163
b=14.1716 b=7.069867 @ b=7.0198674 | b=7.0198674 | b=7.0198674
Alite-CsS c=13.6434 c=18.5411 c=18.5211 c=18.5211 c=18.5211
a=104.982°
B =94.622° B=94.137° B=94.137° B=94.137° B=94.137°
v =90.107°
7.2(0.1) 1.4(0.1) 0.01(0.3) 0.6(0.2)
a=15.5051 a=5.514809 a=15.514809 a=5.514809 a=15.514809
b=06.7551 b=16.7655945 | b=6.7655945 @ b=06.7655945 = b=6.7655945
Larnite-CsS c=9.3108 ¢ =9.347539 ¢ =9.347539 ¢ =9.347539 c=9.342024
a=90°
B =90.59° B =94.59° B =94.59° B =94.59° B =94.59°
vy =90°
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Orthoclase

Gypsum

Quartz

Albite low

Muscovite

Chlorite

a=8.545
b=12.967
c=7.201
a=90°
B=116°
v =90°

a=1047
b=15.15
c=6.51
a=90°

B=151.52°
vy =90°

a=4.913
c=5.404

a=38.138
b=12.789
c=17.156
o =94.22°
B=116.67°
vy =87.65°

a=5.75340 (10)
¢ =46.3890 (10)

a=>5.18
b=9.02
¢=20.03999
a=90°
B=955°
y=90°

a=15.335

b=19.240
c=28.735
a, B, y=90°

0.5(0.1)
a=28.545

b=12.992
c=7.221

B=116°

4.5(0.5)
a=10.518893

b=15.143821
c=6.474143

B=151.55°

39(0.2)
a=4.91348(3)
¢ =5.40504(5)

1.9(0.2)

a=8.138

b=12.789
c=7.156

a=94.33°
B=116.57°
vy =87.65°

0.41
a=>5.18
b=28.96
c=20.1

B =95.66°

2.49(0.02)
a=15.335
b =19.240
c=28.390179
a, B, y=90°

0.6(0.1)
a=28.545

b=12.992
c=7.221

B=116°

0.1(0.1)
a=10.518893
b=15.143821
c=6.474143

B=151.55°

23.9(0.1)
a=4.91346(6)
¢ =15.4056(1)
1.6(0.1)
a=28.138
b=12.789
c=7.156
o =94.33°
B=116.57°
v = 87.65°
0.001(0.055)
a=5.7687006
¢ =45.44003
0.0009(0.1)
a=>5.18
b=28.96
c=20.1

B =95.66°

0.01(0.0)
a=5.335
b=19.240
¢ =28.390179
a, B,y =90°
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0.03(0.08)
a=8.545

b=12.992
c=7221

B=116°

5.1(0.6)
a=10.518893

b=15.143821
c=6.474143

B=151.55°

35.7(0.2)
a=4.91352(3)
¢ =5.40509(7)
1.1(0.1)
a=28.138
b=12.789
c=7.156
a=94.33°
B=116.57°
y = 87.65°
0.4(0.1)
a=15.7687006
¢ =45.44003
0.01(0.13)
a=>5.18
b=28.96
c=20.1

B =95.66°

0.01(0.10)
a=5335
b=19.240
¢ =28.390179
a, B,y =90°

0.1(0.2)
a=28.545

b=12.992
c=7.221

B=116°

0.9(0.2)

a=10.518893
b=15.143821
¢ =6.474143

B=151.55°

26.5(0.3)
a=4.91403(9)
¢ =5.4062(1)
1.1(0.2)
a=28.138
b=12.789
c=7.156
a=94.33°
B=116.57°
v = 87.65°
0.002(0.019)
a=5.7687006
¢ =45.44003
0.7(0.3)
a=5.18
b=28.96
c=20.1

B =95.66°

0.3(0.3)

a=5.335

b=19.240
c=28.735
a, B,y =90°
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e Twenty-eight days of carbonation curing

After 28 days of carbonation curing, the SCC specimens continue to carbonate, as reflected in
the XRD patterns (Figure IV-16). Notably, aragonite and vaterite peaks are no longer observed in the
LS-NCA (Figure IV-16a) and SSP-NCA (Figure IV-16¢). This indicates that these metastable CaCO3
polymorphs transformed into the more stable calcite (Ostwald’s step rule). Peaks corresponding to the
clinker phases C,S and CsS have completely disappeared. However, it is difficult to distinguish whether
these phases were primarily hydrated, producing hydrates that subsequently carbonated, or whether they
directly destabilized under the carbonation environment. According to Ibafiez et al. [395], the
carbonation penetrates deeper into C,S than into CsS, consistent with the fact that CsS hydrates much
faster than C,S. The rapid hydration of C;S generates Ca(OH), near the surface, which quickly
carbonates and forms a dense CaCOj layer that may slow further CO, ingress. In contrast, the slower
hydration of C,S allows carbonation to progress deeper, resulting in more extensive destabilization of
this phase during prolonged carbonation curing. A minor contribution of Hc remains in the LS-NCA
samples (Figure IV-16a). During carbonation, Hc phases first destabilize into Mc, which further
destabilizes into stratlingite. However, none of these secondary phases were detected in the XRD
patterns throughout the entire carbonation curing period. This is likely due to the rapid destabilization
of Hc, which prevented its conversion into these phases, and/or the low initial content of Hc in the

system [396].
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(d) x108 SSP-RCA
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Figure IV-16: XRD patterns of 28-day carbonation-cured SCC specimens.

Regarding the phases' contents (Table IV-5), calcite shows a notable increase in the SSP-NCA
samples compared to the other specimens. Trace amounts of aragonite and vaterite remain in the RCA-
based samples. Ettringite appears to be completely destabilized by carbonation, while minor amounts of
Ca(OH); persist in the LS-NCA, LS-RCA, and SSP-RCA samples. The absence of any content of C,S
and C;S indicates the extra reaction of the anhydrous cement during the carbonation process, as well as

an almost complete carbonation of the specimens' inner layers [191,219].
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Table IV-5: Quantitative phase composition and corresponding unit-cell parameters of samples after 28
days of carbonation curing. Numbers in parentheses indicate the standard deviations as 1o on the last digits from
the Rietveld refinement. Absence of standard deviations means that the values were adjusted at best manually

and could not be released during the fits without instability of the refinement.

LS-NCA LS-RCA SSP-NCA SSP-RCA
Standard
cif Unit-cell wt (%) wt (%) wt (%) wt (%)
p(aga;llztigs Unit-cell Unit-cell Unit-cell Unit-cell
parameters parameters parameters parameters
(A and °) (A and °) (A and °) (A and °)
57(1) 62.7(0.6) 69 (1.6) 59.3(0.4)
Calcite a=4.98614(1) a=4.9848(4) a=4.9841(4) a=4.9840(7) a=4.985(4)
c=17.0479(3) c=17.0792) @ c¢=17.0857(2) c=17.099(3) ¢ =17.096(2)
- 0.005(0.194) - 0.6(0.2)
Aragonite a=4.961830(13) a=4.9618 a=4.9618
b=7.96914(2) b=7.9691 b=7.9691
¢ =5.742852(15) c=5.7428 c=15.7428
- 0.3(0.2) - 0.3(0.2)
Vaterite a=4.13 a=4.130513 a=4.130513
c=8.49 ¢ = 8.460557 ¢ = 8.460557
0.1(0.1) 0.002(0.06) - 0.27(0.06)
Portlandite a=3.589(8) a=3.5927832 = a=3.5929735 a=13.5929735
c=4911(14) c=4.9120345 ¢=4.9130287 ¢ =4.9130287
- - 0.004(0.522) -
a=_8.545 a=8.545
b=12.967 b=12.967
Orthoclase ¢ =17.201 c=7.201
a=90°
B=116° B=116°
vy =90°
- 0.007(0.220) 0.005(0.542) 0.2(0.2)
a=10.47 a=10.518893 | a=10.518893 | a=10.518893
b=15.15 b=15.103821 | b=15.103821 | b=15.103821
Gypsum c=6.51 c=6.474143 c=6.474143 c=06.474143
a=90°
B=151.52° B=151.55° B=151.55° B=151.55°
vy =90°
42(1) 37(1) 31(2) 39(0.5)
Quartz a=4913 a=4.9140(6) a=4.9145(5) a=4.916(3) a=49141(4)
¢ =5.404 c=5.408(1) c=5.406(1) ¢ =5.400(2) ¢ =5.4044(8)
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0.87(22) 5.7 10(0.02) 4.1107 0.2(0.1)
a=28.138 a=28.138 a=28.138 a=28.138 a=8.138
b=12.789 b=12.789 b=12.789 b=12.789 b=12.789

Albite low c=17.156 c=7.156 c=7.156 c=7.156 c=7.156
a=94.22° a=94.33° o =94.33° a=94.33° a=94.33°
B=116.67° B=116.67° B=116.67° B=116.67° B=116.67°
v =87.65° vy =87.65° y=87.65° vy =87.65° y=87.65°
0.7(22) - - -
Hc a=>5.75340(10) a=5.7687006
¢ =46.3890(10) = c=44.04003
- 2.8 10%0.4) - 4.5107
a=>5.18 a=>5.18 a=5.18
b=9.02 b=28.96 b=28.96
Muscovite ¢ =20.03999 c=20.1 c=20.1
a=90°
f=95.5° B =95.66° B =95.66°
v =90°

Before concluding this section, it is worth noting that the calcite crystals decrease in size with
carbonation curing time. Takasaki et al. [397] reported on the evolution of calcite nanocrystals via
carbonation under decreasing pH; a crystalline phase initially forms from amorphous CaCOj3 via ion-by-
ion assembly. Bundles approximately ~50 nm in diameter are initially formed, subsequently
fragmenting spontaneously into monodispersed calcite nanograins. Therefore, the reduction in
crystallite size observed in the Rietveld refinement results can be attributed to this fragmentation
process, which reflects a shift from crystal growth to nucleation-dominated formation, leading to finer
calcite domains. Moreover, the total amount of amorphous phases also decreases in carbonation-cured

samples, indicating the carbonation of Ca-bearing phases [219].

4.3.2 Estimation of the CO; uptake

CO; uptake is expressed as CaCO; content in carbonation-cured specimens up to 28 days.
Rietveld refinement results (Figure IV-17) reveal that the CO, uptake of RCA-based specimens is
relatively higher than that of their NCA-based counterparts. Both LS-RCA and SSP-RCA follow a
consistent trend of rapid early carbonation within the first 7 days, reaching approximately 32-33 wt%

CaCO:s, followed by a slight decline to 25-26 wt% at 28 days.

The NCA-based specimens exhibit similar CO, uptake during the initial carbonation stage. They
also maintain comparable levels at the final curing age. The main difference between these specimens

appears at the intermediate carbonation age, when SSP-NCA specimens retain more CO;. In contrast,
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the LS-NCA specimens appear to undergo continued hydration rather than further carbonation, as

previously discussed.

Overall, based on Rietveld quantification, RCA-based specimens exhibit greater potential for
CO; storage across all stages of carbonation curing. The results align with the mass loss method (§ 4.2).
NCA-based specimens achieve comparable CO; storage only at the final age, with early-age hydration

dominating in LS-NCA specimens.
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Figure IV-17: Estimation of CO; uptake in carbonated samples via Rietveld-based CaCO3 content
up to 28 days.

5  Synthesis

The evolution of the CO; uptake of the four self-compacting concretes (SCC) mix designs,
incorporating either natural coarse aggregates (NCA) or recycled coarse aggregates (RCA), combined
with limestone (LS) or scallop shell powder (SSP), was conducted using four complementary methods:
carbonation front depth (phenolphthalein test), thermogravimetric analysis (TGA), mass loss profile,
and Rietveld refinement of X-ray diffraction data. Each evaluation method provided meaningful insights
into the response of each mix design specimen to carbonation. However, when comparing the results
obtained from these methods, some inconsistencies were observed. Certain specimens appeared to
exhibit higher carbonation levels in one method while showing less pronounced changes in another.

These discrepancies suggest that the outcomes from one technique do not always align perfectly with
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one another, which may be due to the techniques probing the same material differently or reflecting

different pathways in the carbonation mechanism.

The main findings of TGA are that the carbonation process in all specimens resulted in a
relatively heterogeneous CaCOs precipitation within their matrices. This can be relevant, given that
carbonation is a diffusion-controlled process in which CO» transport and its interaction with the inner
concrete matrix may collectively contribute to the observed heterogeneity. The TGA results also
indicated that NCA-based specimens, whether incorporating LS or SSP, stored equal or, in most cases,
greater amounts of CO, than their RCA-based counterparts. Interestingly, this trend aligns with the
phenolphthalein results, which showed that these specimens exhibited higher carbonation depths across
carbonation curing ages. However, when comparing these results with data from mass loss analysis and

Rietveld refinement, notable discrepancies emerged, highlighting inconsistencies in CO, uptake trends.

When considering the results of Rietveld refinement and mass loss analysis, both methods
indicated that RCA-based specimens stored more CO> than their NCA-based counterparts, although the
quantified uptake differed between the two methods. These consistent trends, despite the differences in
the quantitative data, suggest that these mixes have a greater capacity for carbonation under the studied
conditions. This behavior is commonly attributed to the increased porosity introduced by RCA
incorporation in concrete, which enhances CO, diffusion and facilitates its permanent conversion to
CaCOs. However, this assumption appears contradictory when considering the observed carbonation
depth results. As discussed earlier, the RCA-based specimens exhibited the lowest carbonation depth,
which would typically suggest limited CO» uptake. At the same time, LS-NCA specimens showed higher
carbonation depth, yet exhibited lower total uptake than SSP-NCA. This indicates a lower reactivity

toward carbonation despite greater CO, penetration.

Furthermore, SSP and LS showed a limited reactivity toward the aluminate phases, as the Hc
content was very low. Therefore, their chemical contribution to carbonation, by providing more hydrates
for carbonation, is minimal. Nevertheless, Rietveld refinement results indicated that hydration
dominated the reaction mechanism within LS-NCA specimens, particularly at the early ages. This was
evident from the higher content of hydration products and the lower total CaCO3 content compared to
SSP-NCA. The results analysis also raises a critical question: if both LS-NCA and LS-RCA specimens
contain LS, why did LS-RCA exhibit stronger carbonation reactivity, rather than following the same
reaction pathway as its LS-NCA counterpart? It can be hypothesized that the lower initial water content
in LS-NCA specimens before carbonation may have favored continued hydration over carbonation,
especially at early ages. The limited availability of early hydration products may have delayed carbonate

formation, with carbonation becoming more effective only after further hydration.

To conclude, while the type of precursors and coarse aggregates used in the mix design does

influence CO; uptake to some extent, their effect is relatively minor compared to other factors. The
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initial water content and the dynamic competition between hydration and carbonation processes play a
more critical role in determining carbonation progression and CO; storage. Thus, a multi-method
approach is not only useful but essential to capture the complex reality of carbonation in modern

cementitious materials, particularly those incorporating recycled or alternative constituents
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Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

1 Introduction

Carbonation curing is increasingly investigated as a potential alternative to conventional curing
methods in the construction industry, with the intended benefits of improving concrete performance
while mitigating CO, emissions by optimizing the CO, uptake. However, the effects of carbonation
curing on the properties of SCC remain inconclusive, leaving uncertainty about whether this approach
can reliably and effectively replace conventional curing regimes. This chapter also aims to provide an
in-depth analysis of carbonation-cured specimens to hopefully address the knowledge gap surrounding

the underlying mechanisms and property evolution.

Therefore, this chapter initially investigates the effect of carbonation curing by comparing
carbonation-cured and sealed-cured specimens to isolate its influence on the same set of properties
previously examined in Chapter 3. These include compressive strength, water-accessible porosity, bulk
density, water absorption, microstructural characteristics, pore size distribution, and, additionally, pH
evolution. The analysis is then extended to establish correlations and comparisons between the
properties of carbonation-cured specimens and those cured under standard curing, to evaluate the extent
to which carbonation curing can replicate the performance achieved through standard curing. The

chapter concludes with a synthesis of the key findings.

2 Analysis of carbonation curing-induced modification within SCC

2.1 Physical and mechanical properties

2.1.1 Compressive strength

The mechanical properties of the SCC specimens were evaluated through the evolution of
compressive strength (Figure V-1). The comparison between carbonation-cured (Figure V-la) and
sealed-cured specimens (Figure V-1b) highlights the influence of curing conditions on strength
development at different ages. To complement this analysis, the relative strength gain is also reported

(Figure V-1bc and d).

Overall, the compressive strength of all carbonation-cured specimens exhibits an increasing
trend over time (Figure V-1a), with no negative long-term impact [176]. After 1 day of carbonation
curing, LS-NCA specimens exhibit the highest early strength gain (= 8%) compared to their sealed-
cured counterparts (Figure V-1c¢). In contrast, SSP-NCA specimens exhibit lower gain, with an increase
of only around 5% (Figure V-1d). Meanwhile, LS-RCA and SSP-RCA specimens demonstrate a similar

improvement of about 4%.
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As carbonation progresses, the compressive strength increases gradually at different rates
depending on the SCC mix design. Ultimately, by the 28™ day of carbonation curing, the compressive
strength of the specimens follows the decreasing order: LS-NCA (= 41 MPa) > LS-RCA (= 39 MPa) >
SSP-NCA (= 36 MPa) > SSP-RCA (= 35 MPa). The order remains the same after 90 days, with relative
gains of approximately 9%, 1%, 15%, and 3.1% for LS-NCA, LS-RCA, SSP-NCA, and SSP-RCA,
respectively (Figure V-1d). The differences in compressive strength observed among the SCC specimens
are not only attributable to CaCOs precipitation during carbonation curing. As demonstrated in Chapter
IV, they also reflect the dominant reaction mechanisms within the interstitial solution of the SCC. These
differences may further arise from densification of the cementitious matrix induced by variations in the

pathways of CaCOj precipitation [160,398,399].

Furthermore (Figure V-1b), the compressive strength of sealed-cured LS-NCA specimens
develops more slowly and reaches a steady state earlier than other specimens. The predictable trend
reflects the limited remaining water content in LS-NCA specimens after the pre-conditioning step, as
compared to RCA and SSP specimens, which retain more moisture due to their higher porosity and, in
the case of SSP, the presence of organic matter (Chapter 112.1.2.3). The remaining specimens exhibit
similar strength development patterns, with closely overlapping tendencies. However, across all
specimens, the pre-conditioning step leads to a significant reduction in compressive strength of nearly

50%.
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Figure V-1: Compressive strength of SCC specimens: (a) Carbonation curing and (b) Sealed curing; (c-d)

Relative strength evolution under carbonation curing for LS- and SSP-based specimens.

Without reiterating the background previously established in the bibliographic chapter on the
parameters influencing compressive strength, the focus here is on how the present data support or
challenge those earlier insights. Accordingly, the analysis emphasizes CO; uptake, carbonation-reactive
hydrates as indicated by TGA and XRD, and measurements of the carbonated area, to identify the

mechanisms governing fluctuations in the compressive strength of SCC specimens.
2.1.1.1 CO: uptake (mass loss method) and the compressive strength relationship

To further understand the underlying factors responsible for the strength development and
variation observed among the SCC specimens, the relationship between CO; uptake and compressive
strength was first examined (Figure V-2). Overall, all specimens demonstrate a positive correlation, with
the compressive strength increasing as the overall CO; uptake increases, a trend well-supported in the
literature [158]. However, a closer comparison reveals that higher CO, uptake does not consistently
translate into superior strength performance, particularly evident in the LS-NCA specimens. These
specimens exhibit relatively higher compressive strength despite moderate CO, uptake compared to the
other specimens. For instance, at 7 days, LS-NCA specimens with approximately 3% CO, uptake exhibit
a compressive strength of around 33 MPa, whereas SSP-NCA specimens with approximately 4% CO,
uptake reach only about 29 MPa. Moreover, the strength development of SSP-NCA follows a nonlinear
relationship with CO, uptake. Notably, RCA-based specimens exhibit lower compressive strength than
their NCA counterparts despite higher CO, uptake.
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Figure V-2: Relationship between CO; uptake by mass loss method and compressive strength of

carbonation-cured SCC specimens over different curing ages.

Therefore, it is unlikely that CO; uptake is the sole contributor to the observed differences in
compressive strength. This emphasizes the significant influence of SCC mix design, aggregate type, and

carbonation kinetics on strength development.
2.1.1.2 Impact of carbonation-reactive hydrates on strength development

Expanding on the earlier discussion, it becomes evident that the CO; uptake does not necessarily
correlate proportionally with the compressive strength of different SCC mix design specimens. A
particularly notable case is the LS-NCA specimens, which exhibit higher compressive strength than their
SSP-NCA counterparts despite lower CO» uptake. The decalcification of C-S-H, a well-recognized
mechanism influencing compressive strength [190,194,219,260,400], appears to be less pronounced in
LS-NCA. TGA results show that the CaCO; content formed through carbonation of C-S-H in LS-NCA
specimens decreases progressively over 28 days and remains consistently lower than in SSP-NCA
specimens (Figure V-3a). This trend is consistent with the lower CaCO3 content derived from Ca(OH),
(Figure V-3b), which maintains the alkalinity of the pore solution and thus supports C-S-H stability
[401].

However, this interpretation may appear contradictory at early ages, particularly at 7 days, when
Ca(OH), consumption in LS-NCA specimens is higher (Figure V-3b). To clarify this, XRD analysis
provides complementary insights into the phase composition at this stage. The XRD results (Chapter
1V4.3.1.2) reveal a notable increase in hydration products in LS-NCA specimens, particularly Ca(OH),.
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This indicates that hydration generates more Ca(OH), than is consumed by carbonation, offering a

plausible explanation for the superior compressive strength observed in LS-NCA specimens.

These findings suggest that superior strength development arises from the synergistic interaction
of hydration and carbonation, where ongoing hydration combined with moderate carbonation (without
excessive C-S-H destabilization) fosters higher compressive strength. This balance is clearly achieved

in LS-NCA specimens, which exhibit the largest gains in compressive strength at later ages.
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Figure V-3: Relationship between carbonated hydrate phases and the compressive strength exhibited
by SCC specimens (TGA results).

167



Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

Regarding RCA-based specimens, identifying the primary factors responsible for the differences
in compressive strength is complicated by the similar mineralogical profiles of LS-RCA and SSP-RCA
specimens, as well as the considerable variability in hydrate contents that undergo carbonation.
Nevertheless, their lower compressive strength compared to their corresponding NCA counterparts
remains apparent. Carbonation curing does not fully compensate for the strength reductions associated
with the incorporation of RCA and, to a lesser extent, SSP, which can once again be attributed to the

inherent defects of RCA (lower mechanical properties, etc.).
2.1.1.3 Relationship between carbonation depth and compressive strength

Several studies have correlated compressive strength evolution with carbonation depth,
reporting that compressive strength decreases as carbonation depth increases. This inverse relationship
is attributed to the fact that both carbonation depth and compressive strength are primarily governed by
the pore system of the concrete [402,403]. However, this approach may oversimplify the complex

interplay between carbonation chemistry and the microstructural changes.

In carbonation curing, compressive strength increases with curing time (Figure V-4). This is not
simply a matter of depth but relates closely to the extent of carbonation within the specimen volume.
For instance, LS-NCA specimens, which exhibit the lowest initial water content, enable deeper CO-
diffusion (Figure IV-3), resulting in carbonation occurring across a larger volume despite a relatively
low total CO; uptake. These observations (Figure V-4a, b, and c), particularly for LS-NCA specimens,
suggest that the distribution of precipitated CaCOs over a larger volume of the specimen, an aspect that
will be further discussed in the following section, may be more beneficial for enhancing compressive
strength than when the carbonation products are concentrated in more localized zones, potentially
explaining the superior compressive strength of these specimens across all carbonation curing ages.
Once full carbonation is achieved, the final compressive strength is strongly influenced by the
microstructural transformations induced by carbonation and the inherent composition of the SCC mix

design (Figure V-4d).
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Figure V-4: Relationship between carbonated area and the compressive strength exhibited by SCC

specimens.

From the above analysis, the observed variation in compressive strength among SCC specimens
can be attributed to the balance between hydration products and carbonation products, as revealed by
the TGA and XRD results. A further critical parameter that emerges from this analysis is the distribution
of CaCOs within the matrix, which is strongly influenced by the pore structure and its relationship with

CO; diffusion. This aspect will be further examined in the microstructural analysis.

2.1.2 Bulk density

The bulk density of the SCC specimens was measured to evaluate the influence of curing on
matrix compaction (Figure V-5). A comparison between carbonation-cured (Figure V-5a) and sealed-
cured specimens (Figure V-5b) demonstrates how curing conditions affect density evolution over time.

To further complement this assessment, the relative density gain is also presented (Figure V-5¢ and d).

Overall, an increase in density is observed across all SCC specimens subjected to carbonation
curing (Figure V-5a). This enhancement is attributed to the formation of CaCO3, which occupies a larger
molar volume than some hydration products, such as Ca(OH),, thereby promoting matrix compaction

and contributing to the observed densification [404—406].

After 1 day of carbonation curing, the carbonation mechanism does not appear sufficiently
advanced to induce a significant increase in the specimens’ density. The carbonation-cured specimens
(Figure V-5a) exhibit comparable densities to their sealed-cured counterparts (Figure V-5b).
Nevertheless, the early evolution of bulk density appears slightly more pronounced in SSP-based
specimens (Figure V-5d) than in LS-based specimens, with LS-NCA and LS-RCA displaying an

approximate 1.1% lag in reaching the density of the sealed-cured specimens (Figure V-5c¢).
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By 7 days and beyond, the improvements in density become evident, with the extent of the
increase depending on the mix design (Figure V-5¢ and d). LS-NCA, followed by LS-RCA specimens,
exhibit higher densities, with a consistent trend over time (Figure V-5a). SSP-based specimens (Figure
V-5b), on the other hand, have lower densities, with SSP-RCA being the least dense.
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Figure V-5: Bulk density of SCC specimens: (a) Carbonation curing and (b) Sealed curing; (c-d) Relative

density evolution under carbonation curing for LS-based and SSP-based specimens.

By 90 days, the LS-NCA, LS-RCA, SSP-NCA, and SSP-RCA specimens reach a final density
of 2209 kg/m?, 2168 kg/m?, 2161 kg/m?, and 2095 kg/m?, respectively. These findings align with the
compressive strength results, in which LS-based specimens outperform their SSP-based counterparts in
both density and strength. Interestingly, the difference in compressive strength between the LS-NCA
and SSP-RCA specimens is 25%, while the difference in their bulk density is around 5%. This
disproportionate increase in strength suggests that the microstructural changes from carbonation can

cause a much larger increase in compressive strength [158,407].
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Overall, all specimens demonstrate a positive correlation, with compressive strength increasing
as overall density increases, although the R? values differ due to system dependence (Figure V-6). The
sustained increase in density observed in LS-NCA specimens over time supports the earlier hypothesis
that the distribution of precipitated CaCOs3, together with hydration products, enhances microstructural
densification and contributes effectively to the development of compressive strength. The lower
densities of SSP-based specimens compared to their LS-based counterparts can, once again, be partly
attributed, to a lesser extent, to the intra-granular porosity of SSP particles and the presence of organic
matter, which prevent optimal particle packing and create micropores that persist even after carbonation,
as previously observed during water curing (Chapter III). Furthermore, CaCOs precipitation may also
lead to the formation of additional pores, potentially reducing bulk density, as will be examined in the

following section.
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Figure V-6: Correlation between compressive strength and density of carbonation-cured SCC

specimens over different curing ages.

2.1.3 Water-accessible porosity

As with other properties of the SCC specimens, the effect of carbonation curing on the water-
accessible porosity was evaluated for all four mix design specimens over 90 days (Figure V-7). After 1
day of carbonation curing (Figure V-7a), an overall reduction in porosity is observed for LS-NCA, SSP-
NCA, and SSP-RCA specimens compared to their sealed-cured counterparts (Figure V-7b). An
exception is noted in LS-RCA specimens, which exhibit a slight increase of approximately 4% (Figure

V-Tc).
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The early decrease in porosity results from the precipitation of CaCO3 from Ca(OH),, the first
phase that undergoes carbonation. Since the molar volume of CaCOj is about 11-12% greater than that
of Ca(OH)s, this transformation induces solid volume expansion and reduces porosity [374,403,408]. In
contrast, Junior et al. [168] attributed the initial increase in porosity observed during the first 24 hours
of curing to extensive surface carbonation, which reduces the water content of the C-S-H gel. C-S-H
decalcification, microcracking induced by shrinkage, and transient pore redistribution at the carbonation
front may also contribute to this early porosity increase [214,408]. As demonstrated in Chapter IV, RCA-
based specimens exhibited higher carbonation than their NCA-based counterparts. This explains the
corresponding increase in water-accessible porosity of LS-RCA specimens. The same reaction dynamics

may also explain the increased porosity observed in SSP-RCA after 7 days of carbonation curing.
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Figure V-7: Water-accessible porosity of SCC specimens: (a) Carbonation curing and (b) Sealed
curing; (c-d) Relative water-accessible porosity evolution under carbonation curing compared to sealed curing

for LS-based and SSP-based specimens.

Beyond the 7™ day, all specimens exhibit a progressive decrease in porosity, albeit to varying
extents (Figure V-7c and d). These variations are attributed to differences observed in the carbonation
of Ca(OH); and the subsequent decalcification of C-S-H, driven by the ongoing CO, diffusion into the
inner layers of the specimens. This results from the varying precipitation of CaCOs3, which clogs the

pores, thus redistributing porosity within the matrix [374,408,409].
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As expected, LS-based specimens exhibit the most pronounced reduction in porosity during the
initial 28 days of carbonation curing (Figure V-7c¢), followed by a decreasing trend comparable to that
of their SSP-based counterparts by 90 days (Figure V-7d). These results are consistent with their
compressive strength and bulk density testing. Notably, the slight increase in porosity observed in RCA-

based specimens due to carbonation does not negatively impact their compressive strength.

Although carbonation governs the overall water-accessible porosity trend, the influence of the
inherent characteristics of aggregates and cement precursors was already evident under the standard
curing regime (Chapter III). Therefore, the higher water-accessible porosity of SSP-RCA specimens also
reflects the higher porosity of RCA and SSP, whose organic content can trap air and increase accessible

porosity.

2.14 Water absorption

As expected, the water absorption behavior of the four SCC mix design specimens closely
reflects the trend observed in water-accessible porosity (Figure V-8). All specimens exhibit an overall
reduction in water absorption under carbonation curing (Figure V-8a), compared to their sealed

counterparts (Figure V-8b).

Among the NCA-based specimens, SSP-NCA and LS-NCA exhibit comparable water
absorption values at early ages (Figure V-8a). As carbonation progresses, SSP-NCA specimens exhibit
a less pronounced decrease in water absorption over time than LS-NCA (Figure V-8c and d). This
behavior is attributed to microstructural differences, where the extent of pore refinement induced by

carbonation varies between the two mixes [405].
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Figure V-8: Water absorption of SCC specimens: (a) Carbonation curing and (b) Sealed curing; (c-d)

Relative water absorption evolution under carbonation curing for LS-based and SSP-based specimens.

Regarding RCA-based specimens, LS-RCA specimens (Figure V-8a) exhibit an increase of
approximately 5% after 1 day (Figure V-8c), while SSP-RCA specimens exhibit a reduction of around
15% (Figure V-8d). These results are consistent with the corresponding porosity measurements,
indicating that the early carbonation can either refine or destabilize the pore network depending on the
initial microstructure. At later ages, however, the progressive filling of pores with CaCO; contributes to

a further reduction in water absorption compared to their sealed-cured counterparts (Figure V-8b) [410].

Ren et al. [411] attributed the lower sensitivity of the pore structure to water regain to the
nanostructure of C-S-H alteration gels caused by carbonation. In other words, when C-S-H undergoes
decalcification during carbonation, its structure becomes more polymerized and silica-rich, which

decreases its hygroscopic nature, making the pore structure less responsive to water absorption [412].

Even though both porosity (§ 2.1.3) and water absorption decrease over time, RCA- and SSP-
based consistently demonstrate higher water absorption than their NCA- and LS-based counterparts,
respectively. This distinction highlights the inherent influence of RCA and SSP on pore connectivity and

transport properties.
The strong correlation between water absorption and water-accessible porosity (Figure V-9)
confirms that both parameters are primarily governed by microstructural refinement rather than by the

total pore volume alone. The moderate slope of 0.53 indicates that water absorption increases only

partially with water-accessible porosity. This behavior is mainly controlled by pore connectivity, size,
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and tortuosity, which are affected by the microstructural changes induced by carbonation in each mix

design.
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Figure V-9: Correlation between water absorption and water-accessible porosity to water in SCC

specimens.

e General observations

Based on the analysis of how carbonation alters mechanical and physical properties, carbonation
curing improves compressive strength and bulk density, while decreasing water-accessible porosity and
water absorption. The extent of these improvements largely depends on: (i) the aggregates (RCA or
NCA) and the cement precursors (SSP or LS) used; and (ii) the interplay between hydration and
carbonation, which is initially influenced by the water content and the efficiency of CO; transport during

the simultaneous progression of both mechanisms.

The behavior of the LS-NCA specimens demonstrates that the highest CO, uptake does not
automatically lead to the best properties; rather, it is the balance between carbonation and hydration that
drives the most significant improvements in macroscopic properties. However, estimating the relative
extent of carbonation versus hydration is challenging, as this balance is dynamic rather than static, a
limitation already highlighted in the literature (Chapter I). Similarly, RCA-based specimens provide
evidence that the inherent characteristics of the aggregates directly influence the final mechanical and

physical properties, regardless of their interference in the carbonation mechanism.

Although carbonation curing is an effective method for improving compressive strength, bulk
density, accessible porosity, and water absorption, to the best of our knowledge, systematic studies on
the carbonation curing behavior and these properties in SCC mixtures are lacking. Further research is

needed to accurately determine the actual effects of the adopted protocol in this study.
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22 pH

Carbonation is known to significantly decrease the pH of the cement-based materials, including
the considered carbonation-cured SCC specimens (Figure V-10). After one day of carbonation curing,
the pH decreases across all SCC specimens from an average of 12.43 to 10.61. This acidification of the
pore solution arises mainly from the destabilization of Ca(OH),, which maintains the cement matrix
alkalinity. As carbonation consumes the OH~ ions, the buffering capacity of the pore solution
progressively diminishes, leading to the observed drop in pH. At this stage of the pH evolution, other
cementitious phases are also destabilized by carbonation (Chapter 13.3.6), consistent with XRD results
(Chapter 1V4.3).
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Figure V-10: Evolution of pH of SCC specimens at different carbonation curing ages.
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After 7 days of carbonation curing, the pH further decreases but remains above 10 units in LS-
NCA and SSP-RCA specimens, and reaches 9.65 and 9.72 in LS-RCA and SSP-NCA (Figure V-10a and
b). Before the total consumption of Ca(OH),, the pH remains above 10.4; maintaining this level may
indicate either incomplete Ca(OH), consumption or the subsequent formation of hydrated products that
buffer the pore solution, delaying further pH decrease [380]. In LS-NCA specimens, the delayed pH
decrease is attributed to their higher Ca(OH), content at this age, as confirmed by XRD analysis,
compared to the other SCC mixes. As carbonation progresses deeper in the SCC specimens, the pH
decreases continuously during the 28 days to reach final values at 90 days of 8.92, 8.45, 9.22, and 8.69
for LS-NCA, SSP-NCA, LS-RCA, and SSP-RCA, respectively. At 28 days, Rietveld quantification

indicates that no residual Ca(OH), remains in any of the specimens.

The progressive decrease in pore solution pH observed across all specimens can be described
as a two-stage process. In the initial state, the pH begins to drop as H,COs forms, partially dissociates,
and releases H3;O" ions. However, this release contributes minimally, as most H* ions are immediately
neutralized by abundant OH™ ions present in the highly alkaline medium. Under these conditions, the
CaCOs system is dominated by CO;* ions (Chapter I). As CaCO; precipitates, CO3> ions are removed
from the solution. Consequently, Eq. V-1 shifts to the right to re-establish equilibrium, promoting further
dissociation of HCO;~ and H,COs; to replenish COs*~ (Le Chatelier’s principle). These reactions
consume OH™ from Ca(OH),, resulting in an initial observed pH drop from approximately 12.4 to around

10.6 across all specimens [413,414].
COz(g) +Hz0 © H;C03aq) © Hiag) + HCO3aq) © Hisg) + CO3q) Eg. V-1

Once Ca(OH), is depleted at 28 days, a second stage begins in which the CO3>/HCO;~
equilibrium dominates the pore solution chemistry of SCC specimens. As COs>~ continues to be
consumed through CaCOs precipitation, this equilibrium repeatedly shifts to the right, releasing
additional H* ions and causing a gradual pH decrease, as long as Ca?* (e.g., from the destabilization of
other hydrates) and COs>" ions remain available. When the pH approaches approximately 8, COs>~ ions
are no longer stable in solution, and the carbonation process effectively stops, as observed after 90 days

in the SCC specimens [158,413,415].

During this process, other factors may contribute to the observed pH fluctuations across the
specimens. Alkali ions (Na*, K*) in the pore solution may be incorporated into the C-S-H structure as
Ca?* is leached, modifying local alkalinity. In SSP-based specimens, the decomposition of organic

matter may also slightly increase local pH through the release of weakly basic organic compounds.
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Therefore, the evolution of the pH of the pore solution during carbonation is governed not only
by the consumption of Ca(OH), (Eq. I-5), but also by intermediate buffering reactions and equilibrium

processes that regulate the pore solution chemistry.

2.3 Microstructural analysis

2.3.1 Pore structure analysis: MIP testing

The effect of carbonation curing on the pore structure was evaluated using mercury intrusion
porosimetry (MIP) at 1, 7, and 28 days of curing. The results (Figure V-11) reveal that carbonation
curing could heterogeneously influence the pore network across the specimens. After 1 day of
carbonation curing, LS-NCA specimens exhibit a total porosity of approximately 16%, with a dominant
intrusion peak at the critical pore diameter (d.) of around 350 nm (Figure V-11a). Around 60% of the
pore network consists of pores larger than 20 nm, mainly in the 20—50 nm and 50-200 nm ranges (Figure
V-11b). In comparison, SSP-NCA specimens show a slightly lower total porosity (=3% less) and a flatter
intrusion peak centered at d. = 220 nm, although nearly 80% of their pores also exceed 20 nm within

similar size ranges (Figure V-11Db).

On the other hand, LS-RCA and SSP-RCA specimens exhibit higher total porosity of
approximately 16% and 18%, respectively. The pore network in SSP-RCA is characterized by the
sharpest and most pronounced intrusion peak at d. = 280 nm, with roughly 80% of the pores exceeding
20 nm in diameter, mainly within the 50-200 nm range (Figure V-11a and b). In comparison, LS-RCA
specimens exhibit a less intense dominant peak at d. = 500 nm, with approximately 70% of pores larger

than 20 nm, primarily concentrated within the 20-50 nm and 50-200 nm ranges.

At this early stage, it is difficult to directly evaluate the changes induced by carbonation, since
MIP testing was not performed on the sealed-cured specimens to provide a baseline. However, the
progressive changes in the pore network can be evaluated over the course of carbonation curing,

although pore connectivity may partially influence CO; diffusion at later ages.
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Figure V-11: MIP testing results of SCC specimens after 1 day of carbonation curing: (a) differential

intrusion curves and (b) corresponding pore size distribution profiles.

As carbonation progresses to 7 days of curing (Figure V-12), the total porosity of LS-NCA
specimens decreases to approximately 14%. The dominant peak, initially broad at 1 day, shifts toward
smaller diameters, becoming sharper and more well-defined at d. =~ 77 nm, accompanied by a secondary
peak at approximately 450 nm (Figure V-12a). A slight increase in pores exceeding 1000 nm is observed,
along with a more pronounced increase in the 50-200 nm range (Figure V-12b). The microstructure of

SSP-NCA specimens, on the other hand, coarsens during carbonation, with an increase in total porosity
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to approximately 13.5%. The dominant peak shifts toward larger pore diameters, with increased intensity
at d. = 380 nm, while an increase in pores within the 50-200 nm range and those larger than 1000 nm is
also observed (Figure V-12a and b). These observations highlight the more uniform microstructure of
LS-NCA specimens, supporting the physical and mechanical testing results. It is also important to note
that the two cement precursors can partly influence the coarsening of the pore system. In contrast to LS,
the porosity of SSP and its organic matter contribute to the formation of additional voids that may persist

after carbonation, regardless of mix design or curing age.

Regarding RCA-based specimens (Figure V-12a and b), the total porosity decreases to 12% for
LS-RCA and 14% for SSP-RCA specimens. The latter specimens remain slightly higher than SSP-NCA
due to their initially more porous microstructure. In LS-RCA, the dominant intrusion peak becomes less
intense and shifts to lower d. = 280 nm, accompanied by a marked reduction in pores within the 20-50
nm range. By contrast, SSP-RCA specimens exhibit a slight decrease in peak intensity with the peak
shifting to smaller pores at approximately 180 nm, while the pore network remains largely governed by

pores in the 50-200 nm range. These results indicate progressive pore refinement in both mixes, but

more pronounced in LS-RCA.
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Figure V-12: MIP testing results of SCC specimens after 7 days of carbonation curing: (a) differential

intrusion curves and (b) corresponding pore size distribution profiles.

After 28 days of carbonation curing (Figure V-13), the LS-NCA specimens exhibit a further
reduction in total porosity (= 12%), while the SSP-NCA specimens show no significant change in total
porosity. The pore structure of both specimens continues to evolve, as evidenced by the emergence of a
sharper intrusion peak at d. = 32 nm. However, the pore size distribution in SSP-NCA is dominated by
pores in the 200-500 nm range (Figure V-13a and b). In LS-NCA specimens, the dominant intrusion

peak broadens, with a more uniform pore distribution (Figure V-13a and b).

The RCA-based specimens, in turn, exhibit a further decrease in total porosity (= 11% for LS-
RCA and = 13% for SSP-RCA), reaching values comparable to their corresponding NCA specimens. A
reduction in the intensity of the dominant intrusion peaks is observed, with the SSP-RCA specimens

exhibiting a coarser pore structure, predominantly within the 50-200 nm range (Figure V-13b).

184



Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

(8 4 ISINCA —4-LS-RCA —a—SSP-NCA —+ SSP-RCA
0.1 -

009 | 28 Days
0.08 |
007 |
0.06 |
0.05 |
0.04
0.03 |
0.02

Log differential intrusion (ml.g")

0.01

1.E+04 1.E+05 1.E+06

0 TR T L1l NN 1
1.LE+00 1.E+01 1.E+02 1.E+03
Diameter (nm)

B <]0nm = 10-20nm ™ 20-50nm = 50-200nm
® 200-500nm = 500-1000nm = >1000

100
80:
60:
40:
B
= 1 B

LS-NCA LS-RCA SSP-NCA SSP-RCA

A
o
=

Pores size distribution (%)

Figure V-13: MIP testing results of SCC specimens after 28 days of carbonation curing: (a) differential

intrusion curves and (b) corresponding pore size distribution profiles.

Beyond the general observations, the precipitation of CaCOj3, typically occurring along the walls
of capillary pores, increases the proportion of small capillary pores (<200 nm), thereby densifying the
microstructure in most SCC specimens [190]. The increase in total porosity of SSP-NCA with further
carbonation may reflect the progression of Ca(OH), and C-S-H carbonation. Pham [410] noted that

carbonation of Ca(OH),, characterized by the crystallization of calcite on portlandite platelets, increases
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the pore surface area. Morales-Florez et al [416] reported that the carbonation of low-density C-S-H and

the associated precipitation of porous silica gel contribute to an increase in total pore volume.

Furthermore, the relatively high proportion of gel porosity (<10 nm), which generally indicates
a higher degree of hydration [190,417], observed in LS-NCA specimens during carbonation curing,
suggests a more effective hydration process. However, it is worth noting that although C-S-H
carbonation typically increases specific surface area by opening gel pores [185], this mechanism does
not appear significant in these specimens, as they exhibited the lowest extent of C-S-H carbonation and

still maintained higher compressive strength than the other specimens.

In RCA-based specimens, the carbonation process generally follows a similar pattern to that of
their NCA-based counterparts, with slightly lower gel porosity and a marginal increase in coarse pore
volume. These differences in porosity may be attributed to the lower effectiveness of carbonation, which
could result from reduced CO> diffusion within the mixes (Chapter IV3) or the inherently higher initial
porosity of the RCA specimens.

Overall, LS-based specimens benefit from more effective hydration and limited C-S-H
carbonation, thereby maintaining a denser microstructure. In contrast, SSP-based specimens exhibit

signs of over-carbonation, leading to increased porosity.

2.3.2 Microstructural observations

The microstructural observations from SEM images of carbonation-cured specimens, compared
to their sealed-cured counterparts, were guided by the XRD and by the morphological characteristics
reported in the literature [367—369,418]. The following analysis aims to highlight microstructural
insights, particularly the distribution of CaCOs crystals, to explain the observed differences in the

physical and mechanical properties of all specimens.
e General SEM observation

All carbonation-cured specimens exhibit a denser microstructure, which evolves with the
duration of carbonation curing (Figure V-14), characterized by a substantial quantity of CaCOj crystals,
which are less prominent in the sealed-cured specimens [219,377,419]. The three polymorphs detected
in XRD analysis are visible in SEM images: spheroidal vaterite, rod-like aragonite crystallites, and
calcite rhombs [377]. The morphology of calcite will be detailed in a dedicated section (Figure V-14b).
In contrast, sealed-cured specimens exhibit a more pronounced presence of anhydrous cement grains

and hydration products (Figure V-14a). See Appendix 2 for more SEM images.
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Figure V-14: SEM images showing the microstructural evolution from (a) sealed-cured specimens after 1 day to

(b-d) carbonation-cured specimens at different ages for various mix designs.

Moreover, carbonation-cured specimens also exhibit a stronger bond between the aggregate and
the cementitious matrix, as the precipitation of CaCOs crystals fills pores and microcracks within the
ITZ, thereby reducing its thickness and defects [420]. These observations, as well as the evolution of
the matrix, are evident in all specimens; for instance, in carbonation-cured SSP-based specimens (Figure

V-15b) and sealed-cured LS-based specimens (Figure V-15a).
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Figure V-15: SEM images of the ITZ and the adjacent matrix, shown as examples for (a) sealed-cured LS-based

and (b) carbonation-cured SSP-based specimens at 28 days

e SEM observations of NCA-based specimens

Compared with the carbonation-cured SSP-NCA specimens, the spatial distribution of CaCO3
crystals, particularly calcite, within the LS-NCA matrix shows notable differences across curing ages
(Figure V-16). From 7 days onward, the LS-NCA specimens exhibit denser accumulations of finely
dispersed calcite, often forming compact clusters predominantly located near the surface of the C-S-H
gel (Figure V-16a). Individual calcite crystals are also observed either embedded in or located on the
surface of C-S-H gel [420]. This distribution results in a strong bond between calcite crystals and C-S-
H gel, thereby improving the mechanical properties and likely contributing to the higher compressive
strength observed in the LS-NCA specimens [421]. Although calcite clusters are also present within the
SSP-NCA specimens, they tend to be less densely packed. The C-S-H gel is less discernible in these

specimens, likely due to its greater consumption during the carbonation process (Figure V-16b).
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Consequently, C-S-H gel decalcification contributes to a less cohesive microstructure, which may

explain the lower compressive strength observed in the SSP-NCA specimens [422].
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Figure V-16: SEM images showing the spatial distribution of CaCOj crystals within (a) LS-NCA and (b) SSP-

NCA specimens after different carbonation curing ages.

e SEM observations of RCA-based specimens

Regarding the microstructure of the carbonation-cured RCA-based specimens, the morphology
and size of the calcite crystals appear more heterogeneous (Figure V-17). Their distribution is more
clustered within the ITZ, whereas in the bulk matrix, calcite tends to be more sparsely and irregularly
dispersed. Additionally, microcracks are more prevalent and often remain partially unfilled, in contrast
to their NCA-based counterparts (Figure V-16). These features may contribute to slightly lower
mechanical performance and higher porosity in RCA-based specimens. Nevertheless, carbonation
curing progressively improves the microstructure with increasing curing age, enhancing the bond

between the aggregate and the matrix.
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Figure V-17: SEM images showing the spatial distribution of CaCOj crystals within (a) LS-RCA and (b) SSP-RCA

specimens after different carbonation curing ages.

e Morphology evolution of calcite crystals

During carbonation curing, the shape of calcite crystals changes over time as the chemical
environment and pH evolve. On the first day, nanometer-sized rhombohedral crystals form (Figure
V-18a) when rapid nucleation dominates. By around 7 days, the crystals grow into rhombo-
scalenohedral (Figure V-18b) or scaleno-rhombohedral (Figure V-18c) as the pH drops to ~10, allowing
more directional growth. At later stages, scalenohedral crystals (Figure V-18d) appear under lower pH,
where slower growth and reduced supersaturation favor the development of larger, elongated crystals

[248,423,424].
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Figure V-18: SEM images showing the morphological evolution of CaCO3 crystals during carbonation-induced
pH drop.

3 Carbonation curing as a viable alternative to standard curing

3.1 Analysis of compressive strength in carbonation versus standard curing

The strengths achieved through carbonation curing remain lower than those attained in standard
curing after 1 day across all specimens (Figure V-19). At this age, carbonation curing is not sufficiently
effective to meet the performance of standard curing in terms of strength in all SCC specimens. In

standard curing, continuous hydration in water rapidly develops C-S-H gel, providing early compressive
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strength. In contrast, carbonation-cured specimens undergo a pre-conditioning step that includes heating,

which initially limits hydration and leaves some newly generated pores unfilled by carbonation products.

By 7 days of carbonation curing, the strength evolution becomes notably more pronounced in
LS-based specimens (Figure V-19a), with strength deficits of only around -1% and -3% observed for
LS-NCA and LS-RCA, respectively, relative to their standard-cured counterparts. From the 7% day
onward, the strength gain tends to stabilize, ultimately exceeding the compressive strength of standard-
cured specimens by an average margin of approximately 4% at 90 days. Evidently, this improved

performance is attributed to the refinement of the pore structure from calcite precipitation.

However, with SSP-RCA and SSP-NCA, the strength gap between the two regimes remains
obvious even at 28 days, particularly in the SSP-NCA specimens (Figure V-19b). By 90 days, the
performance gap reverses, with carbonation-cured specimens exceeding the compressive strength of
their standard-cured counterparts by an average of 9.60% and compensating for the decreases in
compressive strength observed with the standard-cured specimens (Chapter 1114.1). These trends
indicate that the ongoing hydration process plays a significant role in the development of compressive

strength over time.

(a) LS mNCA ®RCA
=
o 14
5 6.3
= 0.2
= 50 4.1
) 8 1.4
=
g “T Bl E
s 4 -0.8
o X 2.6
° - =0
=
2 10 -6.3
2
e -16
[}
2
'z 22
=
& 21.3
28 o
1 7 28 90
Time (days)

192



Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

(b) SSP ENCA ®RCA
= 93
5 14 10.1
o
=4
@ 8
(5]
2
w
3 2
S
g [
8"'4 1.0
e X
ov
g
3
S
5 16 111
2
;5 =22
= 177 -19.5
Mg
1 7 28 90

Time (days)

Figure V-19: Relative compressive strength evolution under carbonation curing compared to

standard curing of (a) LS-based and (b) SSP-based specimens.

Overall, these results indicate that early-age compressive strength is primarily controlled by
hydration, which is more effective in standard specimens. Over time, however, the carbonation-cured
specimens benefit from calcite precipitation and continued hydration, particularly in LS-based

specimens, ultimately achieving comparable or even higher long-term strength.

These results, however, contrast with trends reported in other studies, which show an average
relative evolution of approximately 20 =4 % after 1 day, decreasing to around 15 = 6 % at 28 days, with
only marginal changes at 90 days compared to standard curing, depending on mix design and
carbonation curing protocol [167,180,261,425]. The opposite trends observed in the SCC specimens
were expected, primarily due to the pre-conditioning step, which may have limited early hydration and

influenced subsequent strength development under carbonation curing, as noted above.

3.2 Bulk density, water-accessible porosity, and water absorption in carbonation

versus standard curing

Carbonation curing has a positive effect on bulk density, water-accessible porosity, and water
absorption across all SCC mixtures (Figure V-20). While the improvements are relatively moderate at

early ages compared to the standard curing regime, their magnitude increases over time.
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e  Bulk density

After 1 day, the carbonation-cured SSP-based specimens exhibit a greater increase in bulk
density (up to = 3.5%) compared to their LS-based counterpart, relative to standard curing (Figure V-20a
and b). SSP-based specimens already demonstrated higher CO, uptake than LS-based specimens. As
previously noted, carbonation products occupy a larger molar volume than hydration products,
particularly Ca(OH),, resulting in more pronounced matrix densification. Therefore, it is not surprising
that these specimens exhibit higher bulk density. Moreover, the similar bulk densities observed in LS-
based specimens under both curing regimes suggest that hydration remains dominant at early stages. As
curing progresses, LS-NCA and LS-RCA specimens show steady and comparable improvements,
ultimately exceeding the bulk density of their standard-cured counterparts. Therefore, carbonation
curing clearly enhances densification relative to standard curing, though this does not necessarily

translate into improved microstructural cohesion.
e  Water-accessible porosity

In terms of porosity, carbonation curing consistently reduces the water-accessible porosity
compared to standard curing across all specimens. LS-based specimens (Figure V-20c), particularly LS-
NCA, exhibit a rapid and pronounced reduction in porosity up to 28 days compared to SSP-based
specimens (Figure V-20d). This may be attributed to the fact that, although carbonation reduces the total
porosity of SSP-based specimens, the resulting pore network is predominantly composed of larger-
diameter pores, as will be discussed in the following section. Consequently, the reduction in water-
accessible porosity appears to occur more rapidly in LS-based specimens than in SSP-NCA. However,
by 90 days, the extent of improvement in porosity becomes comparable across all specimens, suggesting

that the long-term impact of carbonation is broadly consistent regardless of the mix design.
e  Water absorption

Following the same trend, water absorption also decreases more significantly under carbonation
curing. A greater reduction in water absorption is observed up to 28 days for LS-based specimens (Figure
V-20e) compared to their SSP-based counterpart (Figure V-20f). By 90 days, however, both LS- and
SSP-based specimens converge to similar levels of water absorption reduction. The disparity in
improvement between LS-based and SSP-based specimens is consistent with that observed for water-

accessible porosity.

194



~
oo
N

Relative evolution of bulk density (%)

~
(=3
~

Relative evolution of bulk density (%)

w

NS}

-2

Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

LS ENCA ®RCA
3.2 3.6
2.9
2.7
0.1
L _ _ _}
-0.5
1 7 28 90
Time (days)
SSp ENCA ®RCA
35
33

2.8

1 7 28 90

Time (days)

33
2.7
2.4
1.7

~
o

Relative evolution of water-accessible

)

porosity (%)
s

,\
&

Relative evolution of water-accessible

porosity (%)

]

Figure V-20: (a-b) Bulk density, (c-d) porosity accessible to water, and (e-f) water absorption relative evolution under carbonation curing compared to standard curing of LS-based

mENCA ®RCA

-4‘8 '
-15.0
-17.9
-18. 9
3.6
-26.3
1 7 28 90
Time (days)
ENCA HERCA
-6.0 l
-10.2
-13.5
-14.1
=232
242 25.9
1 7 28 90
Time (days)

and SSP-based specimens.

195

a
~

Relative evolution of water absorption (%)

Navj

Relative evolution of water absorption(%)

-30

-35

LS

mNCA ®=RCA
_2 2 I I
=214
1 7 28
Time (days)
ENCA BERCA
-16.3-13.9
1 7 28

Time (days)

90

-27.4 ||

90



Chapter V. Effect of carbonation curing on the properties of self-compacting concrete mixes

Overall, carbonation curing produces a denser material with lower water absorption and reduced

accessible porosity compared to standard curing. The effectiveness and evolution of SCC recovery from

the pre-conditioning step are both strongly influenced by the mix design, as documented in the literature

[426—428]. Although the improvements observed in this study are consistent with previous findings

(Table V-1), a direct comparison remains challenging due to the limited number of comparable studies

and variations in mixes’ composition and curing conditions.

Table V-1: Physical property improvements of cement-based materials after carbonation curing.

Properties
Bulk density

Bulk density

Water-accessible
porosity

Open porosity
Water absorption
Water absorption

Water absorption

33

Test samples

Concrete

Mortar
w/c=0.4

Mortar
w/c=0.4

Concrete

PC mortar
w/c=0.4

PC mortar
w/c=0.4

PC paste
w/c=0.35

Pore size distribution: MIP testing

Carbonation conditions

21+£2°C, 5% COy, 65
+10% RH

21+£1°C65%+ 10 RH,
5% CO,

21 £1°C,5% CO,, 65%
+ 10 RH

6 h, 15 Psi, = 99% CO,,
25+ 5 °C, ambient RH

0.2 MPa, pure, 6h

0.2 MPa, pure, 6h

21 +£1°C65% RH, 20%
CO;

Improvements
1% at 28 days
11% at 7 days
10.5% at 7 days
50% at 28 days
32.4% at 1 day
48.7% at 28 days

51% at 28 days

Ref
[429]
[430]
[430]
[170]
[431]
[432]

[433]

Based on MIP testing of standard- and carbonation-cured specimens, carbonation curing

consistently increases total porosity over time across all specimens (Table V-2). This is once again due

to the difference in molar volume between hydration and carbonation products. It is worth noting that

this phenomenon increases the measured pore volume while reducing the connectivity of pores available

for water transport, thereby remaining consistent with the observed decrease in water-accessible

porosity.

Table V-2: Total porosity (%) of SCC mix specimens under carbonation and standard curing regimes.

SCC mix

LS-NCA
LS-RCA
SSP-NCA
SSP-RCA

1 day
Carbonation Standard
15.82 12.04
16.39 13.7
10.07 15.21
18.84 16.35

7 days
Carbonation Standard
14.22 8.83
12.13 11.85
13.48 9.06
14.1 10.42
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28 days
Carbonation | Standard
12.5 5.08
11.33 8.80
13.26 7.70
12.67 9.80
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Furthermore, the pore system is substantially altered by the curing regime. In carbonation curing
(Figure V-21a, c, and e), the pore system exhibits an increase in the volume fraction of pores smaller
than 50 nm alongside a simultaneous decrease in the volume fraction of pores larger than 200 nm
compared to standard curing (Figure V-21b, d, and f). As previously noted, the increase in finer pores
(<50 nm) is attributed to CaCOs precipitation within the capillary pore network, which subdivides
existing larger pores into smaller domains, particularly at early ages, as commonly reported in the
literature [219,434,435]. By 28 days (Figure V-21b e and f), the pore structure of carbonation-cured LS-

based specimens closely resembles that of their standard-cured counterparts, consistent with their

comparable compressive strengths.

In SSP-based systems, the pore structures of carbonation- and standard-cured RCA specimens
converge over time. However, the carbonation-cured SSP-NCA specimens retain a higher fraction of

large pores (>200 nm), a feature that aligns with the observed variability in the extent of compressive

strength improvement (§ 3.1).
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Figure V-21: Pore size distribution of SCC specimens under (a, ¢, and e) carbonation curing and (b,

d, and f) standard curing.

34 CO: uptake as a potential added value of carbonation curing in SCC
a) Low-carbon contribution of scallop shell and limestone powders

It is worth mentioning that the SCC mix designs already contain 30% CaCO; by weight of
cement, originating from LS and SSP. This CaCOs content represents CO, previously sequestered by
these materials. In this context, SSP can be considered a dual carbon sink: (i) mineral, as mollusks
biologically convert dissolved CO; from seawater into CaCO; for their shells, and (ii) organic, as part
of the carbon is incorporated into the shell’s organic matrix. In contrast, the CO, in LS originates
primarily from the mineral fraction formed from skeletal remains of marine organisms and calcareous
deposits, as any original organic carbon has long since decomposed and returned to the atmosphere. By
incorporating LS and SSP, the SCC mixes inherently retain CO; and organic carbon from SSP. RCA also
contributes additional CaCO; through the natural carbonation of the adherent mortar. These sources

complement the additional CO; captured during the carbonation curing process.

b) Carbonation curing contribution

Compared with standard curing, carbonation curing of SCC enables an average of 45 kg CO,»/m*
to be stored after just 24 h, increasing to an average of 106 kg CO»/m* with prolonged curing of up to
90 days (Figure V-22). This value exceeds the CO; inherently stored within the mix constituents,
estimated at approximately 60 kg CO,/m’ from the combined contribution of SSP and LS, with an
additional 6 kg CO./m? provided by RCA [430], as indicated by the dashed lines.

Moreover, Rietveld refinement indicates that the relative CaCOs; content evolves from a
minimum average of approximately 8% in NCA-based specimens after 24h to a maximum average of

70% with longer curing times up to 28 days in RCA-based specimens. These results demonstrate that
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carbonation curing is an effective method of CO; sequestration, in addition to its beneficial effects on

the analyzed SCC’s properties.
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Figure V-22: CO; stored in SCC mix designs through carbonation curing, based on the mass loss

method data.

4  Synthesis

The effect of carbonation curing on the properties of the SCC mix designs was systematically
evaluated. The investigation focused on the development of compressive strength, bulk density, open
porosity, water absorption, pore structure, and the spatial distribution of precipitated CaCO; within the
cementitious matrix. The results obtained from carbonation curing were critically compared with those

derived from standard curing conditions. The principal findings of this study are summarized as follows:
e Carbonation curing versus sealed curing

Compressive strength: The compressive strength of the carbonation-cured specimens
exhibited an overall progressive increase with extended carbonation duration, rising from approximately
8%, 5%, 3%, and 4% at 1 day to 42%, 34%, 31%, and 22% at 90 days for LS-NCA, SSP-NCA, LS-
RCA, and SSP-RCA, respectively. Overall, the compressive strength demonstrated a linear relationship
with the CO;uptake within a given mix design. However, this relationship was not consistently observed
across all specimens. Notably, the LS-NCA specimens achieved the highest compressive strength

despite exhibiting the lowest CO; uptake among the investigated mixes.

Physical properties: Although the effect of carbonation curing was only moderately

pronounced within the initial 24 h, extended carbonation led to a progressive and consistent increase in
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bulk density, accompanied by a concomitant decrease in capillary water-accessible porosity and water
absorption. The extent of these microstructural modifications was strongly dependent on the specific
mix design, which is governed by the interplay between hydration and carbonation processes, as well as

by the spatial distribution of carbonation products within the cementitious matrix.

Microstructure properties: The MIP results revealed that carbonation curing induced distinct,
mix-dependent alterations in pore structure. LS-NCA specimens exhibited progressive microstructural
refinement, whereas SSP-NCA specimens showed coarsening and an increase in total porosity of about
31.7% at 7 days, with no significant further decrease afterwards. RCA-based specimens followed the

same trends as their counterparts, reaching comparable total porosity values by 28 days.

SEM observations revealed densification of the SCC microstructure. Pore filling was primarily
due to calcite precipitation at all curing ages, with minor spherical vaterite and rod-shaped aragonite
appearing only at early ages. The LS-NCA specimens' matrix contained compact calcite clusters
interspersed with C-S-H gel, which explains their superior compressive strength. In contrast, the SSP-
NCA specimens' matrix exhibited looser calcite packing and less C-S-H gel. RCA-based specimens
displayed heterogeneous calcite distribution and persistent microcracks, though microstructure

improved with extended carbonation.

Pore solution pH: carbonation curing, as expected, altered the alkalinity of the specimens,
which decreased with progressive Ca(OH), consumption and was later governed by the CO3>/HCO5~
equilibrium. Early-stage carbonation preserves the pH above 10.4, while extended curing gradually

lowers it, with final values after 90 days ranging from 8.45 to 9.22.
e Carbonation curing versus standard curing

Compressive strength: Carbonation curing initially yielded lower compressive strengths
across all SCC specimens. LS-based specimens exhibited accelerated strength development, surpassing
the standard-cured counterparts by an average of approximately 4% at 90 days. In contrast, SSP-based
specimens exhibited delayed early-age gains but ultimately exceeded standard curing by an average of
around 9.6% at 90 days. Additionally, carbonation curing resulted in higher bulk density, lower water
accessible porosity, and reduced water absorption over time. LS-based specimens demonstrate faster

early improvements, though long-term effects are comparable across all mix design specimens.

Microstructure properties: The comparative MIP results of the specimens cured under the two
regimes showed that carbonation curing modifies the pore structure by increasing the volume fraction
of <50 nm pores and reducing that of coarse pores (>200 nm). The pore system of LS-based specimens
cured under the two regimes converged over time, consistent with their comparable compressive
strengths. In contrast, SSP-NCA specimens maintain a higher proportion of large pores, accounting for

the observed variability in strength development.
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CO; storage potential: Carbonation curing provided a promising environmental benefit,
enabling the storage of 45 kg CO,/m? within the SCC during the first day of the process. An approximate

140% increase was achieved with prolonged curing duration.
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This doctoral research aimed to address the construction industry's contribution to global CO,
emissions and its impact on climate change. Through our investigations, we have found that carbonation
curing can be an effective solution, especially when combined with low-carbon alternative raw
materials. This approach not only helps reduce emissions in the construction sector but also emphasizes

the use of low-carbon impact raw materials, favoring alternatives such as SSP and RCA.

The journey to achieve the goal of this research, evaluating the CO, storage potential of SCC to
mitigate emissions in the construction sector, started with a thorough examination of the SCC,
incorporating the studied raw materials, aiming to understand its properties and how it could act as a
CO; sink. From there, the focus shifted toward identifying the most effective approaches to maximize
CO; storage. Guided by the literature, carbonation curing emerged as the most promising approach.
Along the way, the literature highlighted several challenges and knowledge gaps, particularly concerning
carbonation curing protocols optimization and the fundamental mechanisms of carbonation. The gaps
then became the central targets of our investigation, shaping the research direction and guiding our

efforts to provide meaningful answers.

In the first experimental work, the focus was on formulating a rheologically stable SCC with
sufficient mechanical strength to promote its industrial application. The aim was to reduce the use of
limestone (LS) and natural coarse aggregates (NCA) by valorizing alternative materials, namely ground
seashells (scallop shell powder, SSP) and recycled coarse aggregates (RCA). This study demonstrated
that these materials could serve as feasible substitutes. Compared to LS, SSP improved viscosity and
segregation resistance with only minimal slump loss. However, a major concern with SSP is the presence
of its intergranular organic matrix, which was observed to interfere with hydration mechanisms by
blocking nucleation sites for hydrate growth. Another issue arose from the organic matrix trapping air,
which partly coarsened the pore network. Combined with the delayed hydrate formation, this further
contributed to pore coarsening and ultimately a moderate reduction in long-term compressive strength.
Regarding the replacement of NCA, RCA reduced fresh density and limited workability retention to
about 45 minutes. It also increased porosity and water absorption and decreased compressive strength
by up to 11%. However, this reduction in compressive strength is considered moderate by the scientific

community, particularly when compared to the more detrimental losses reported in other studies.

The second experimental campaign, dedicated to investigating the carbonation behavior and
identifying the parameters influencing CO, uptake within each SCC matrix, provided valuable insights.
To achieve this, the carbonation curing protocol was carefully adapted, starting from the preconditioning
step to prepare the specimens to receive COa, to the selection of ideal environmental conditions to
optimize CO, absorption. Although the type of precursor and coarse aggregate influenced CO, uptake
to some extent, their effect was relatively minor compared to other factors. Instead, the initial water
content and the interplay between hydration and carbonation emerged as the primary drivers of

carbonation progression and CO; storage. RCA-based mixes showed higher CO, uptake, even though
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with lower carbonation depths. SSP-NCA mixes achieved greater CO; storage than LS-NCA specimens,
not because of the SSP reactivity, since XRD showed both SSP and LS had similar reactivity, but because

the carbonation process was more favorable in these matrices.

Finally, the experiment concluded with an evaluation of carbonation curing as an alternative to
standard curing, confirming its potential to improve both mechanical performance and CO; storage.
Compared to sealed curing, carbonation curing generally increased bulk density, refined pore structure,
and promoted microstructural densification through CaCOs3 precipitation. These improvements were
moderate at early ages of carbonation and became more pronounced with extended curing. Importantly,
the magnitude and nature of these enhancements remained strongly mix-dependent. The simultaneous
occurrence of carbonation and hydration mechanisms, with hydration prevailing at early ages, together
with the precipitation of calcite in dense clusters interspersed with C-S-H, led to the greater
improvements recorded. These same parameters also influenced recovery time after the preconditioning
step, ultimately affecting the ability of SCC specimens to regain similar performance to that achieved

under standard curing.

Overall, this research demonstrates that integrating alternative raw materials with optimized
carbonation protocols constitutes an encouraging approach for reducing the construction industry's
carbon footprint. The use of SSP and RCA, combined with carbonation curing, demonstrates the
potential of SCC to sequester CO, effectively while enhancing microstructural and mechanical
properties. Moreover, this work advanced our understanding of the mechanisms that govern CO, storage
and SCC performance. These findings contribute not only to scientific knowledge but also provide

practical insights that may guide future strategies for sustainable construction.
Perspectives

It is worth noting, however, that some areas remain incomplete and require further exploration.
These include (i) long-term strength loss in compressive strength with standard cured SSP-based
specimens; (ii) absence of embedded sensors within the specimens during carbonation to monitor
internal temperature and relative humidity, which would provide deeper insights into the reactional
medium; (iii) divergent CO- uptake results from different techniques highlight challenges in accurate
quantification; and (vi) omission of life cycle assessment (LCA), which limits the comprehensive

evaluation of carbonation as a strategy for mitigating CO, emissions.

Therefore, the work presented opens multiple perspectives and avenues for further investigation.
Future studies could focus on more in-depth analyses of the durability of carbonation-cured SCC,
including long-term mechanical performance, resistance to freeze-thaw, and the stability of sequestered

CO; over time.
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Conclusion and Perspectives

Developing or combining complementary analytical techniques, such as in situ spectroscopy,
advanced thermogravimetric methods, and mass spectrometry, to more accurately quantify CO,

sequestration and improve the reliability of CO, uptake measurements.

Multi-scale modeling could provide valuable insights into understanding and optimizing CO,
storage in these concretes. By combining molecular-level simulations of hydration and carbonation
reactions with pore-network models, it would be possible to identify the most effective mix designs and
predict how microstructural changes influence overall CO, sequestration. This approach could help

bridge the gap between laboratory-scale experiments and practical industrial applications.

Including life cycle assessment (LCA) in future work would verify the effectiveness of
carbonation curing for CO, storage. This would provide a quantitative evaluation of the environmental

benefits of SCC production and identify potential trade-offs.

The encouraging outcomes of carbonation curing could extend beyond SCC to other materials
with potential for CO, sequestration. Among the materials identified as having significant potential is

bio-based concrete.

- C4 plants, such as miscanthus or sorghum, are particularly encouraged over C3 plants. The
advantage of the C4 plants lies in their higher photosynthetic efficiency, which enables them
to fix more CO; and produce greater biomass under similar conditions compared to C3
plants [436,437].

- Air lime is recommended for two reasons: first, it sets only by reacting with CO,, and
second, it provides greater control over the phases participating in the carbonation reaction.

This approach avoids the use of cementitious binders, whose strength contribution can rather be

ensured through the precipitation of CaCOs. Furthermore, the estimation of CO; stored by the material

becomes more accurate, as the reactive phases are primarily Ca(OH)s.

However, a major issue is the stability of the biomass cell wall chemistry, which may promote
fungal growth under favorable conditions. In this case, the focus should be on identifying the optimal
environmental conditions, particularly temperature and relative humidity, when conducting carbonation
curing. Moreover, biomass is a limited resource with severe competing demands from food, energy,
materials, and construction. This trade-off emphasizes the need to carefully select feedstocks and

manage resources to balance CO» sequestration with broader societal priorities.
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Appendix 1.2:0MYA Betocarb Limestone Filler.
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CARRIERES LABORATOIRE Fiche Technique
RD 321, 27340 Criquebeuf/Seine de Produit
161:06.19.89.69.59 Engagement ds 01012021 % OER02!
Page M1, dmpcms b feud 17 dicemte 200 |
Producteur : SAS des carriéres STREF & Cle (Jumiéges)
Pétrographie : ALLUVION SILICO-CALCAIRE
Elaboration : SEMI-CONCASSE-LAVE
{Fiche Technique selon NF P 18545-art 10 Critere F1
Partie contractuelle
Valeurs spécifiées sur lesquelles le producteur s'engage
Classe granulaire Norme Code
4 12.5 Norme NF P 18-545 Article 10 Code A
ar D/1.4 D 1.4D 20
0.063 2 63 8 9 125 14 16 18 25 ] A
Etendue o } 1F 9 30| F - - - =
Incoctitude U 0.3 1 5 6| X 6 5 1 03 4
V.SS.+U 1.8 60| 150 760| 1000 1.800]  240)
V.SS. 1.5 50/ 100 700] 990 1.0 200
V.S, [ : 0.0 400] 900 98.0] 1000 i ;
V.S1-U 00| 340| 850 97.0]
Ecart typo max j [ 909| 5 i B 3
Valour Typo 0.4 35 ] : 100 100 02| 1962
LS 1.5 50 150] 700]  99.0] | [ 1. 200
U 1 0.0 250 900 98.0] 100.0 3
Partie informative
Résultats de production
du 06/07/20 au 11/12/20
0.063 2 4 63 8 9 125 14 16 18 25 ] 2]
Maximum 0.4 0.9 68| ar2| &75| 682 973 996 100.0| 100.0] 100.0] 0.43 196
i St
Moyenne Xi 0.1 0.5 46| 278 484] 613] 949] 991 1000] 1000 1000 0.13 182
X1 Bl cat by
Minimum 0.0 0.3 2.7 147| 334|] 497 903] 977 100.0] 100.0] 1000] 0.0t 17.1
Ecart-type 0.11] o0.8] 1.27] 630] 651 544 194] 059 o0.00] 0.0 000 o0.109 1.10
[ s 10 10 10 10 10 10 10 10 10 10 10 0 3
W=
1 Qs TF (RSO
- oo Saple A0 (IR0
4 b Neant ((THON0 X0
Bttt ww pe N pel 020 eV o
- Lin Angdden L0 (LY ¥ xn
Mers Devd A (YRR
- Ve wlssmpie el 246 OV IR0
Soude vl 004 % 5 0000 00
o Tomowr oo oo cogaliand (020 (1 W 1YX20)
o 7 o 24 00V A000)
J ;,_ nbl N—',ummn
F.BOYER

Appendix 1.3: NCA 4/12.5.
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e : CARRIERES DE LA ROCHE BLAIN
c R B LE FIEF NOUVEL
14680 Fresney le Puceux
tel : 02.31.15.36.08 fax: 02.31.15.36.05

Période de validé ge lengagement
Du : 01/11/2021

FICHE TECHNIQUE PRODUIT Au: 1110412022

Producteur : Carridres de la Roche Blain - Recyclage Blainville sur Ome
Granulat : Gravillon 4/14 Recyclé
Nature géologique : Recyclage
Type de gisement : Démolition Py
Partie normative
Valeurs spécifiées sur lesquelies le foumisseur s'engage
Classe Granulaire Code
7 | PR ) NF P 11-300 - F71

00
”,. -
® 80 - ‘~m§f‘dﬁwmam
§ 7E - S e rucycls -
i Reug = 86 % (08/1 172021}
60 2 - Classifcation des cons$tuants de gravillons
recycids :
0 3 X = 1% (08/1172021)
g P . - Classioaton des consstuants de gravdons
é 30 = FL-OCmM(g(OMVZOQ‘I)
20 7
10 == £ —
o VoN If;.!h w0 —noumnvmnnomo wa . w
3888585585333 §2 A5 T " 2geRRI98RESY
Dirmension en mm
Date : Signature :

. ———————

Acceptabiité environnementaio de matiriaux shematis en lechnique roubidre : Les usage do fype 1 ot 2 somt vaildés. “Voir page 2°

Appendix 1.4: RCA sieved to 4-12.5 mm.

243



P Carriére de Saint Firmin Fiche Technique
Lieu dit Mayoeq BP 10, Saint Fimun les Crotoy *
SAVREUX 80550 Le Crotoy dEPl:?_(.imt
Tel:03 2227 34 34

Granufats : 0/4 roulé lave Utifisatenr : Controle Interne
Pétrographie : alluvion siliceuse

Elaboration : Rould

Partie normative
Valewrs spécifiées sur lesquelles le productenr s'engage

Classe granulaire Norme Catégorie
i 4 Nearme NF P 18-5345 Article 10 - EN 12620 Code A
0063 0125 0.25 0.5 1 2 4 5.0 L] T FM MB W
Etendue ¢ 3 40 A0 10 f 16
Tncertitude U 1 4 3 5 1 IICYE 0.5
V.SS4+U T.00 47.0 10000 100.0 T.00 204 2.00
I‘u’.S.S. 600 4310 980 99.0 6.00 279 1.50
."u'.S.I. 30 580 B9.0 a5.0 100.0 0.00 219
V.EL-U 0.0 550 B4.0 a4.0 0.00 204
Ecart-type max. 1212 12.12 018

Partie informative
Résultats de production

du 281122 g 1270623

D063 | L1225 0.25 0.5 1 2 4 5.0 ] r FM MB W
Maximum 1.44 6.5 36.8 771 B35 BE.6 97.0 999 1000 1.44 248 (.60 685
It yp 1.18 53 347 6.5 B33 RE.1 6.3 100.0 100.0 LI 142 (4% 6,23
Moyenne X1 0.90 4.3 0.9 126 B4 el 95.2 9.6 100.0 0.90 230 (.33 507
1 HinEcin pes 063 33 72 GE.6 775 R4.2 94.0 993 10600 (.63 219 017 391
Minimum (.63 1.5 253 .1 155 827 93.8 3.8 100.0 (.63 220 .25 .09
Ecart-type 0220 0.82 3.00 318 233 1.55 0.5 028 000] 0219 0090  0120) 0930
_”'""““""‘“"" 15 15 15 L5 15 15 15 15 15 15 15 15 15
1 = T
;’]I ||I£j:r17. fabricatzon
— .-‘.l:.r.*;s carnciéristigues
e [abondion Bk ot s

" s whik dae Faids
I framaatin ol b

K1 s g
Wil [orsr ew sheal i s
BIVE s sobrsige richs

™ “corliciers Fubaorpun dass

Mgl o em bombemon il ford warmel o wassac sdeks)
" ST [T ———re

J.-";"r L& e

; . / MOE e Dol

Lvormuion i oo T P8GR s Avaite (P, TELD)

Responsable Qualité : Mohamed EDDAHABRT|

Appendix 1.5: Sand 0/4.
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= Page 112

[Fral k]

- BASF

We create chemistry

MasterGlenium ACE

EMN34.2

Mangue HF
of. Bip NF 8%

550 (€D

Superplastifiant pour bétons préfabriqués

Description

Le MasterGlenium ACE 550 est un Superplastifiant Haut
Reéducteur d'Eau non-chloré, basé sur la technologie des
polycarboxylates, et développé pour l'industrie de |la préfa-
brication, dans le cadre du concept Zero Energy System.

Zero Energy System
Le concept du Zero Energy System est de minimiser les
dépenses énergétiques nécessaires a la production d'élé-
ments en béton.
Les polycarboxylates innovants du MasterGlenium
ACE 550 permettent donc aux préfabricants d'envisager
une optimisation de la production.

L]
La nouvelle chimie des MasterGlenium ACE
La configurafion particuliére des molécules du MasterGlenium
ACE 550 accélére les processus d'hydratation a jeune age.
Les nouveaux principes d'adsorption du polymére, frés rapide,
combiné & un effet puissant de dispersion, permettent d'ob-
tenir une défloculation forte des grains de ciment et une sur-
face de contact avec I'eau plus grande pour chagque grain.
La structure des polyméres constituant le MasterGlenium
ACE 550 a été spécialement congue pour améliorer le
comportement dynamique et la mise en ceuvre des bétons
préfabrigués : ceux-ci présentent une haute fluidité et une
excellente robustesse vis-a-vis des variations d'eau.

Domaines d'applicalion

Le MasterGlenium ACE 550 est recommandé dans des
bétons préfabriqgués de consistance ferme a fluide, et dans
les BFUHP. Il est particulierement adapté aux bétons auto-
placants, leur conférant une trés haute fluidité et une forte
robustesse vis-a-vis des vanations d'eau.

Le MasterGlenium ACE 550 facilite la mise en ceuvre et
asgsure une bonne qualité de parement

Ces caractéristiques sont 4 associer a4 de hautes résis-
tances mécaniques a court et long terme.

Propriétés

Le MasterGlenium ACE 550 offre les avantages suivants :
Haute fluidité des bétons

Beétons trés souples, faciles a mettre en ceuvre permet-
tant un bon comportement sous vibration

Excellente stabilité et grande résistance des bétons au
ressuage et a la ségrégation

Facilité de coulage

Amelioration des parements

Mode d'emploi

Leffet optimal est généralement obtenu par incorporation
du MasterGlenium ACE 550 dans le béton en différé, c'est-
a-dire aprés 'addition de 70 % de I'eau de gachage dans le
malaxeur. Toutefois, il est possible dincorporer le MasterGlenium
ACE 550 dans l'eau de gachage.

Compatibilite

Le MasterGlenium ACE 550 est compatible avec la majorité
des ciments.

Pour une utilisation en synergie avec un autre adjuvant de la
gamme Master Builders Soluions, consultez votre représens
tant local BASF France - Division Construction Chemicals.

Dusage
0,2 & 40 % de poids de ciment,
Soit0,19L a 3,77 L pour 100 Kg de ciment.
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18 « Page 212

Edition 0220

FT Masterglenium.ace- 88041

Aspect Liguide

Couleur Blanchatre a jaunatre

Masse volumigue a + 20° C 1.06 + 0,03 g/cm?

Teneur en chlorure < 0,10 %

Extrait sec 300+15%

MNa20 eq s20%

pH 5517

Tranzport Mon-classé

Etiquetage Le MasterGlenium ACE 550 n'est pas soumis & éiquetage-

Stockage
Durée de vie 12 mois & compter de la date de fabrication.

Le MasterGlenium ACE 550 doit &tre conservé a une tempé-
Stockage

rature comprise entre + 5° C et + 30° C.

Conditionnement

Bidon de 10 L, fit de 210 L, container de 1.000 L et vrac.

BASF France SAS - Divisson Construction Chemicals a couvert sa responsa-
bilites eivile tant en exploitation guaprés ivralson de ses produits par une police:
d'assurance souscrile Buprés de la Compagnie HOI Gerling France. Les
garanties de cette police sont complétées par l@ police “parapluie”
resgansabilité civile du Groupe sowscrite auprés de la sociébé d'assurances.
HDI Garling Allemagne.

BASF France SAS - Division Construction Chemicals.

£Z.|. Patite Monagne Swd - 10, rue des Cévennes - Ligsas - 91017 Evry Cadax
Tél - 016947 3000 Fax - 016086 06 32
hinp: e master-buikders-solutions bastir

Nos fiches techrlques ont pour obfectf de vous conseller daprés nos
connaissances fes plus reenies. Nows nows résenons donc le drol de
modifier & tout moment le conteny de celles-cl.

L'ampfol des produils dof 8fre adaptd sux conditions specifiques & chague
sifuation. Pour foute précision complémentaire, NoUs VOUS conseions de
prendre comtact avec fune de nos agences BASF France SAS - Divislon
Consiruction Chenicals.

Comfarmement 4 fa réglemeniation en wguewn, nos Fiches de Donnges de
Secwitd (FOS) sonr ransmises automariquement (par cowmier pastal au
elecionique) aux cients fivwds.

Four ipwte quesiion, veuliez confacter voire agence BASF France SAS -

Diasion Construchon Chemicals.
ER®

MAST
»>BUILDERS

SOLUTIC

Appendix 1.6: Superplasticizer.
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MasterSet AC 555

ENS322

C € @ Margue NF
cf. Rp MF 045

Accélérateur de prise sans chlore

Description

Le MasterSet AC 555 est un adjuvant liquide destinég a
accélérer la prise du béton.

Il permet la fabrication d’'un béton par faibles températures.

Domaines d’'applications

Tous types de béton et plus précisément :

= Béton coulé par temps froid

= Béton de préfabrication avec ou sans étuvage
= Béton synergie

Propriétés

Le MasterSet AC 555 :

* Augmente fortement les résistances mécaniques du
béton au jeune dge méme par basses températures

+ Accélére le durcissement du béton

* Permet un décoffrage plus rapide

Le MasterSet AC 555 est particulieérement recommandé

pour accélérer la prize des ciments & base de laitier et de

cendres volantes.

Mode d’emploi

Le MasterSet AC 555 peut étre incorporé dans l'eau de
gachage du béton ou lorsque le béton est déja mouillé
{introduction différée dans le malaxeur).

Recommandations

En cas de gel, réchauffer le produit jusqu'a une température
proche de + 30" C, et agiter mécaniquement.

Proscrire I'agitation par air comprimeé.

Remarque
Une pellicule brunatre peut se former en surface du produit.

Dosage

Plage d'utilisatiocn

0,8 % a 26 % du poids de ciment, soit 0,57 & 1,84 L pour
100 kg de ciment.

Le dosage varie en fonction du ciment utilisé, du taux
d'accélérateur souhaité et de la température ambiante.

Conditionnement
Le MasterSet 555 AC est disponible en bidon de 10 L, fot
de 210 L, container de 1.000 L et vrac.

Durée de vie
Le MasterSet 555 AC a une durée de vie de 18 mois, a
compter de la date de fabrication.

Stockage

Le MasterSet 555 AC doit &tre stocké a une température
supérieure a + 5° C dans des cuves en plastique, fibres
de verre ou acier inox. Proscrire les cuve en acier normal
{risque de corrosion di au pH).

Précaution d’emploi
Consulter la Fiche de Données de Sécurité.

247



O -BASF

We create chemistry

MasterSet AC 555

Caractéristiques

Aspect

Liquide

Couleur

Incolore & brun

Masse volumigue & + 20° C

Teneur en chlorure

1,39 g/cm? £ 0,030
<01%

Exfrait sec dessicateur halogéne
Na2(O eq
pH

4265 % £2,25 %
$25%
80x2

Point de congélation

Etiquetage

BASF France SAS - Division Construction Chemicals a couvert sa
respansabilité civile tant an axploitation qu'aprés livraison de ses
produits par une police d'assurance souscrite auprés de la Compagnia
HDI Gering France. Les garanties de cette palice sont complétéas par
la palice “parapluie” responsabilité civile du Groupe souscrile auprés

& &

Nos fiches fechinigues ant pour obyectif de vous conseiler d'aprés nos
comnaissances les plus récenfies, nous nous résenons donc e doif
e modifier & tow moment le contenu de cales-ol.

L'ampial des produits golf Stre adaple aux condilions spécifiques a
chague siluation. Pour fowle précision compiémentaire, nous vous

Appendix 1.7: Set accelerator.
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Appendix 2: SEM images of carbonation- and sealed-cured samples

LS-NCA =t
e

_I (a) 1 day of carbonation curing |

i

ENTe 3000V SpewiAsSE2 —

W= 38mm  Apedue Size < 6000

AT
o e
e

ENTx 200AV  SigraiA = SE2
WD 38 /mm  Apadu Size = 6000pm.

ENTx 200AV  SignaiA = SE2
W= 39 mm  Apertum Site = 6000pm

—

EHT= 500k SignalA=SE2 ]
WD= 35mm _ Apertur Size = 60.004m

ENTe 200AY  SigraiA=SE2 e
W= 36/mm  Apertum Sire = 6000

ENT= 200AY  SigeaiA=SE2

WO 31mm Apetuw Size 6000 m

uring }

S-NCA

_J (b) 1day of sealed c

ENT 3000 SgeiA=SE2
W= 36 mm  Apedum Size 6000 pm.

_J (d) 7 days of sealed curing }

ENTe 300AV  SgraiAe 362

W= 36mm  Apeduew Sire + 6000m
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W= 36 mm  Apedum Size 6000
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ENTe 2000 SgraiA=SE2 -
WO 26/mm _ Apeduw Size « 6000
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_I (e) 28 days of carbonation curing ! _I (g) 90 days of carbonation curing !
’ ' LSNCA T

WO= 29 mm _ Apwur Sz« 60.00pm WO 38mm  Apeture Sire = 6000,

ENT= 300AV  SqneAsSE2 2 EMT= J00AV  SgnelA

ENT= 2005V SgneiA=SE2
WO 29 mm  Aseture Size 6000 m
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25m
e aoRx

_{ (f) 28 days of sealed curing }
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e TS % &
BT 300KV SgnalA=se2 ) .
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g 200xx e sowaese 8

Plate-like
Hc

e Ca (Ot 7y
EMT» 3004V SW"S’ zxiss)
e e

ENTe 300MV  SgrelAnSE2
WO= 25 mm  Apetur Sive = 6000 m
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3
» )
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e | R g

Appendix 2.1: SEM images of carbonated LS-NCA specimens (a, c, e, and g) and their sealed counterparts (b, d, f, and h) at different curing
ages.
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_l (a) 1 day of carbonati cun'ng\ _l(c)7daysofuuL ti cun'ng\

B

'LS-RCA/

EHT« 300AV  SgeelArSEZ xres EWTe 3008V SeeiAeSE2
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—4 (d) 7 days of sealed curing }

EWTe 3000V SeeeiAzsE2 EWTe 3008V SemiA=SE2
WD= 28mm  Apwtue Sie = 60004 F WD= 25 mm  Aptue Sie = 6000 pm

i \ ~
(Y& A\nll‘\\drm&
cement particlé

X

ENTe 3000V SeeaiA=sE2 -
WDs 24mm  Apwtuve Sive = 6000 pm

ENTe 3000 Sweerazse2
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Ca(OH),
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_I (e) 28 days of carbonation curing !
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cement particle

ngite

NTe 200V SgraiA= 2pm e 200K =
ENTx 200AV  SigeaiA = SE2 - —— ENTe 200V SgratA=SE2 ——
W= 30mm  Apertue Size = 6000ym WD 21/mm  Apedu Size = 6000pm

Appendix 2.2: SEM images of (a, ¢, e, and g) carbonated LS-RCA specimens and (b, d, f, and h) their sealed counterparts at different curing

ages.
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_I (e) 28 day of carbonation curing ! _I (g) 90 days of carbonation curing !
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Appendix 2.3: SEM images of (a, c, e, and g) carbonated SSP-NCA specimens and (b, d, f, and h) their sealed counterparts at different curing
ages.

254



_I (a) 1 day of carbonation curing
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WO= 24mm  Apaur Sive = 6000 WO= 24mm  Apadur Sive = 6000
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_[ (e) 28 days of carbonation curing }
SSP-RCAL 2 4 SSP-RCA

BN 300AV  SreiasE2
WO= 88mn_ Apedwe Size = £3004m

_[ (g) 90 days of carbonation curing }

BT 2000 SyewiAr3E2
WO 35 me  Apetwe Size= 62.00m

T 300KV Siosta=sE2
WO 39mm _ perue Size = 6000pm

Ca(OH),

ENTe 2000 SgraiAn5E2
WO 39mm  Apeanue Size = 6300,

Calcite

EHTe 2000y SomiA=3E2
WO 33me Apeewe Size - 6200m

_1 (f) 28 days of sealed curing |
[SSP-RCAL S

BT 2000 SyansE2 =
WO 84 Apwtum Size = 6000pm

—‘ (g) 90 days of sealed curing |
SSP-RCA TS

BT 2000 SgewiArSE2

EHTe 2000 SgewArsE?
WO 53mm  Apetuwe Size = 6200pm

EnTe 2004%

WO 37me  Apenue Size = 82005m

ENT 2000 SemiAssE2 m
WO+ S0mm  Apenue Sire= 62.00m

Appendix 2.4: SEM images of (a, c, e, and g) carbonated SSP-RCA specimens and (b, d, f, and h) their sealed counterparts at different

curing ages.
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